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Polymer translocation is a process where the polymer traverses sequentially through a nanoscale
pore from one side of a membrane to the other. The process is involved in transportation of DNA,
RNA, and proteins through cellular membrane structures. It also offers the promise of a fast
and cheap technique for DNA sequencing. For the past 30 years, the study in the field has been
intensive and the problem has offered challenges to biologists and physicists alike.

This thesis concerns physics of two different polymer translocations processes. In driven
polymer translocation, a driving force inside the pore pushes monomers through the membrane. In
chaperone-assisted translocation, the bias for the translocation is provided by binding particles on
the receiving side of the membrane. We use Langevin dynamics simulations to study and obtain
knowledge of these non-equilibrium statistical physics phenomena.

Tension propagation theory has established an essential role in the general framework of driven
polymer translocation physics. In this thesis, we study the propagation of tension computationally
with accurate measurements of related quantities. We find and explain important bias dependent
changes in tension and translocation dynamics. We find that small driving force leads to strong
biased diffusion of the cis-side polymer segment toward the membrane. This speeds up transloca-
tion. Together with friction of the pore, the diffusion causes a finite-size effect in which the scaling
exponent, describing dependence of translocation time τ with the polymer length N , τ ∼ Nβ ,
increases as a function of driving force. When hydrodynamics is included, we observe the diffusion
toward the membrane to be enhanced even further due to the larger diffusion coefficient together
with solvent backflow.

We also study other less understood aspects of driven translocation. We show that the effect
of the trans-side polymer segment on the process is minimal even in the worst case scenario
of extreme crowding. Moreover, we investigate the effect of polymer rigidity on translocation
dynamics. For semiflexible polymers, we observe regimes in trans-side friction related to driving
force, diffusion, and solvent viscosity.

We study chaperone-assisted translocation of flexible polymers using the first ever three dimen-
sional simulation model. We observe great variation in dynamics when details of the binding
model are changed. These changes become pivotal for flexible chains. Depending on the binding
model, the dynamics of the process can be dominated either by the cis or the trans-side polymer
segment. We also observe tension propagation on the cis-side polymer segment, showing that
chaperone-assisted translocation is inherently a non-equilibrium process.
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Polymeeritranslokaatio on prosessi, jossa polymeeri kulkee monomeeri kerrallaan nanometriko-
koluokkaa olevan kanavan läpi kalvon puolelta toiselle. Monet biopolymeerit, kuten DNA, RNA
ja proteiinit, kulkevat solun sisäisten kalvorakenteiden läpi tällä tavalla. Polymeeritranslokaatiota
hyödynnetään myös uudessa DNA:n sekvensointimenetelmässä. Viimeisen kolmenkymmenen
vuoden aikana translokaation tutkimus on ollut intensiivistä ja tutkimukseen on osallistunut niin
biologeja kuin fyysikoitakin.

Tässä väitöskirjassa tutkitaan kahden polymeeritranslokaatioprosessin fysiikkaa. Ajetussa poly-
meeritranslokaatiossa kanavan sisällä vaikuttava voima työntää polymeeria kalvon läpi. Kapero-
niavusteisessa translokaatiossa polymeerin liikkeen tuottavat polymeeriin kalvon vastaanottavalla
puolella sitoutuvat molekyylit. Käytämme Langevin-dynamiikkasimulaatioita yllä kuvattujen
statistisen fysiikan epätasapainoilmiöiden tutkimiseen.

Jännityksenleviämisteorialla on olennainen rooli ajetun translokaation fysiikassa. Tässä väi-
töskirjassa tutkimme jännityksen leviämistä simulaatioissa käyttäen tarkkoja dynaamisten omi-
naisuuksien mittauksia. Osoitamme ja selitämme tärkeitä ajavan voiman suuruudesta riippuvia
muutoksia jännityksen ja translokaation dynamiikoissa. Havaitsemme, että pieni ajava voima
johtaa cis-puoleisen polymeerin osan voimakkaaseen diffuusioon kalvoa kohti. Diffuusion seu-
rauksena translokaatio nopeutuu. Yhdessä kanavan kitkan kanssa tästä seuraa translokaatioajan
τ ja polymeerin pituuden N suhdetta τ ∼ Nβ kuvaavan skaalauseksponentti β:n kasvu ajavan
voiman funktiona. Kun hydrodynamiikka sisällytetään malliin, havaitsemme diffuusion kasvavan
entisestään suuremman diffuusiokertoimen ja nesteen virtauksen aikaansaamien korrelaatioiden
seurauksena.

Tutkimme lisäksi muita vähemmän tunnettuja ajetun translokaation ominaisuuksia. Osoitamme,
että trans-puolisen polymeerisegmentin vaikutus translokaatioon on pieni. Selvitämme myös
polymeerin taivutusjäykkyyden vaikutusta translokaation dynamiikkaan. Havaitsemme jäykkien
polymeerien tapauksessa trans-puolen kitkan vaikutuksen riippuvan olennaisesti ajavasta voimasta,
diffuusiosta ja nesteen viskositeetista.

Simuloimme ensimmäistä kertaa taipuisien polymeerien kaperoniavusteista translokaatiota kol-
messa ulottuvuudessa käyttäen kehittämäämme mallia. Havaitsemme kaperonien kiinnittymisme-
netelmästä aiheutuvia suuria muutoksia prosessin dynamiikassa. Nämä muutokset ovat erityisen
merkittäviä joustavien polymeerien tapauksessa. Kiinnittymismenetelmän mukaan sekä kalvon
cis- että trans-puoli voivat määrittää prosessin dynamiikan. Havaitsemme cis-puolista jännityksen
leviämistä myös kaperoniavusteisessa translokaatiossa, mikä osaltaan osoittaa prosessin olevan
epätasapainossa.
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1. Introduction

Polymers are molecules formed as chains of repeated subunits [4, 5, 6]. The subunits
are joined together by covalent bonds. Polymers are present everywhere. In our daily
lives we see polymers molded into plastics. The rubber of tires consists of polymers.
More importantly, a class of functional units and building blocks of our bodies,
polypeptides (aka. proteins), are polymers, as well as the information containing
polypeptides: ribonucleic acid (RNA) and deoxyribonucleic acid (DNA) [7].

Polymer translocation is a process where the polymer traverses through a pore from
one side of a membrane to the other [8, 9, 10]. The interest in polymer translocation
research has two aspects. On one hand, the process is essential in cellular transport,
where DNA and proteins translocate through various cellular membrane structures [7].
On the other hand, polymer translocation can be utilized in DNA sequencing [11,
12]. A device for this purpose has been recently released by Oxford Nanopore
Technologies [13].

In this thesis, we discuss two types of polymer translocation: driven polymer
translocation and chaperone-assisted translocation. We conduct three-dimensional
Langevin dynamics simulations for both and use the results to answer open questions
about the processes. We limit our discussion to translocation where the pore is so
small that monomers have to translocate sequentially, one by one. We use the term cis
for the side of the membrane on which the polymer initially resides. The term trans is
used for the side to which the polymer traverses.

In Publications I through III, we discuss driven polymer translocation. This covers
most of the contents in this thesis. In driven polymer translocation a force inside the
pore pushes monomers toward the trans side [8, 9, 10]. In the real world, this can
be implemented for DNA and RNA by an electric potential difference between the
cis and the trans side [14, 15]. DNA and RNA molecules are negatively charged and
hence the potential drop inside the pore generates a force on the monomers currently
occupying it. This is part of the method for DNA sequencing using nanopores [11, 12].
In cellular biology, translocation of proteins into mitochondrial matrix happens via
driven translocation [7, 16]. Phases of driven polymer translocation are depicted in
Fig. 1.1, which shows snapshots from our simulations.

The theoretical aspects of driven polymer translocation are well described within
Sakaue’s tension propagation theory [10, 19, 20, 21, 22, 23]. An important contri-
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Introduction

Figure 1.1. Snapshots of driven translocation where the polymer translocates from the cis (bottom) to
the trans (top) side of the membrane. The gray chain of beads is the polymer. The blue slate
is the membrane. The red opening in the middle of the membrane is the pore. The figures
from left to right show the process at the start, in the middle, and at the end of translocation.
The polymer length is N = 400 and the driving force magnitude is fd = 32. The figure is
reprinted with permission from Publication II. All figures of simulation snapshots in this
thesis (including the one on the cover) are created using VMD [17] and POV-Ray [18].

bution to the theory was made by Grosberg and Rowghanian [24], and separately
by Dubbeldam et al. [25]. Although the main framework for the driven polymer
translocation research is fairly complete, open questions still remain.

First, the tension propagation theory concentrates on the cis-side polymer segment
during translocation. The effect of the trans side has received considerably less
attention in the literature. It has been recently suggested that in the regime of high
Péclet number, the trans side might have a considerable effect [26]. The measurement
concerning this was done indirectly through comparison of driven translocation and
pulled polymer translocation. In this thesis, we investigate the effect of the trans side
on the process via a direct method of comparing normal translocation with a model
where the trans-side monomers have been removed.

Second, actual measurements of tension propagation are lagging behind the theory.
The theory focuses on the Pincus blob picture of infinitely long polymers [27, 28]. Real
polymers are not infinite in length, however. To our knowledge, the longest polymers
used in experimental research of driven polymer translocation are double-stranded
DNA (dsDNA) of 97000 base pairs, corresponding to 323 Kuhn segments [29]. Actual
measurements are needed in order to provide information on tension propagation at
a realistic length scale. Measurements from real-world experiments cannot be made
using current methods. In computer simulations, tension propagation has been vali-
dated early on by measurements of the number of moving monomers [30]. Recently,
coinciding with the publications included in this thesis, the propagation of tension
force has been measured also in simulations [31]. As to validating tension propagation
in detail, the above measurements are tentative. In this thesis, we aim at providing
a comprehensive characterization of tension propagation from simulations, which is
still missing from the published computational polymer translocation research.

Third, many simulations have shown variation of the scaling exponent β as the
driving force fd is varied. τ is usually defined as the time it takes for the whole polymer
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to translocate from the cis to the trans side, starting from equilibrium conformation
with the first monomer in the pore. The scaling relation pertinent to τ follows a
power law τ ∼ Nβfαd , where N is the length of the polymer and α and β are the
scaling exponents pertinent to fd and N , respectively [10]. Increase in β when fd is
increased was reported in Refs. [32], [30], [25], and [33]. This is also what we find
in our simulations. Also contradicting results have been reported [34]. Dubbeldam
et al. proposed the increase in β to arise from the retraction (or post-propagation)
stage of translocation for polymers of finite chain length [25]. Later the same authors
also suggested fluctuations of the translocation coordinate at low fd to facilitate
translocation and decrease β [35]. However, no definite conclusion has been given on
the matter. In this thesis we give an explanation to the effect by studying fluctuations
and changes in tension propagation as a function of fd together with the finite-size
effects caused by pore friction.

Fourth, the effect of polymer chain rigidity is still a relatively little studied subject in
the driven polymer translocation research. Simulations are almost singularly conducted
for flexible chains. Also theories were derived for long flexible polymers. Some
aspects of polymer dynamics can be reduced to taking account of the effective length
of polymer chains in terms of Kuhn segments NKuhn [6]. In capsid ejection, the
polymer rigidity was shown to play a role, which cannot be explained by a change in
NKuhn [3]. Also, as pointed out above, the number of Kuhn segments of polymers used
in experimental translocation is small. This stresses the importance of understanding
translocation at the length scale where bending rigidity is comparable to the chain
length. In this thesis, we study the overall effect of including bending rigidity to
polymer translocation. We make important notions on the regimes related to the
trans-side friction with respect to driving force fd and solvent viscosity.

Lastly, many models and theories on driven polymer translocation make simplifying
assumptions on the process and study it using parameters whose values do not vary
much. Changes in scaling relations as a function of driving force fd show that
translocation cannot be studied using only a limited range of fd. In this thesis we aim
to provide a general picture on what aspects of translocation are significant and need
to be included in descriptive models.

In Publication IV we discuss chaperone-assisted translocation. In chaperone-assisted
translocation there is no driving force inside the pore. Instead, the bias for the
translocation is provided by chaperones on the trans side of the membrane [36, 37].
Here, we will be using terms chaperone and binding particle (BiP) interchangeably1.
The stochastic nature of nanoscale processes comes from the heat bath [38]. This
induces random motion of the polymer that is also seen inside the pore, where the
polymer shuffles back and forth. When monomers inside the pore shuffle forward
toward the trans side, the BiPs bind to these translocated monomers. The size of
the bound BiP then prevents the polymer from backtracking back into the pore past

1Chaperones are a class of binding proteins in cells [7]. They vary in size and function.
Calling the described method chaperone-assisted translocation provides context to actual
cellular phenomena. However, in perspective of statistical physics theory, the term binding
particle may be more appropriate.
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Figure 1.2. Snapshots of chaperone-assisted translocation with N = 400. From left to right the snap-
shots correspond to the start, the middle, and the end of the translocation. The snapshots are
for one-to-one (OTO) binding model. The figure is reprinted with permission from Publica-
tion IV.

the binding position. This mechanism is an example of a Brownian ratchet [37].
In cell biology the process is reminiscent of protein translocation into the lumen
of endoplasmic reticulum and into the mitochondrial matrix [7, 16, 39, 40]. In
Fig. 1.2 we depict the process with snapshots from our chaperone-assisted translocation
simulations.

Here, we study how chaperone-assisted translocation relates to its driven counterpart.
As noted above, the bias in these two types of translocation is created differently.
Whether or not this affects the actual dynamics, is an open question.

Many early studies on chaperone-assisted translocation utilized the Monte Carlo
method [41, 42, 43, 44, 45]. However, this method does not always capture the cor-
rect dynamics in translocation processes [32]. Before Publication IV of this thesis,
chaperone-assisted translocation was studied in three dimensions using molecular dy-
namics simulations only for completely rigid polymers [46]. Most of the flexible/semi-
flexible polymer simulations were conducted in two dimensions [47, 48, 49]. Hence,
in this thesis we present the first published three-dimensional molecular dynamics
simulations of flexible polymers of chaperone-assisted translocation. After Publica-
tion IV, an article that extends the three-dimensional simulations of the process to
polymers of varying flexibility was published [50].

Moreover, we study the importance of the binding model in the simulated process.
Most molecular dynamics studies use the attractive part of the standard Lennard-Jones
interaction to model the binding of chaperones to the polymer. A naive implementation
of the method results in a single chaperone being able to bind to many monomers
simultaneously, and vice versa. In biological context, the binding of proteins is usually
very specific [7]. Hence, a binding model where a single chaperone can only bind
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to one monomer, is a more plausible choice. For flexible polymers also the binding
model has a profound effect on the process, as we will show.

The overall structure of this thesis is as follows. In Chapter 2 we discuss the theory
of polymers and polymer translocation. In Chapter 3 we introduce the computational
methods used for our simulations. In Chapters 4 and 5 we present our results on driven
polymer translocation and chaperone-assisted translocation, respectively. Lastly, in
Chapter 6 we summarize and discuss the most important findings presented in this
thesis.
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2. Theory and background

In this chapter we briefly discuss the theory and background of polymer translocation,
separately for the driven and the chaperone-assisted variants. There is a myriad of
studies on the subject [9, 10]. Accordingly, the following treatment is not meant to
be comprehensive but to offer a reasonable background for the analysis of the results
presented later in the thesis.

First, in Sec. 2.1 we discuss polymers from the point of view of theory and com-
putational modeling. After this in Sec. 2.2 we discuss the theoretical work done
on driven polymer translocation. Lastly, in Sec. 2.3 we briefly review the theory of
chaperone-assisted translocation.

2.1 Physics and modeling of polymers

As in many other fields of physics, theoretical treatment of polymers relies on sim-
plified models. Fully characterizing DNA molecules would mean modeling tens of
thousands of base pairs with each base consisting of hundreds of atoms. Hence,
coarse-grained models are often used.

Theoretical models of polymers consist of a few important parameters [4, 5, 6]. The
two most basic properties are the polymer length and the bond length. The polymer
length is measured in number of monomers N1. Each monomer is connected to
monomers next to it with a bond of length b.

An ideal polymer chain can be modeled using only the above two properties. In
an ideal chain the directions of subsequent bonds are independent and monomers
are allowed to overlap with each other. A more realistic polymer model, such as the
one used in the simulations of this thesis, prevents the overlap. This gives rise to
excluded-volume effects.

Another relevant physical property of real-world polymers is their flexibility, which
is described by the persistence length λp. The persistence length is a measure of length

1For simplicity, in the following discussion and equations we omit any distinction between
the number of monomers N and the number of bonds N − 1. For theoretical derivations the
number of bonds (or segments) is often used. For large enough N the distinction between the
two is not important.
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within which the correlations in the direction of the polymer chain disappear. If the
polymer has persistence length λp, then the average cosine of the angle θ between two
consecutive bonds is

〈cos θ〉 = exp

(
− 1

λp

)
. (2.1)

Hence, by imposing restrictions on angles between bonds we can control the flexibility
of the polymer. This is relevant in Publication III, where we study semi-flexible
polymers.

The above model of a polymer can be implemented in molecular dynamics simula-
tions by using appropriate forces between monomers. We discuss the computational
model used in this thesis in Chapter 3.

2.1.1 Polymer-size measurements and the Flory exponent

Radius of gyration Rg describes the spatial extent of a molecule [6, 5]. Rg can be
measured experimentally, providing means to validate theoretical predictions [51]. Rg
is defined as

Rg =

√√√√ 1

N

N∑
i=1

(ri − r̄)2, (2.2)

where ri is the position vector of monomer i, and r̄ is the mean position vector over
all N monomers. A related quantity is the end-to-end distance of a polymer REE that
is simply the distance between the first and the last monomer.

For ideal chains the ensemble averages are 〈R2
g〉 = b2N

6 and 〈R2
EE〉 = Nb2 [5, 6].

For a polymer with excluded-volume interactions 〈Rg〉 = ANν and 〈REE〉 = BNν ,
where A 6= B and the Flory exponent ν = 0.588 ≈ 3

5 in a good solvent. Our
simulations were performed for good solvent and the measured ν is close to 3

5 .

2.1.2 Pincus blobs

When a polymer is stretched by force fx from both ends, the polymer attains a
conformation where fx is equal to the entropic force that would, were the ends
released, restore the polymer to its original size [6]. The chain forms blobs of size ζ
next to each other along the direction of fx. All the blobs are in local equilibrium so
that

ζ ≈ bgν , (2.3)

where g is the number of monomers in a single blob. These blobs span the stretched
size Rx of the coil and hence there are Rx

ζ blobs. Due to constraining the blobs along
the direction of the force, one degree of freedom is restricted per blob. Hence, by the
equipartition theorem, the free energy of the chain is increased by kT for every blob.
The free energy is then

F ≈ F0 + kT
Rx
ζ
, (2.4)
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where F0 is the free energy when fx is not applied and the second term arises from
the elongation caused by fx. The tension force fx is the negative derivative of the free
energy with respect to the elongations and hence we have

fx ≈
kT

ζ
. (2.5)

The last equation gives us a relation between blob size ζ and the stretching force
fx. When the force is weak enough so that the blob size ζ > Rg =⇒ fx <

kT
bNν , the

polymer does not stretch but remains in equilibrium conformation. The Pincus blobs
are essential for the following discussion of driven polymer translocation physics.

2.2 Physics of driven polymer translocation

Early theoretical work on driven polymer translocation was based on the assumption
of the polymer staying close to thermal equilibrium. Work by Sung and Park [52] and
Muthukumar [53] used free energy calculations to describe driven translocation. After
a few years the equilibrium approach was contested by Kantor and Kardar [54, 55].
They pointed out that even for unbiased translocation the process was bound to be
out of equilibrium for sufficiently long polymers. They further argued that the lower
bound for translocation time scaling should be τ ∼ N1+ν .

Presently, it is widely accepted that polymer translocation is a complex process and
cannot be solely described by close-to-equilibrium dynamics. There are dynamical
regimes determined by the chain length N and the driving force magnitude fd [10, 24,
25]. These are unbiased, weakly driven, and strongly driven regimes, which further
consists of trumpet and stem-flower regimes [10].

To elucidate the regimes, we present schematic plots of translocation time τ as a
function of fd and N in Figs. 2.1 (a) and (b), respectively. The figures have been
reprinted from Ref. [10]. The dynamical scaling exponent z is used as an auxiliary
parameter for expressing the scaling of the translocation times [56]. For Rouse
dynamics (no hydrodynamics), z = 2 + ν−1 and τ ∼ 1 + ν for the biased and
τ ∼ 2 + ν for the unbiased translocation. For Zimm dynamics (with hydrodynamics)
z = 3 and the differences between different regimes are more pronounced. We will
not go into details of the Zimm dynamics as our simulations are done mostly without
hydrodynamics.

It can be seen in Fig. 2.1 (a) that the minimum driving force magnitudes for the
trumpet and stem-flower regimes are fd = 1/Rg = N−ν and fd = 1, respectively.
These values are moderate. All of our simulations conducted for this thesis fall into
the stem-flower regime. The smallest used force magnitudes are slightly above the
trumpet regime.

Sakaue’s tension propagation theory is used to characterize the strong driving force
regime [10, 19, 20, 21, 22, 23]. To impose mass conservation, the important iso-flux
assumption was added to the theory by Rowghanian and Grosberg [24]. An alternative
realization of the mass conservation was proposed by Dubbeldam et al. [25]. Sakaue
later endorsed these findings and modified his theory according to Rowghanian and
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(a) (b)

Figure 2.1. Translocation time τ as a function of (a) fd and (b) N . Both figures show the scaling of
τ divided into few regimes: unbiased (UB), weakly driven (WD), strongly driven trumpet
(SD, T), and strongly driven stem-flower (SD, S-F). The dynamical exponent z = 2 + 1

ν
for Rouse and z = 3 for Zimm dynamics. The figures are reprinted with permission from
Ref. [10].

Grosberg [22].
The tension propagation theory assumes that the polymer segments sequentially

start moving toward the pore as the tension propagates along the polymer chain
on the cis side. The mechanism has been confirmed by simulations soon after the
introduction of the tension propagation theory [30]. The stage when more polymer
segments are joining the moving portion of the polymer is generally called the tension
propagation stage [10]. During this stage the number of moving monomers and the
friction generated by them increases. When the tension reaches the free end of the
polymer the moving portion can no longer grow. This marks the beginning of the
post-propagation (or retraction) stage. In the post-propagation stage the friction on
the cis side decreases as the remaining chain gets pulled to the trans side. We denote
the time elapsed in the tension propagation stage with τtp, and the time spent in the
post-propagation stage with τpp. The total translocation time is τ = τtp + τpp. The
separation into two stages is seen more clearly in the strongly driven regime.

As the tension propagation is one of the major topics of this thesis, we briefly outline
the theory. We present the theory for Rouse model, since most of our simulations
do not include hydrodynamics. Derivations for the Zimm model can be found in the
references cited above.

2.2.1 Trumpet regime

In the trumpet regime N−ν < fd < 1. For the derivations below, we follow closely
the iso-flux treatment of Ref. [24]. To simplify the notation, we assume kT = 1 and
b = 1, which is the case for most of our simulations. Due to this, the units in the
following calculations are not always consistent and proportionalities (marked with∼)
are used instead of equalities. As explained in Section 2.1.2, a polymer stretched from
its ends by force fx forms blobs of size ζ ∼ 1/fx along the directions of the stretching
forces. Similar blobs form when a polymer pulled from one end by a constant force
moves with a constant velocity [28]. However, due to tension decreasing from the
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(a) (b)

Figure 2.2. Depiction of the strong driving force regimes: (a) trumpet (b) stem-flower. The tension
front is located a distance X(t) from the membrane. l(t) monomers belong to the moving
segment. Blob size at position x is denoted by ζ(x, t). Monomers beyond the tension front
are essentially in their initial conformation.

pulled end to the free end, according to ζ ∼ 1/fx the blob size increases toward the
free end [24]. The tension propagation theory assumes similar behavior in driven
translocation dynamics. Monomers on the cis side form blobs of increasing size from
the pore to the tension front. The tension front marks the position of the last monomers
experiencing the effects of the pulling force. Beyond the tension front monomers are
essentially in their initial conformation. A schematic picture of the trumpet regime
during translocation is shown in Fig. 2.2 (a).

We denote the tension force in the polymer with ft(x, t). Here we take x to be the
distance from the membrane on the cis side and t to be the time elapsed since the start of
the translocation. Now, according to Eq. (2.5) a blob of size ζ(x, t) ∼ 1

ft(x,t)
is formed

in the polymer at position x [24]. Eq. (2.3) states that this blob has g(x, t) ∼ ζ1/ν(x, t)

monomers in it. We obtain for the line density of monomers

ρ(x, t) =
g(x, t)

ζ(x, t)
∼ ζ1/ν(x, t)

ζ(x, t)
∼ f (ν−1)/ν

t (x, t). (2.6)

The tension force between points x and x + dx is reduced by the friction of the
solvent. This can be connected to the flux Φ(x, t) of polymer mass through planes
perpendicular to the translocation direction by

dft(x)

dx
∼ −Φ(x, t). (2.7)

The iso-flux assumption means that the fluxes of mass through every plane perpendic-
ular to the translocation direction are taken as equal at time t, so that Φ(x, t) = Φ(t).
Using the boundary condition that the tension at the pore is ft(x = 0, t) = fd we can
integrate Eq. (2.7) to get

ft(x, t) ∼ fd − xΦ(t). (2.8)

The last blob is located at the tension front where x = X . This blob contains
g(X, t) ∼ ζ1/ν(X, t) ∼ f

−1/ν
t (X, t) monomers. The tension force at the last blob
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has to be exactly canceled by the friction related to its motion. This gives

ft(X, t) ∼ v(X, t)f
−1/ν
t (X, t). (2.9)

The flux Φ(t) is the product of the line density ρ(x, t) and the velocity v(x, t). This
leads to

Φ(t) = ρ(x, t)v(x, t) ∼ f (ν−1)/ν
t (x, t)v(x, t). (2.10)

Combining Eq. (2.9) with Eq. (2.10) at x = X , we obtain

ft(X, t) ∼ Φ1/2(t). (2.11)

Now substituting this into Eq. (2.8) at x = X , we get the trumpet length at time t as

X(t) ∼ fd/Φ(t)− Φ−1/2(t) ≈ fd/Φ(t). (2.12)

By integrating the line density of polymer mass from the pore to the end of the trumpet,
and using Eqs. (2.6) and (2.8), we obtain the number of beads in the trumpet as

l(t) =

X∫
0

ρ(x, t)dx ∼
X∫

0

f
(ν−1)/ν
t (x, t)dx ∼

X∫
0

(fd − xΦ(t))(ν−1)/ν dx (2.13)

Solving this and using Eq. (2.12) to eliminate Φ(t) leads us to the trumpet length X(t)

as a function of l(t) as

X(t) ∼ f (1−ν)/ν
d l(t). (2.14)

To obtain the final result, we can use another assumption about the trumpet length. At
time t the translocation coordinate is s(t), there are l(t) monomers in the trumpet, and
the position of the tension front is at X(t). Now counting from the translocated end
of the polymer, monomer l(t) + s(t) is the last monomer in the chain being affected
by the tension. Hence this monomer has to be near its starting position distance at
x ∼ [l(t) + s(t)]ν . Since this is also the distance of the tension front from the pore,
we have

X(t) ∼ (l(t) + s(t))ν . (2.15)

Since the flux Φ(t) is spatially constant, also the translocation speed has to be equal
to Φ(t). We have

ds(t)

dt
= Φ(t). (2.16)

Combining Eqs. (2.12), (2.14), (2.15), and (2.16) we get(
X1/ν(t)− f (ν−1)/ν

d X(t)
) dX(t)

dt
∼ fd (2.17)

12



Theory and background

Solving the differential equation and discarding the term of lower power in X(t), we
obtain the relation for the distance the tension spreads as a function of time as

X(t) ∼ (fdt)
ν/(1+ν). (2.18)

The scaling of the translocation time τ can be calculated by assuming that for long
chains the time taken by the tension propagation stage τtp is large compared to the
time needed for the retraction τpp. Substituting X(τtp) ∼ Nν into Eq. (2.19) we
obtain

τ = τtp ∼ f−1
d N1+ν . (2.19)

2.2.2 Stem-flower regime

The above treatment applies for the trumpet regime of translocation for which N−ν <
fd < 1. For translocation with fd > 1, the name stem-flower regime is used [21, 25].
We depict the characteristics for the stem-flower translocation in Fig. 2.2 (b). When
fd > 1, the blobs right after the pore would be of size ζ < 1. This would mean that
the blobs had to be smaller than a single monomer. Consequently, in the stem-flower
regime the tensed polymer segment stays essentially straight behind the pore on the
cis side. This straight segment is called the stem. Due to friction the tension in the
polymer from the pore toward the free end on the cis side decreases linearly. At certain
threshold distance, the tension decreases below ft = 1. When ft < 1, the tension is
low enough so that blobs can be formed and the rest of the polymer can be treated
similarly to the above described trumpet regime. This trumpet behind the stem is
called the flower. If the driving force fd > Nν , the tension is so high that no flower
can form behind the stem2. In the stem-flower regime the translocation time scales as
τ ∼ N1+νf−1, similarly as in the trumpet regime.

2.2.3 Weakly driven regime

The driving force magnitude fd = N−ν is the lowest value for which the trumpet
regime is valid. If fd < N−ν , the smallest blob formed would be of size ζ > Nν ,
which would be larger than the equilibrium conformation of the whole polymer. Below
this threshold the polymer conformation is close to its equilibrium conformation.
Driven translocation in the weak driving force regime has been characterized by
Sakaue in Ref. [10] by using a memory kernel approach. Similarly as in other regimes
for Rouse dynamics, τ ∼ N1+νf−1

d in the weak force regime. A crossover to unbiased
translocation with τ ∼ N2+ν happens at force fd < N−1.

2.2.4 Comment on the iso-flux assumption

The iso-flux assumption of Ref. [24] leads to a rather simple and tractable set of
equations for the tension propagation. The treatment in Ref. [24] also solves the mass

2If the maximum distance of the polymer end from the pore is ∼ Nν , then the end of the
polymer is reached before the tension drops below the threshold [21].
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conservation issue the original theory of Sakaue had. However, iso-flux assumption
itself results in continuity issues of mass.

With the iso-flux assumption Φ(x, t) = Φ(t), the line-density of monomers ρ(x, t)

should stay constant with respect to time at a chosen position x. Eq. (2.6), which does
not require the iso-flux assumption, states that ρ(x, t) = ζ1/ν(x,t)

ζ(x,t) = f
(ν−1)/ν
t (x, t).

As the length of the tensed segment changes in the course of translocation, also
ft(x, t) should be changing. This means that ρ(x, t) also has to change and the
iso-flux assumption cannot be entirely true.

In fact, the flux Φ(x, t) should be decreasing as a function of distance x from
the membrane. As the translocation proceeds, the tension spreads further from the
membrane. To allow this, ft(x, t) must increase as a function of t at every x < X(t).
An exception is x = 0 where ft(0, t) = fd at all times. If ft(x, t) increases with t, by
Eq. (2.6), the line-density ρ(x, t) must decrease with time. This can only be true if
Φ(x, t) gets smaller values further away from the membrane (larger x). In spite of
the possible discrepancies due to iso-flux assumption, the theory is likely to result in
correct scaling laws for asymptotically long polymers.

The mass continuity can be fixed by discarding the iso-flux assumption Φ(x, t) =

Φ(t) and adding a constraint

dρ(x, t)

dt
= −dΦ(x, t)

dx
. (2.20)

This continuity equation is similar to the local charge conservation in electromagnetism
∇·J = − δρ

δt , where J is the current density and ρ is the charge density [57]. The above
constraint, Eq. (2.20), can be utilized together with force-balance and line-density
equations from Sec. 2.2.1:

dft(x, t)

dx
= −Φ(x, t) (2.7)

and

ρ(x, t) = f
(ν−1)/ν
t (x, t). (2.6)

Combining the above three equations results in a partial differential equation for the
propagation of tension

f
1/ν
t (x, t)

d2ft(x, t)

dx2
=

dft(x, t)

dt
. (2.21)

Solving this with similar boundary conditions as in Ref. [24] could lead to a more
accurate picture of tension propagation.

2.2.5 Relation to experimental findings

Earliest experimental studies on driven polymer translocation were performed by
Kasianowicz et al. [14]. They used an electric field across a membrane to drive
the translocation of negatively charged single-stranded RNA and DNA (ssRNA and
ssDNA) through a nanoscale pore. The research turned out to be seminal due to
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providing means for experimental driven translocation and holding promise for fast
DNA sequencing. An α-hemolysin protein channel embedded in a lipid membrane
was used in this study. The translocation time was found to be proportional to the
DNA length and inversely proportional to the applied voltage, corresponding thus to a
relation τ ∼ Nf−1

d . The used ssDNA molecules were shorter than 500 nucleotides.
A linear dependence of τ on N was also found in Refs. [58] and [59], where similar
α-hemolysin pore was used with ssDNA of maximum lengths of 100 bases and 25

bases, respectively.
In experiments using solid-state nanopores and longer double-stranded DNA (ds-

DNA) clearly different scaling behavior has been obtained. In Ref. [29] a scaling
τ ∼ N1.27 was reported. The scaling of τ ∼ N1.37 was obtained in a more recent
study [60]. The differences between the linear scaling when using protein pores
and the superlinear scaling when using solid-state pores can be explained by the
greater pore friction in the former, which was seen to shift scaling exponents toward
linear [30]. Also, the effect of pore friction is larger for shorter polymers, which
constitutes a finite-size effect. In general, the ssDNA is more likely to form hydrogen
bonds with itself, making usage of longer ssDNA problematic [7].

Given how all theories are derived for asymptotically long polymers, the non-
asymptotic scaling obtained in experiments shows that finite-size effects should not
be ignored. The dsDNA used in experiments are generally very long in terms of
the number of base pairs (bp). However, they are not necessarily long as regards
to their rigidity. In the recent study, Ref. [60], dsDNA of 35 to 20000 bp was used.
The persistence length λp of dsDNA is approximately 150 bp. Hence, 35 and 20000

bp correspond to 35/(2 · 150) ≈ 0.12 and 20000/(2 · 150) ≈ 67 Kuhn segments.
In earlier experiments, Refs. [29], [61], and [62], dsDNA of maximum lengths of
97000, 23000, and 20000 were used. These correspond to NKuhn ≈ 323, 77, and 67,
respectively. Using a computational model that allows investigation of translocation
for extremely long flexible polymers, it has been noted that in the order of 105

Kuhn segments are needed for scaling relations to become independent of polymer
length [63]. Accordingly, understanding polymer translocation also at the finite length
scales is of importance.

2.3 Physics of chaperone-assisted polymer translocation

Chaperone-assisted translocation was initially proposed as a mechanism of cellular
polymer transportation by Simon et al. [36, 37]. The underlying mechanism for the
process is called Brownian ratcheting. Chaperones on the trans side of the membrane
bind to binding sites (aka. ratcheting sites) on the polymer and prevent the polymer
from backtracking into the pore.

It is educative to consider an ideal case where the binding on the trans side happens
instantaneously and irreversibly. We assume that the polymer segment in the pore
shuffles back and forth diffusively. The diffusion coefficient is D. The distance
between consecutive ratcheting positions along the chain is δ. Now the time τδ taken
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to diffuse from one ratcheting site to next is stated as τδ = δ2/(2D). If the length of
the polymer is N , the polymer is divided into M = N/δ subintervals and the total
time taken by the translocation is

τ = M · τδ =
Nδ

2D
. (2.22)

For stiff polymers D ∼ 1
N and hence τstiff ∼ N2. For flexible polymers in

equilibrium, we could assume D to be determined by a small number of beads around
the pore and be independent of N . This would lead to τflexible ∼ N .

The model can be improved by including binding and dissociation rates k− and k+

for the chaperones [36, 37]. Then the average translocation time becomes

τ =
Nδ

2D

k+ + 2k−
k+

. (2.23)

The exact model of chaperone binding can have profound effects on the strength
of the bias. Should a chaperone take up more than one monomer as a binding site, a
parking lot problem can occur [64]. If two chaperones bind to the polymer leaving a
small gap between the binding sites, a new chaperone may not have enough space to
bind between the two. This effectively reduces the resulting bias.

It has been suggested that chaperone-assisted translocation is not actually driven by
Brownian ratcheting but by simply a force generated by the binding, instead [46]. This
was observed in a simulation model with stiff polymers translocating into a volume
with binding particles. In this model, six binding particles were able to bind to a single
monomer at the same time. The free energy gain resulting from binding was observed
to be the cause for the driving bias.
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3. Simulation models and methods

In this chapter we introduce the models and algorithms used for the translocation
simulations in this thesis. In Section 3.1 we present the polymer model. In Section 3.2
we discuss the membrane and pore models. In Section 3.3 we present the algorithms
used for integration of the trajectories. In Section. 3.4 we discuss the driving force
used in our driven translocation simulations. In Section 3.5 we introduce the binding
particle model used in Publication IV. In Section 3.6 we discuss the equilibrium
simulations conducted prior to translocation simulations. In Sections 3.7–3.9 we
discuss modifications used in some of our translocation models. Lastly, in Section 3.10
we convert the reduced units of our simulation to real-world units.

3.1 Polymer model

In all the Publications included in this thesis we use the standard bead-spring chain
model for the polymer [65]. The polymer consists of N beads (monomers), connected
together as a chain via potentials. Excluded-volume effects are naturally included in
this model.

In our simulations, all polymer beads are repelled from each other via a truncated
and shifted Lennard-Jones (LJ) potential, defined as

ULJ =

 4ε
[(

σ
r

)12 −
(
σ
r

)6
+ 1

4

]
, r ≤ 21/6σ

0 , r > 21/6σ
, (3.1)

where r is the distance between two beads [66, 67, 68]. The parameters σ = 1 and
ε = 1 define the units of length and energy in our simulations. We discuss these
reduced units in more detail in Section 3.10. The truncation of Eq. (3.1) at r = 21/6σ

excludes the attractive part of the LJ potential, which accordingly models a good
solvent.

All adjacent beads in the polymer chain are connected together by a finitely extensi-
ble nonlinear elastic (FENE) potential

UF = −K
2 R

2 ln (1− r2

R2 ) , r < R. (3.2)
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Here R = 1.5σ sets the limit for maximum elongation of the bond and K = 30

defines the strength of the bond [65].
The interaction potentials of Eqs. (3.1) and (3.2) are used for all polymers in

Publications I to IV. As such they model flexible polymer chains (FC) studied in
Publications I, II, and IV. In Publication III, where we study worm-like chain polymers
(WLC), also a bending potential is included in the model. The bending potential energy
is defined by

Ubend = −κ∑
i

(ri+1 − ri) · (ri − ri−1) , (3.3)

where the sum runs over all N beads indexed with i. In the above, ri is the position
vector of bead i, and κ is the strength of the bending potential. For κ ' 1 the
persistence length λp ≈ κ. For κ = 0, λp ≈ 0.9, that differs from the half bond length
1
2b due to excluded-volume interactions.

We refer to polymer beads according to their indices. The first bead to translocate
has index i = 1 and the last bead to translocate has index i = N .

3.2 Pore and membrane models

The simulation setup includes a model for the membrane and the pore. In all the
Publications the membrane is modeled fairly similarly. The model for the pore has
some differences. In Figs. 3.1 (a) and (b) we present the schematic simulation setups
for driven translocation in Publication II and chaperone-assisted translocation in
Publication IV, respectively.

The membrane in all the Publications is modeled by two planes at rz = −h/2 and
rz = h/2, where h is the thickness of the membrane. The half-spaces rz < −h/2
and rz > h/2, are the cis and trans sides, respectively. In Publication I, h = 5σ. In
Publications II through IV, h = 3σ.

The two planes modeling the membrane impose slip-boundary conditions on all
beads colliding with them. For a bead about to cross a slip wall, the normal com-
ponent of the position displacement through the wall is projected onto the initial
side. Displacement tangential to the wall is unaffected. Similarly, the bead’s velocity
component normal to the wall is reversed while the tangential velocity remains un-
changed. The slip boundary is used to reduce the local friction at the pore, so as to
study translocation with a smaller finite-size effect [30, 63].

There are some differences in the implementation of the pore in different Publica-
tions. The pore in Publications I and IV was implemented by allowing beads to pass
through the slip walls at circular openings in the walls at rx = 0 and ry = 0. The
diameter of the openings was chosen as w = 2.25 in Publication I, and as w = 2.0 in
Publication IV. To avoid hair-pinning of the polymer, a polymer bead was allowed
inside the pore only if a bead adjacent to it in the polymer chain was already inside.
To prevent beads from diffusing randomly between the membranes, a centering force
toward the pore center axis was applied on them. This force is of the form

fh = −kprxy − cpvxy. (3.4)
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(a) (b)

Figure 3.1. Two-dimensional schematic pictures for the three-dimensional simulation setup of (a) driven
translocation in Publication II and (b) chaperone-assisted translocation in Publication IV. The
bottom side of the membrane is the cis side, from which the polymer starts the translocation.
The top side is the trans side, to which the polymer translocates. Black circles correspond to
polymer beads. In (b) black squares correspond to chaperones. The figures are reprinted
with permission from Publication II and Publication IV.

Here, rxy is the displacement vector of the bead from the pore axis and vxy is the
velocity of the bead perpendicular to the pore axis.

In Publications II and III the pore is implemented by a hole having the shape of
the inner surface of a torus through the membrane. The center of the hole is again at
rx = 0 and ry = 0. An illustration of the hole projected onto two dimensions is shown
in Fig 3.1 (a). The inner surface of the pore is implemented with slip walls instead of
the potential of Eq. (3.4). The edges of the pore entrances are smooth, which reduces
the pore friction.

Creating non-planar shaped slip boundaries is not trivial. An implementation was
developed by Joonas Piili in his doctoral thesis [69]. The method allows combining
simply shaped, mathematically definable objects to construct more complicated ones.
This is accomplished by taking unions and intersections of the prime objects. The
objects are then used to impose boundary conditions on particles colliding with them.
The implementation is based on constructive solid geometry technique commonly
used in ray tracing [70]. Besides Publications II and III, the technique has also been
used in Refs. [2, 3, 71] for capsid ejection, which incorporates even more complicated
geometries.

We use symbol s for the translocation coordinate of the process. We define s as the
number of beads that have passed across the middle point of the pore, from the cis to
the trans side. The reaction coordinate s is used to measure how far translocation has
progressed.
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3.3 Molecular dynamics algorithms

For most of our molecular dynamics simulations, we use Ermak’s implementation
of Langevin dynamics algorithm [68, 72]. The dynamics of every bead i obeys the
Langevin equation

ṗi = −ξpi + ηηηi(t) + fi(ri), (3.5)

where pi is the momentum, ηηηi is the random Langevin thermostat force, and fi is the
sum of all external forces exerted on bead i. ξ = 0.5 is the friction coefficient.

The random force ηηηi is characterized by zero mean 〈ηηηi(t)〉 = 0, and correlation
function 〈ηηηi(t)ηηη(t′)〉 = 2ξkTmδ(t− t′). Here, δ is the Dirac delta function. These
definitions ensure that the fluctuation-dissipation theorem is fulfilled [38]. The friction
coefficient ξ is connected to the Boltzmann constant k, temperature T , the bead mass
m, and diffusion coefficient of a bead D by equation

ξ =
kT

mD
. (3.6)

The equations of motion arising from the Langevin dynamics are integrated via the
velocity Verlet algorithm [68, 73]. In the algorithm, bead positions ri and velocities vi
are updated by equations

ri(t+ δt) = ri(t) + δtvi(t) +
1

2
δt2ai(t) (3.7)

and

vi(t+ δt) = vi(t) +
1

2
δt (ai(t) + ai(t+ δt)) . (3.8)

In the above, ai is the acceleration of bead i. We set the simulation time step δt = 0.001

for translocation and 0.001 ≤ δt ≤ 0.025 for the initial equilibration preceding
translocation. The mass of the polymer beads was set to m = 16. For most of
our simulations, we use temperature kT = 1, except in the zero-fluctuation model
(explained in Section 3.8) where we use kT = 0.

In a small portion of simulations in Publication II, we use stochastic rotation dy-
namics (SRD) to simulate translocation with hydrodynamic interactions. SRD is a
computationally efficient algorithm for including hydrodynamics in Brownian mo-
tion [74, 75]. In the SRD algorithm, it is easy to turn off hydrodynamics, which makes
comparison of Rouse and Zimm dynamics easy and reliable.

In SRD the stochastic kicks and hydrodynamics are modeled through sparsely spaced
solvent particles moving in and between cubic cells in the simulation space [74]. The
side length of the cells in our simulations is 1σ and there are on average 5 solvent
particles in each cell. The update rule for the trajectories of the solvent particles is
divided into streaming and collision steps.

In the streaming step, the positions of the solvent particles are updated according to

ri(t+ ∆t) = ri(t) + vi(t)∆t, (3.9)
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where ri is the particle position and vi is the particle velocity. ∆t is the SRD time
step, defining the update interval of the solvent. We choose ∆t = 0.5.

The collision step is applied right after the streaming step. It adds the stochastic
component to the solvent and couples the solvent with the polymer. In the collision
step, the center-of-mass velocity is computed for particles in each cell. Inside each cell
the portion of the particle velocities which deviates from the center-of-mass velocity is
randomly rotated. Both the SRD solvent particles and the polymer beads are included
in this rotation, coupling the solvent and the polymer. Hence, the velocity update
follows the equation

vi(t+ ∆t) = vcm(t) + Ω[vi(t)− vcm(t)], (3.10)

where vcm(t) is the center-of-mass velocity of particles in the cell. Ω is a rotation
matrix. It rotates the residual velocity by an angle θ about a randomly chosen axis.
The friction coefficient can be adjusted by the choice of θ. We choose θ = 3π/4,
which corresponds to Langevin friction coefficient ξ = 1.58 [2]. The axis of Ω is
chosen differently for every SRD cell and step. In addition for every step the grid of
the SRD cells is shifted in order to retain Galilean invariance [76]. The residual part of
the velocities is also scaled with respect to the equipartition theorem in order to keep
the temperature at kT = 1.0. Turning off hydrodynamic interactions is accomplished
by randomly permutating the velocities of all the solvent particles.

We use the velocity Verlet algorithm (Eqs. 3.7 and 3.8) to simulate the polymer
dynamics between SRD time steps. We choose time step δt = 0.0002. This means
there are 2500 polymer updates for each solvent update. The mass of the SRD particles
is chosen as ms = 4. The mass of the polymer beads is the same as in Langevin
simulations, m = 16.

3.4 Bias in driven translocation

In Publications I through III we focus solely on driven translocation. In Publication IV
we use driven translocation briefly as a reference model. In our driven translocation
simulations a force directed from the cis to the trans side is exerted on beads inside
the pore. We denote this force with fd. This is the total force applied on the polymer
segment in the pore. To obtain the force applied on a single bead, fd needs to be
divided by the number of beads in the pore.

We remark that the notation for the driving force is slightly different in the Pub-
lications of the thesis. In Publications II and III the total force inside the pore is
given, whereas in Publications I and IV force per bead is used. To facilitate com-
parison for this summary, we convert all the force magnitudes to give the total force.
Consequently, force magnitudes in some figures and tables differ from those in the
articles. Force magnitudes of Publications I and IV are scaled by factors of 5 and 3,
respectively. These scaling coefficients correspond to the lengths of the pores and
hence approximately to the number of beads in the pore. For force magnitudes in
Publications II and III no conversion is needed.
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3.5 Bias in chaperone-assisted translocation

In Publication IV we study chaperone-assisted translocation. In this form of translo-
cation there is no driving force inside the pore. Instead, chaperones, which we will
also refer to as binding particles (BiPs), bind to polymer beads on the trans side of the
membrane. The BiPs are unable to enter the pore and, while bound to the polymer,
they also prevent it from entering the pore from the trans side. This way the thermal
movement of the polymer is allowed toward the trans side but not to the opposite
direction. The basic mechanism is often called Brownian ratcheting [36, 37].

The model used in Publication IV is depicted in Fig. 3.1 (b). In our model, the
BiPs can diffuse freely on the trans side but are prevented from entering the pore by a
slip-wall. Furthermore, BiPs are prevented from diffusing too far away from the pore
by periodic boundaries in the x- and y- directions and a wall in the z-direction. The
wall is placed sufficiently far away, so as not to disrupt translocation. We keep the
concentration of free BiPs approximately constant, cf = 1/40. This is accomplished
by generating new BiPs at the boundary of the simulation volume, when cf would
drop due to BiPs binding to the polymer.

We model BiPs as point-like particles interacting via LJ-potential. Interaction
between any two BiPs is described by Eq. (3.1). For the interaction between a polymer
bead (PB) and a BiP, a modified version of Eq. (3.1) is used. The modified equation is
given by

ULJ = 4εb

[(
σ
r

)12 −
(
σ
r

)6
+ 1

4

]
, r ≤ rmax . (3.11)

Comparing to Eq. (3.1), ε is replaced with εb = 8.0ε, and the cut-off distance is
changed to rmax. For rmax > 21/6σ ≈ 1.12σ binding is made possible by the
attractive part of the LJ-interaction. In the chaperone simulations we use two different
binding models for which we define the exact value of rmax separately.

In the all-to-all (ATA) binding model the BiPs are free to bind to any number of
PBs at the same time. Similarly, a single PB can have any number of BiPs bound
to it. This is the simplest implementation of a binding model. It has been used
in the three-dimensional simulations of rigid polymers in Ref. [46] and the two-
dimensional simulations in Refs. [47], [48], [49], and [77]. In our ATA model we set
rmax = rbind = 1.84σ at all times.

In the one-to-one (OTO) binding model every BiP is allowed to bind to only one
PB at a time. Similarly, every PB can be bound to only one BiP at a time. When an
unbound PB and an unbound BiP interact, binding happens if the distance between
the two becomes smaller than rbind = 1.84σ. For a bound BiP-PB pair, rmax =

rbind = 1.84σ is used for the interaction. If the bound pair drifts further apart than
rmax, the binding is considered broken, and the particles return to the unbound state.
rmax = 21/6σ is used for interactions between a PB and a BiP, which are not bound
together, but out of which at least one is bound to another particle.

The binding between a BiP and a PB can only happen if the PB has fully exited
the pore and entered the trans side. This restriction is used to prevent BiPs from
pulling the PBs out of the pore to the trans side. However, an already established
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binding between a PB and a BiP is not broken if the PB re-enters the pore. Pulling was
observed to have an effect on the process in Ref. [46], but it changes the mechanism
so much that we judged it may not be biologically relevant.

Of the models described above, ATA is simpler to implement. However, OTO model
may be physically more relevant. The interaction between molecules in cell biology
is usually very specific [7]. Many proteins contain only one site for interaction with
another protein. Hence, it is plausible that interaction between chaperones (that are
proteins) with translocating proteins, would conform to OTO model.

3.6 Initial equilibrium conformation

Prior to the translocation simulations we generate an ensemble of self-avoiding random
walks of polymers. We construct the chains bead by bead. Each bead is added to
a random direction at equilibrium distance of the previous end bead. In case of
attempting to place a bead at a position already occupied by a bead, the random
addition is tried again until success. Generating a polymer conformation is started
inside the pore. In Publication I the first bead in the chain is placed in the middle of
the pore. In other Publications the pore is filled with three beads and there are two
additional beads on the trans side.

This simple sequential generation of polymer configurations does not directly pro-
duce a correct statistical ensemble 1. For that we perform a pre-translocation equilibra-
tion. We keep the bead in the middle of the pore in place and perform dynamics on the
rest of the polymer chain. Longer polymers need more time to reach equilibrium. We
use Eq.(2.2) to calculate the radius of gyration 〈Rg〉 of the polymer ensemble during
equilibration. We judge the polymers to be in equilibrium when 〈Rg〉 has converged
to a stable value.

Recently, it has been suggested that polymers are not necessarily in equilibrium
even at the start of translocation [79]. Taking this into account, other methods of
generating initial configurations should be considered in future research. In this thesis
we will restrict to translocations starting from equilibrium. There are good reasons
for doing this. First, sampling from the equilibrium configuration is easier than from
a configuration that is possibly in a transition state. For equilibrium configurations
there are reliable measurables for determining if the configuration is acceptable. This
is not the case for non-equilibrium configurations. Second, most of the translocation
research has been done using equilibrium initial configurations. Hence, the setup is
well understood and allows for comparison.

In Publication IV, conformations are equilibrated prior to translocation also for the
chaperones. Chaperones are first randomly generated on the trans side. To ensure
they are in equilibrium, we simulate them together with the polymer for a brief time.
Also here the polymer bead in the pore is held fixed during this time. This simulation
also allows some chaperones to bind to the two polymer beads residing initially on the

1Direct generation of polymers that sample the correct statistical ensemble is not trivial. One
option would be to use the Pivot algorithm [78].
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trans side.

3.7 Bead removal

In bead removal simulations we exclude either the beads on the cis or the beads on the
trans side. We call these no-cis and no-trans simulations, respectively. Comparison to
these types of simulations allows us to make direct observations on how a polymer
segment on either side affects translocation.

We implement no-trans simulations by removing beads once they arrive on the
trans side. If the polymer backtracks toward the cis side, we reintroduce the already
removed beads by placing them at equilibrium distance from the previous bead in the
polymer chain. To avoid excessive removal and returning of beads we define a buffer
of two beads on the trans side. These buffer beads are simulated normally. However, a
new bead is added back to the polymer only after both buffer beads have backtracked
into the pore. Using buffer beads means that the number of beads on the trans side is
not strictly zero at all times but varies between one and two.

The no-cis bead removal on the cis side is implemented like the trans-side removal.
Generally, there are one or two beads on the cis side. New beads are added at the cis
side pore entrance as the previous beads enter the pore.

3.8 Zero fluctuation model

To study the effect of fluctuations in polymer translocation, we define a model called
the zero fluctuation model (ZFM). In ZFM we exclude fluctuations by setting the
temperature of the Langevin thermostat to zero. To avoid problems with the algorithm,
instead of setting strictly kT = 0, we actually use kT = 10−8. This is sufficiently
low value to disable all fluctuations so that no beads move due to Langevin thermostat
kicks. For simulations that are not conducted using ZFM, kT = 1, cf. Section 3.3.
Only selected simulations in Publication II were made using ZFM.

3.9 Full model

We use the term Full model (FM) to describe a model without any of the modifica-
tions of Sections 3.7 and 3.8. Consequently, FM simulations are conducted in unit
temperature for the whole polymer without any bead removal. FM includes all the
fluctuations pertinent to driven translocation. Unless stated otherwise, the simulations
the results of which we present in this thesis are FM.
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3.10 Relating simulation parameters to the real world

In this section, we present a tentative mapping between the reduced units used in our
simulations and the SI-units. More information on reduced units and mapping can be
found for example in Ref. [68]. Typically, the coarse-grained simulations are meant
to provide information on general aspects of translocation, and the exact mapping of
units is not crucial. It is more important that the model, in terms of parameters such as
friction, remains in the physically relevant regime.

Here, we present a mapping for our simulation parameters used in Publication II.
The parameters in other publications are similar and the mapping is very close to
that presented here. An exception is Publication III, where results on simulations
of semi-flexible polymers are reported. The same steps can be taken to obtain the
respective mapping in Publication III.

A flexible polymer chain (FC) such as the one used in Publication II can be taken
to present a single-stranded DNA (ssDNA). The persistence length of ssDNA in a
solution depends strongly on the ionic concentration. A 1 M solution is used in many
polymer translocation experiments [29, 62, 80, 81]. For this ionic concentration, the
persistence length λp of ssDNA has been determined to lie between 0.64 nm [82] and
1.6 nm [83]. We assume λp = 1.0 nm. For an ideal freely-jointed chain the persistence
length is half a bond length 1

2b
2. Our model has bond length b = 0.97σ in equilibrium.

Relating the real-world λp and λp from simulations, we obtain σ = 2.06 nm, which is
also the width of our pore. The membrane thickness is 3σ ≈ 6.2 nm. According to
Ref. [83], the separation between two nucleotides in ssDNA b0 = 0.63 nm. This leads
to one bead in our model corresponding to 0.97·2.06 nm

0.63 nm = 3.17 nucleotides.
Assuming real-world temperature of 300 K, the unit of energy ε = kBT = 4.14 ·

10−21 J. The mass of a single bead in our simulations is 16m∗, where m∗ is the
reduced unit for mass. Hence the mass of a single nucleotide in simulation units
is 16

3.17m
∗. The average mass of a nucleotide is approximately 327 amu (atomic

mass units) [84]. It follows that m∗ = 64.9 amu. The reduced unit of time t∗ can
now be obtained as t∗ = σ

√
m∗/ε = 10.5 ps. Similarly, the reduced unit of force

f∗ = ε
σ = 2.0 pN. Assuming that each nucleotide carries a total charge of one

negative elementary charge −q, the force range from fd = 2 to 64 can be mapped to
voltage differences Uvolt = b0

q fdf
∗ = 15.8 mV and 505.5 mV. Since the translocation

takes place in ionic solution, there will be some charge screening and the true mapped
voltages are higher than the ones presented here.

The above time scale mapping gives translocation times that are short compared to
real-world experiments. In Publication II, given a N = 50 polymer (corresponding
to ≈ 159 nucleotides) with driving force fd = 8 (corresponding to ≈ 126mV ), we
obtain average translocation time τ ≈ 590 t∗ ≈ 6.2 ns. A real-world translocation of
similar attributes (100 nucleotides long polymer driven by 120 mV voltage) results in

2The persistence length of a flexible polymer with excluded-volume interactions is not well
defined when λp < b. We have measured λp = 0.9σ for our FC model in Publication III.
This value could be used here as well. However, to keep the mapping consistent with that of
Publication II, we continue to use λp = 1

2b.
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translocation times in the range from 100 to 500 µs [80]. We attribute the poor mapping
to two factors. First, the α-hemolysin pore used in experiments of Ref. [80] introduces
a lot of friction, which slows down translocation. Second, the standardly used friction
coefficient ξ = 0.5 is small. For a single adenosine monophosphate molecule, the
diffusion coefficient has been measured to beDAMP = 0.75·10−5cm2s−1 [85]. Rouse
approximation for the diffusion coefficient of 3.17 beads would then be DAMP/3.17.
Converting this to reduced units and using ξ = kBT

mD , we obtain ξ ≈ 100, which shows
the order of magnitude for a more appropriate friction coefficient.

The real-world translocation takes place under overdamped conditions. The exact
value for ξ is not important as long as dynamics stays in the dissipative regime. Raising
ξ requires the use of a long time step δt in order to keep simulation time reasonable.
To test the effect of friction, we conducted simulations with ξ = 100 and δt = 0.2.
We measured the waiting times and normalized them by dividing with friction ξ.
The obtained tw/ξ were similar to those of ξ = 0.5 simulations for fd = 2 and
8. For fd = 64 a small shift in normalized waiting times could be observed with
ξ = 0.5 simulations being slightly slower than ξ = 100 simulations. As the velocity
of the polymer increases, also the effect of the pore friction is enhanced. With high
overall friction of solvent, this effect is naturally smaller for ξ = 100, explaining the
difference. Overall differences were observed to be small, and we can safely assume
the simulations to correctly present dynamical features of real-world experiments.
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4. Results on driven polymer
translocation

In this chapter, we discuss our results on driven polymer translocation reported in
Publications I, II, and III. Publications I and II study flexible chains (FC). These results
are reviewed in Sections 4.1–4.9. Publication III focuses on semi-flexible worm-like
chains (WLC). We discuss WLC translocation in Section 4.10.

We gain understanding on driven translocation by simulations. A depiction of a
typical simulation is given in Fig. 1.1, where snapshots are shown at various stages of
the process.

In the following, results are given as averages over 500–2000 simulations depending
on the noise level of the measured quantity. Some results that require lower precision
may have been obtained with smaller statistics. To keep the text readable, we will not
state explicitly the number of simulations for each result. Instead, the reader is advised
to refer to the corresponding Publication for this information. Unless otherwise stated,
all results are given as ensemble averages. For simplicity, we omit angular brackets
and, for example, symbol τ means the ensemble average of translocation time. An
exception is Section 4.5 (and the related material in the Appendices), where we focus
on analytical derivation, and the difference between a single polymer translocation
and an ensemble average is important.

4.1 Translocation times and scaling

In Publications I and II we discuss the scaling of the average translocation times τ of
flexible polymers as a function of N and fd. Here, we begin by studying the effects of
bead removal on τ , cf. Section. 3.7. In Fig. 4.1, we show τ for the full (FM), no-trans,
no-cis, and no-trans-no-cis models from Publication I. The used polymer lengths are
N = 50, 100, 200, and 400. The driving force is fd = 5. Evidently, bead removal
on the cis side has a large effect by clearly speeding up translocation. The effect of
trans-side removal is minimal. This confirms the dominance of tension propagation in
the dynamics of the process, in line with the theory, cf. Section 2.2.

To check for scaling, we fit the power law τ ∼ Nβ to the data in Fig. 4.1 by the
least-squares method. We find our translocation simulations to conform well to the
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Figure 4.1. Translocation time τ as a function ofN for FM, no-trans, no-cis, and no-trans-no-cis models.
For all data points, fd = 5. The lines drawn correspond to the least-squares fits of power
law τ ∼ Nβ . The error bars are smaller than the markers used. The figure is reprinted with
permission from Publication I.

Table 4.1. Scaling exponents β for FM, no-trans, no-cis, and no-trans-no-cis models for different fd.
Calculated from N = 50, 100, 200, and 400. Standard errors are ≤ ±0.01. The table is
reprinted with permission from Publication I.

fd FM no-trans no-cis
no-trans-

no-cis

2.5 1.36 1.39 1.06 1.00

5 1.38 1.40 1.05 1.01

25 1.40 1.42 1.05 1.00

50 1.41 1.42 1.05 1.00

100 1.43 1.43 1.03 1.00

200 1.44 1.43 1.01 0.99

theoretical power law τ ∼ Nαfβd
1. The corresponding exponents β are given in

Table 4.1. For FM and no-trans models, 1 < β < 1 + ν. For no-cis models, the
scaling is close to linear. For the models where the cis side is included there is a clear
increase in β as a function of fd. This is in line with earlier findings [32, 30, 25, 33].

As stated, the overall effect of removing the trans side beads seems small. However,
comparing β for FM and the no-trans model in Table 4.1, we notice that the increase
without the trans side is slightly smaller. In fact, for low fd higher β values are
obtained for the no-trans model than for FM. For high fd the difference is minimal.
A possible explanation for this is decreased fluctuations. In Ref. [35], Dubbeldam
et al. argue that fluctuations of the translocation coordinate s facilitate translocation
and decrease β at low fd. This argument can be used to explain our findings here. By
removing the trans-side beads we decrease the amount of fluctuations in the system.

1We remark, that in Publication I, we have mistakenly used α and β in reversed meanings. In
this compilation part of the thesis, we will explicitly use β to describe the exponent for N and
α to describe the exponent for fd.
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Table 4.2. Scaling exponents β for FM, ZFM, and no-trans-ZFM for different fd. β is calculated for
N = 50, 100, 200, and 400. The standard error for the listed exponents is below 5.4 · 10−3

for FM, 4.4 · 10−3 for ZFM, and 5.0 · 10−3 for no-trans-ZFM. Compared with Table. 4.1,
here the pore is shorter and has a smoother shape, both of which decrease the pore friction.
The table is reprinted with permission from Publication II.

fd FM ZFM no-trans-ZFM

2 1.43 1.54 1.55

4 1.47 1.54 1.55

8 1.49 1.53 1.54

16 1.50 1.53 1.53

32 1.50 1.51 1.52

64 1.49 1.50 1.50

This should also lead to decreased fluctuations of the polymer inside the pore and
hence the translocation coordinate. Now, for low fd these fluctuations have more time
to affect the system and thus become important. Hence for reduced fluctuations in the
no-trans model, the exponent is greater than in FM.

The scaling exponent β for FM and the no-trans model differs very little, however.
Even without the trans-side β increases with fd. This indicates that also the cis-
side fluctuations must have a major contribution. Later in the thesis we show that
fluctuations on the cis side have a much larger role in the dynamics than the trans-
side fluctuations. As seen from Fig. 4.1 and Table 4.1, the exclusion of the cis
side drastically changes the dynamics of the process. Hence, the effect of the cis
side-polymer segment cannot be studied by simply using the no-cis model.

In Publication II we use a more direct approach to remove the effects from fluctua-
tions. We simulate driven translocation by setting the temperature of the Langevin
thermostat to zero in our zero-fluctuation model (ZFM), cf. Section 3.8. For compari-
son, we also conduct the same simulations for FM, which uses the standard reduced
unit temperature kT = 1. Again, the results conform to the power law τ ∼ Nαfβd .
We show the scaling exponents β in Table 4.2. As explained in Section 3.2, in Publi-
cation II we use a pore of smaller friction than in Publication I. For this reason, the
exponents in Table 4.2 are higher than in Table 4.1. The exponents in Table 4.2 are
actually quite close to the asymptotic value β = 1 + ν. This is in accordance with
previous findings of higher pore friction causing lower exponents [30].

In Table 4.2, similarly as in Table 4.1, β is seen to increase with fd for FM. However,
when all fluctuations are removed (ZFM), β no longer increases but actually decreases
with fd2. Again, this shows that fluctuations decrease β at low fd. We will return
to this in Section 4.8. Fluctuations also affect the scaling exponent α describing the
scaling of τ with fd, τ ∼ fαd . We show the values of α in Table 4.3. For FM, α > −1.

2It is reasonable to anticipate β to stay constant when fluctuations are excluded. We attribute
the decrease in β at high fd to superlinear increase of pore friction with increasing fd.
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Table 4.3. Scaling exponents α for relation τ ∼ fαd for FM, ZFM, and no-trans-ZFM. Calculated for
N = 200 and fd = 2, 4, 8, 16, 32, and 64. The standard errors are 1.3 · 10−3 for FM,
1.3 · 10−3 for ZFM, and 2.9 · 10−3 for no-trans-ZFM. The table is reprinted with permission
from Publication II.

FM ZFM no-trans-ZFM

−0.93 −0.99 −0.99

For ZFM we obtain α ≈ −1, in agreement with theory.
The findings of this Section emphasize the role of fluctuations in driven polymer

translocation. The changes in dynamics as a function of fd are evident. At lower fd
fluctuations have more time to affect the dynamics, and deviation from asymptotic
scaling characteristics increases. We conclude that it is imperative for any realistic
model of driven translocation to include the fd dependent effects of fluctuations.

4.2 Waiting times

Measuring waiting times is the most precise method available for investigating dy-
namical characteristics of polymer translocation. We define waiting time tw(s) as the
difference between the instants when beads s and s− 1 enter the trans side. tw(s) is
the inverse of the speed of the process at translocation coordinate s. The translocation
time τ is given by the integral of tw(s)

τ =

∫ N

s=1
tw(s)ds. (4.1)

In Fig. 4.2 (a) we show tw as a function of s for FM and no-trans translocation at
fd = 4. The data for the figure is taken from simulations of Publication II. Except
for a minor shift, waiting times from no-trans and FM models are similar. This again
shows the dominance of the cis-side dynamics.

In Section 2.2 we described the separation of translocation into tension propagation
and retraction phases. The two stages are clearly visible in the waiting times. As s
increases, tw increases monotonically until a steep decrease in the end. The increas-
ing part of tw corresponds to the tension propagation phase, where more beads are
continuously set in motion and the increasing friction slows down translocation. In
the retraction phase, the tension has reached the end of the polymer and no more
beads can join the segment in drag. The translocating beads are hence not replaced by
new ones in the tensed segment. Consequently, friction decreases and the tw curve
decreases until the polymer is fully translocated.

We show comparison of tw for different fd in Fig. 4.3 (a). We have multiplied tw
by fd so that the scaled curves have comparable magnitudes. This approach works
due to the approximately inverse scaling of translocation time with fd (τ ∼ 1/fd).
Clearly, the tw profile changes with fd. Slowing down of translocation at later
stages is smaller for low fd. For ZFM, tw · fd curves are similar for all fd, as seen in
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Figure 4.2. Waiting times for fd = 4 and for N = 50, 100, 200, and 400 for FM and no-trans models.

Figure 4.3. Scaled waiting times fd ·tw for fd = 2, 4, 8, 16, 32, and 64 and forN = 200. (a) FM where
kT = 1 (b) ZFM where kT = 0. Figure (a) is reprinted with permission from Publication I.

Fig. 4.3 (b). Together Figs. 4.3 (a) and (b) show the fluctuations to have a major impact
on translocation dynamics. In Section 4.7 we connect the fd dependent changes in tw
to a specific mechanism caused by the cis-side fluctuations.

4.3 The effect of the trans-side polymer segment

The cis-side polymer segment has a dominating role in the dynamics of driven polymer
translocation. The effect of the already translocated segment on the trans side has
not been established. Many studies show crowding on the trans side [30, 25, 86].
However, no consensus has been reached on if the crowding has an effect on the
translocation speed and dynamics. Recently, an analytical approach was used to argue
that the crowding hardly affects the dynamics [87]. However, in Ref. [26] an indirect
method was used to demonstrate that crowding may have an effect when diffusion is
slow enough.

Here, we first study the trans-side effect by calculating the radius of gyration Rg
of the translocated segment as a function of s. Rg is calculated using Eq. (2.2). In
Fig. 4.4 (a) we show Rg for two driving forces: fd = 5 and 50. We also show the
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Figure 4.4. (a) The trans-side polymer radii of gyration Rg for fd = 5 (solid line) and fd = 50
(dashed line) as a function of s. Shown polymer lengths: N = 50, 100, 200, and 400.
The equilibrium Rg of a chain of equal length attached from one end to a wall is given
for reference (solid triangles). (b) and (c) Waiting times tw(s) for ZFM (solid lines) and
no-trans-ZFM (dashed lines). In (b) fd = 2 and in (c) fd = 64. Figure (a) is reprinted
with permission from Publication I. Figures (b) and (c) are reprinted with permission
from Publication II.

equilibrium Rg of a polymer that is tethered to a wall and whose length equals that of
the translocated segment. It is seen that during translocation the trans-side segment is
strongly out of equilibrium and its conformation is compressed for both fd. Hence,
crowding is evidently present in our simulations.

As shown in Sections 4.1 and 4.2, by comparing FM and the no-trans model the
effect of the trans-side segment is seen to be minimal. Only insignificant differences
were seen for τ in Fig. 4.1 and for tw in Fig. 4.2. Likewise, only small differences in
scaling were seen at low fd in Table 4.1.

To definitely rule out the possibility of crowding having any appreciable effect
on the dynamics we simulated ZFM translocations with and without the trans-side
segment. In ZFM, there is no diffusion and consequently the beads arriving on the
trans side remain at the pore entrance. In Figs. 4.4 (b) and (c) we show the tw(s)

curves for ZFM and no-trans-ZFM for fd = 2 and fd = 64. The difference between
the two models is small even in this extreme case of maximal crowding. For fd = 2

τ is 8.3% and for fd = 64 it is 7.2% smaller for no-trans-ZFM than for ZFM. For
the standard simulation temperature kT = 1 (FM) these ratios are 2.4% and 4.7%,
respectively. Evidently, the contribution of friction on the cis side increases more
rapidly as a function of s than contribution from the translocated trans-side beads.
Consequently, for any realistic translocation, the effect of the trans-side crowding is
minimal.

4.4 Definitions for quantities explaining tension propagation

In Publication II we measure five quantities o(s, i) pertinent to the propagation of
tension during translocation. These quantities are tension force ft, bead velocities
vp and vc, two-bond separation distance d2bd, and bond angle γ. All the quantities
are functions of the translocation coordinate s and the position in the polymer chain,
which we denote by bead index i. We remind that the first and last beads to translocate
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Figure 4.5. Five quantities ft, vp, vc, d2bd, and γ illustrated. The translocation stage is the same
as depicted in Fig. 3.1 (a) and hence s = 14. The figure is reprinted with permission
from Publication II.

are indexed with i = 1 and i = N , respectively. The quantities are depicted in Fig. 4.5
for translocation coordinate s = 14 and beads i = 23 and i = 24 corresponding to
simulation setup in Fig. 3.1 (a). In what follows, we define all the quantities in more
detail. We use these definitions in Section 4.5.5 to calculate ensemble average values
of them in our quasi-static model (QSM). In Section 4.6, we present measurements of
these quantities from our Langevin dynamics simulations.

We define the tension force in the polymer chain ft(s, i) as the force exerted by
bead i− 1 on bead i at translocation coordinate s. This is depicted in Fig. 4.5 (a).

The velocity of a bead toward the pore vp(s, i) is the magnitude of the bead’s
velocity vector toward the pore. This is illustrated in Fig. 4.5 (b). Defining rpore as
the location of the pore, vi(s) as the velocity of bead i, and ri(s) as the location of
bead i at translocation coordinate s, we get vp(s, i) =

vi(s)·(rpore−ri(s))
|rpore−ri(s)| .

We define a bead’s velocity toward the previous bead in the chain vc(s, i) similarly.
vc(s, i) for bead i is the magnitude of the velocity component toward bead i− 1 as
depicted in Fig. 4.5 (c). More specifically, vc(s, i) = vi(s)·(ri−1(s)−ri(s))

|ri−1(s)−ri(s)| . The two
velocity measurements, vp and vc, are by definition equal in QSM, as explained in
Section 4.5. We also expect them to be equal in all models for high fd.

We define d2bd(s, i) as the distance between two beads separated by two bonds, as
depicted in Fig. 4.5 (d), i.e., d2bd(s, i) = |ri−1(s)− ri+1(s)|.

Lastly, we define the bond angle γ(s, i) to be the angle (in radians) between the
vector from bead i to bead i− 1 and the vector from bead i to bead i+ 1. This gives
γ(s, i) = arccos

(
(ri−1(s)−ri(s))·(ri+1(s)−ri(s))
|ri−1(s)−ri(s)||ri+1(s)−ri(s)|

)
. This is illustrated in Fig. 4.5 (e).

In the following sections we will show the ensemble-averaged data of these quantities
o(s, i) as color charts. This is illustrated in Fig. 4.6, where the translocation coordinate
s and the bead number i define the coordinates, and the color depicts the magnitude
of o(s, i). The points on the diagonal line from the bottom left to the top right corner
represent beads inside the pore. Points above and below this diagonal represent beads
on the cis and trans sides, respectively. The colorful area above the diagonal is hence
attributed to the tension propagation on the cis side. For this illustrative picture,
we have also drawn a red dashed line to show the outer contour of the shaded area
corresponding to tension propagation. We show color plots for the quantities for the
quasi-static model in Section 4.5 and for simulations in Section 4.6.
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Figure 4.6. A tension propagation color chart. The color presents the value of the measured quantity o.
The x-axis is the translocation coordinate s. The y-axis is the index i of the bead around
which o is measured. The first bead to translocate is indexed as i = 1 and the last as i = N
(here N = 200). With these definitions, the diagonal from the bottom left to top right corner
corresponds to beads inside the pore. Points above and below the diagonal depict beads on
the cis and trans sides, respectively. The red dashed line presents the outer contour Couter,
which corresponds to the furthest distance the tension has propagated in the ensemble of
polymer translocations. The figure is reprinted with permission from Publication II.

4.5 Tension propagation explained via the quasi-static model
(QSM)

In Publication I we develop a simplified quasi-static model (QSM) based on initial
polymer configurations to explain tension propagation in driven polymer translocation.
QSM is used also in Publication II. In this section we describe the model. These
calculations on QSM will be used to interpret the results of tension propagation
measurements from simulations in Section 4.6. Here and in the related Appendices,
we use angular brackets to specify the difference between ensemble averages and
quantities related to translocation of single polymers. This is in contrast to other
Sections, where quantities are generally given as ensemble averages without any
explicit notation.

4.5.1 Assumptions of QSM

We depict the basic idea of QSM by examining Fig. 4.7. In the figure, we have two
schematic configurations from a single translocation event involving a polymer of
length N = 50. The first configuration (black beads) is at translocation coordinate
s = 1, which corresponds to the initial state of the polymer before the translocation
event starts. The second configuration (red beads) has the bead index of i = 16 inside
the pore (s = 16). For the following discussion, we define R(i) to be the distance
from the initial position of bead i to the pore. b is the bond length between two
subsequent monomers in the polymer.

The quasi-static model assumes that the tensed polymer segment is completely
straight from the pore to the initial position of the last bead belonging to it. Also, the
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Figure 4.7. Illustration of the quasi-static model. Black beads depict the initial conformation of the
polymer at s = 1. Red beads depict the conformation at s = 16. In the quasi-static model,
all beads in the tensed segment form a completely straight chain from the initial position of
the last bead in drag to the pore. From this it follows that bead number i starts moving when
R(i) = (i− s)b, where R(i) is the initial distance of bead i from the pore.

distance between two beads in the tensed segment is always b. Beads that are not
part of the tensed segment remain in their initial positions until propagating tension
reaches them. These assumptions impose geometrical restrictions for translocation.
Consequently, we can formulate the following basic condition for bead number i
residing on the cis side when s beads have translocated.

Quasi-static condition. Bead i>s belongs to the tensed segment of the polymer if

(i− s)b < R(i).

Applying the above condition, an algorithm can be developed for determining the
number of beads in drag nd(s) at any s for a starting configuration of driven polymer
translocation. Using many starting configurations, an ensemble average 〈nd(s)〉
can be calculated. In Fig. 4.8, we show 〈nd(s)〉 calculated from over 2000 initial
configurations for polymers of length N = 200.

Besides the algorithmic approach, we can also use the initial polymer configurations
to calculate the probability distribution of the initial positions of an ensemble of
polymer chains. In fact, it is enough to know the initial distribution p(R, i,N) of
the distances R from each bead i to the pore in a polymer chain of length N . To
simplify the notation, we denote p(R, i,N) as p(R, i). While being equivalent to
the straight algorithmic approach, using p(R, i) makes the analytical treatment easier.
The probability that the initial distance of bead i is between Ra and Rb is given
by
∫ Rb
Ra

p(R, i)dR. Using the distribution p(R, i) means that we address dynamical
properties of an ensemble of polymer translocations. However, calculations for
individual polymers can also be easily made. To examine an individual polymer
we can define the distance distribution using Dirac delta functions p(R, i) = δ(Ri).
Using known analytical solutions for p(R, i) also allows calculating properties for
QSM. In Appendix A we show solutions for some of the following derivations for the
position distribution of the simple ideal chain.
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Figure 4.8. 〈nd〉 calculated as a function of s using the quasi-static condition. Approximately 2000
initial configurations of N = 200 long polymers from data of Publication II were used.

The quasi-static condition gives us means to calculate 〈nd(s)〉. To connect this with
translocation velocity and times, we use a force-balance equation derived from the
Langevin equation, Eq. (3.5). We assume that all the nd beads in the tensed polymer
segment traverse toward the pore with velocity v. Also, we assume inertial effects
and diffusion to be negligible so that ṗi = 0 and ηηηi(t) = 0. If the polymer segment is
affected by the total driving force fd, we obtain

vmξnd = fd, (4.2)

where m is the mass of a single bead, and ξ is the friction coefficient.

4.5.2 Probability that bead i belongs to the tensed segment

For the following calculations of dynamical and tension propagation properties, we
need two auxiliary probabilities. First, we need the probability E(s, i) that a given
bead i at translocation coordinate s belongs to the tensed segment. According to
the quasi-static condition, bead i belongs to the tensed segment if (i − s)b < R(i).
Integrating over the initial distance distribution p(R, i), we get

E(s, i) =


∞∫

(i−s)b
p(R, i)dR , when s ≤ j ≤ N

0 , otherwise
. (4.3)

We then derive the probability L(s, i) for bead i at translocation coordinate s to be
the last bead in the tensed segment. L(s, i) is simply the probability that bead i is in
the tensed segment, but bead i+ 1 is not. We note that bead i+ 1 can only belong to
the tensed segment if bead i belongs to it. Therefore, the set of events for which bead
i + 1 is in the tensed segment is completely included in the set of events in which
bead i is in the tensed segment. Using this notion, we get our result by the simple
subtraction

L(s, i) = E(s, i)− E(s, i+ 1) when s ≤ i ≤ N. (4.4)
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Figure 4.9. Color chart E(s, i) for the probability of bead i to belong to the tensed segment at transloca-
tion coordinate s. The values are calculated using Eq. (4.3) for which p(R, i) is obtained
from the initial configuration data of Publication II.

In Fig. 4.9 we show values of the probability E(s, i) calculated from initial config-
uration data of Publication II for N = 200. We remark that the resemblance to the
chosen color-chart presentation of the dynamical quantities 〈o(s, i)〉 shown in Fig. 4.6
is not a coincidence. In the following calculations for QSM we show connections
between quantities 〈o(s, i)〉 presented in Section 4.4 and probabilities E(s, i) and
L(s, i).

4.5.3 The number of beads in drag 〈nd〉

When bead i is the last bead in drag, there are in total i− s+ 1 beads in drag. The
ensemble average for the number of beads in drag 〈nd(s)〉 is the probability-weighted
sum of this quantity over all beads on the cis side, i.e. i ≥ s. Therefore, we have

〈nd(s)〉 =

N∑
i=s

L(s, i)
(
i− s+ 1

)
. (4.5)

Substituting in Eq. (4.4) and expanding the sum we get

〈nd(s)〉 = [E(s, s)− E(s, s+ 1)] + 2[E(s, s+ 1)− E(s, s+ 2)]+

· · ·+ (N − s)[E(s,N − 1)− E(s,N)] + (N − s+ 1)[E(s,N)]. (4.6)

Canceling out equal terms, this simplifies to

〈nd(s)〉 =
N∑
i=s

E(s, i). (4.7)

4.5.4 Waiting times 〈tw(s)〉 and translocation time 〈τ〉

We obtain the average for waiting times by noticing that since the distance between
beads is b, tw(s) = b

v(s) . Substituting v from the force-balance equation, Eq. (4.2),
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we obtain

tw(s) =
b

v(s)
=
bξmnd(s)

fd
. (4.8)

Hence, the ensemble average is

〈tw(s)〉 =
bξm

fd
〈nd(s)〉 =

bξm

fd

N∑
i=s

E(s, i), (4.9)

where we have used the ensemble average for 〈nd(s)〉 from Eq. (4.7).
We sum the waiting times 〈tw(s)〉 from s = 1 to N to get the total translocation

time

〈τ〉 =
N∑
s=1

bξm

fd
〈nd(s)〉 =

N∑
s=1

(
bξm

fd

N∑
i=s

E(s, i)

)
. (4.10)

4.5.5 Ensemble averages for dynamical quantities o(s, i)

In Section 4.4 we defined five quantities o(s, i) we use in order to characterize tension
propagation. These quantities include bond angles γ, two-bond distances d2bd, bead
velocities toward the pore vp, bead velocities along the polymer chain vc, and tension
forces ft. In this Section, we calculate ensemble averages of the quantities for
QSM. Some results calculated here will be used in Section 4.6, others are stated for
completeness. On the other hand, Section 4.6 gives context to many calculations
presented here. The interested reader may wish to refer back to this Section when
going through Section 4.6.

Angle 〈γ〉 and two-bond distance 〈d2bd〉
Out of all quantities 〈o〉, ensemble averages for the bond angles 〈γ(s, i)〉 and the
two-bond distances 〈d2bd(s, i)〉 are the easiest to formulate. We obtain a similar form
for them, only with different coefficients. We discuss the calculation for the angles
〈γ(s, i)〉. In QSM, beads on the cis side can only be in two states. Either they are
in the completely straight tensed segment or they are at equilibrium in their starting
positions. This means that 〈γ(s, i)〉 is a sum of two components. The first component
is the probability that bead i is in drag (E(s, i)), multiplied by the value of the angle
in full tension γd. The second component is the probability that the bead is not in drag
(1 − E(s, i)), multiplied by the value of the angle in equilibrium γeq. This can be
expressed as

〈γ(s, i)〉 = E(s, i)γd + (1− E(s, i))γeq , when s ≤ i < N. (4.11)

The polymer in tension is completely straight and hence γd = π. At equilibrium we
have measured γeq ≈ 1.97 from simulations. The two-bond distances 〈d2bd(s, i)〉 can
be obtained by a similar method, with corresponding coefficients d2bd,d and d2bd,eq
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for dragged and equilibrium states, respectively. We show color charts of 〈γ(s, i)〉
and 〈d2bd(s, i)〉 for QSM in Fig. 4.10. We note that 〈γ(s, i)〉 and 〈d2bd(s, i)〉 look
different due to the different color ranges. These ranges were chosen the same as for
fd = 64 charts of Section 4.6 for easier comparison.

〈ft〉
2.77 36.56

〈vpc〉
0.00 0.29

〈d2bd〉
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〈γ〉
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Figure 4.10. QSM charts for ensemble averages of quantities: 〈ft〉, 〈vp〉, 〈vc〉, 〈d2bd〉, and 〈γ〉. Note
that since for QSM 〈vp〉 and 〈vc〉 are equal, only 〈vpc〉 corresponding to either one, is
shown. The quantities have been calculated from starting configuration data of N = 200
long polymers of Publication II. Parameters corresponding to simulations with ξ = 0.5,
m = 16, and fd = 64 were used for the QSM calculations.

Velocities 〈vp〉 and 〈vc〉
QSM assumes that the polymer traverses as a straight segment toward the pore. This
means that for QSM vp and vc are equal. Here, we will simply denote them with
vpc. Again, if bead number j is the last bead in the tensed segment, then there are
nd = j − s+ 1 beads in drag. From the force-balance equation, Eq. (4.2), we can see
that for beads in drag v = fd

ndξm
. Bead i is in drag and has a non-zero velocity only if

i ≤ j, where j is the index for the last bead in drag. The probability-weighted sum
with the above condition gives us the ensemble average of the velocity as

〈vpc(s, i)〉 =

N∑
j=i

L(s, j)
fd

(j − s+ 1)ξm
when s ≤ i ≤ N. (4.12)

We show color chart of 〈vpc(s, i)〉 for QSM in Fig. 4.10.

Tension force 〈ft〉
In Fig. 4.11, we show schematic depiction of all the forces affecting the tensed segment
beads in QSM. At translocation coordinate s, the bead with index s is in the pore and is
affected by three forces. First, there is the driving force fd. Second, there is frictional
force mξv from the implicit solvent. And third, there is tension force −ft(s, s+ 1)

from the next bead in the chain. Bearing in mind that in QSM the inertial effects are
assumed negligible, we have

fd −mξv − ft(s, s+ 1) = ma = 0. (4.13)

It follows that the tension force exerted on bead s+ 1 is

ft(s, s+ 1) = fd −mξv. (4.14)
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Figure 4.11. All forces of the beads belonging to the tensed segment of the polymer. The forces on the
trans-side beads are assumed to be zero. Forces affecting every bead are drawn as arrows
at the same horizontal level as the bead. fd is the driving pore force. fs+k is the force
exerted by bead s+ k − 1 on bead s+ k. mξv is the friction force affecting every bead
individually.

Similarly, if we consider all the forces affecting bead number s+ 1, we get

ft(s, s+ 2) = ft(s, s+ 1)−mξv = fd − 2mξv. (4.15)

The pattern is easy to see, and for bead number s+ k we have

ft(s, s+ k) = ft(s, s+ k − 1)−mξv = fd − kmξv. (4.16)

With the simple index transformation i = s+ k we have the tension force for bead
i > s at translocation coordinate s as

ft(s, i) = ft(s, i− 1)−mξv. (4.17)

A non-recursive form of this reads as

ft(s, i) = fd − (i− s)mξv, (4.18)

for i ≥ s. Again, the probability that bead j is the last bead in drag is L(s, j), in
which case v = fd

mξ(j−s+1) . Substituting v into Eq. (4.18), we get

ft(s, i) = fd

(
1− i− s

j − s+ 1

)
. (4.19)

To obtain the ensemble average we take the probability-weighted sum for all values
of j ≥ i to get

〈ft(s, i)〉 =

N∑
j=i

L(s, j)fd

(
1− i− s

j − s+ 1

)
, when s ≤ i ≤ N. (4.20)
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We show color charts of ft(s, i)〉 for QSM in Fig. 4.10.
As seen in Fig. 4.11, due to dissipation the tension force depends on the polymer

velocity. Not surprisingly, there is a relation between the ensemble averaged 〈ft(s, i)〉
and 〈vpc(s, i)〉, as we show in Appendix B.

4.5.6 Ways to compute 〈nd〉 from simulations

Here, we use the above discussion on QSM to construct methods for characterizing
tension propagation. For QSM this is fairly easy. The quasi-static condition defines
the model beads to reside either in their initial positions or in the tensed segment. 〈nd〉
for QSM was given in Fig. 4.8. In what follows, we define the tools that we use to
obtain 〈nd〉 from simulation data.

The easiest way of calculating 〈nd〉 is to use the waiting times 〈tw(s)〉. If the
pore and the trans-side frictions are negligible, 〈tw(s)〉 can be approximated to be
proportional to 〈nd(s)〉. This led us to Eq. (4.9), from which we obtain

〈nd(s)〉 = 〈tw(s)〉 fd
bξm

. (4.21)

The problem with the above approach is that all the information on the transloca-
tion is reduced to the polymer velocity in the pore. A better method of evaluating
tension propagation should take into account additional information on the polymer
conformation or dynamics on the cis side.

Calculations in Sec. 4.5.3 provide us with additional methods for computing 〈nd(s)〉.
To obtain 〈nd(s)〉, we can use L(s, i) and E(s, i) as specified in Eqs. (4.5) and (4.7).
In turn, E(s, i) and L(s, i) can be calculated using the ensemble-averaged angle,
velocity, and force measurements. In what follows, we show this for QSM.

From the angle (or two-bond) data, E(s, i) color chart can be derived by solving
E(s, i) from Eq. (4.11). We obtain

E(s, i) =
〈γ(s, i)〉 − γeq
γd − γeq

. (4.22)

From Eq. (4.12) describing the velocities, we can solve L(s, i). Setting i = N , we
obtain

L(s,N) = 〈vpc(s,N)〉(N − s+ 1)ξm

fd
. (4.23)

For every i < N , a recursive formula follows

L(s, i) =

〈vpc(s, i)〉 − N∑
j=i+1

L(s, j)
fd

(j − s+ 1)ξm

 (i− s+ 1)ξm

fd
. (4.24)

Similarly, we can solve L(s, i) from 〈ft(s, i)〉 with Eq. (4.20). When i = N , we
have

L(s,N) =
〈ft(s,N)〉

fd

[
1− N−s

N−s+1

] . (4.25)
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For i < N we get a recursive formula

L(s, i) =
〈ft(s, i)〉 −

∑N
j=i+1 L(s, j)fd(1− i−s

j−s+1)

fd

[
1− i−s

i−s+1

] . (4.26)

The above discussion provides us with multiple methods for characterizing 〈nd(s)〉
from simulation measurements. This is the topic of the following Section.

4.6 Tension propagation measurements from simulations

In Publications I and II we conduct direct measurements of tension propagation
in the polymer chain during translocation. In Publication II the ideas presented in
Publication I are investigated and analyzed in detail. Hence, the following outline of
our results is mainly based on Publication II. We note that from this Section onward
all the quantities are again presented as ensemble averages without explicitly denoting
them with angular brackets.

4.6.1 nd from waiting times tw

In Fig. 4.12, we plot the number of beads in drag nd(s) calculated using Eq. (4.21)
from the tw data of Publication II. nd(s) is shown for polymers of length N = 200

for different fd. For comparison, we also include the nd curve of QSM, cf. Fig. 4.8.
We have shifted the QSM curve upward by adding +5 units to the number of beads
in drag in order to compare the data better against the nd curves for high fd. The tw
data inherently includes all the dynamical aspects affecting the polymer velocity, most
notably the pore friction. The addition of a constant accounts for pore-friction force
that in the simplest approximation should scale linearly with polymer velocity.

Under the assumption of tw being proportional to nd, we can see that smaller fd
results in a smaller tensed segment in the later stages of translocation. However, here
nd is obtained solely from information on polymer velocity in the pore. For this
reason, methods incorporating additional information from the cis side are needed to
confirm the result.

It can be seen that the shifted nd of QSM fits extremely well with the nd from
simulations for high fd. This is reasonable as QSM includes no fluctuations and the
role of fluctuations is small when fd is large. By a shift of a different magnitude
the QSM can be made to fit fairly well to the data for smaller fd. However, the
smaller the fd, the poorer is the fit. Given how well a simple model like QSM can be
made to agree with the waiting time data, any model describing translocation requires
validation for multiple driving force magnitudes.

4.6.2 Measurements of quantities o(s, i)

We measure the five quantities o(i, s) introduced in Section 4.4: tension force ft, bead
velocity toward the pore vp, bead velocity along the polymer contour vc, two-bond
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Figure 4.12. Solid lines present the number of beads in drag nd(s) derived from tw(s) by formula
nd(s) = fdtw(s)

ξmσ
, cf. Eq. (4.21). The dashed line presents nd derived from the initial

configurations using QSM, cf. Fig. 4.8. The QSM curve is shifted upward by addition
of +5 to align it better with the nd of high fd. The figure is reprinted with permission
from Publication II.

distance d2bd, and bond angle γ. These quantities contain information on the cis-
side polymer segment, whereas nd(s) derived from tw(s) only uses information on
translocation velocity. Our goal is to determine, if characterizing tension from the
quantities o(i, s) is possible and if similar results as in Fig. 4.12 can be obtained.

Here, we measure the quantities o at each time step. At the end of each simulation
run we calculate the average of o for each bead i and each translocation coordinate s.
We then calculate the ensemble average over multiple translocation simulations. The
presented o(s, i) are these ensemble averages.

4.6.3 Color charts of tension propagation data

In Fig. 4.13 we present the color charts for o(s, i) for driving force magnitudes fd = 2,
8, and 64. The polymer length is N = 200. The ensemble averages are calculated
over 2000 simulations. The upper limits for coloring were chosen as 97% quantiles
of o(s, i) for fd = 64. The lower limit of quantity o was chosen as the equilibrium
value of this quantity for a polymer attached to a wall from one end. We denote
this equilibrium value with ō. For the velocities, v̄p = 0 and v̄c = 0. For the other
quantities, we have measured f̄t ≈ 2.77, d̄2bd ≈ 1.57, and γ̄ ≈ 1.97.

Evidently, for all quantities o and fd, the height of the shaded area above the diagonal
increases with s as it should due to tension propagating.

4.6.4 Color-chart normalization

The first three quantities, ft, vp, and vc, represent dynamical properties of the polymer.
The remaining two, d2bd and γ, show conformational information. In the simple
case of a polymer pulled in solvent by a constant force the tension forces and bead
velocities scale linearly with the pulling force. Hence, it is reasonable to assume ft,
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Figure 4.13. Color charts for quantities ft, vp, vc, d2bd, and γ for FM. Measured for N = 200
and driving force values fd = 2, 8, and 64. The figure is reprinted with permission
from Publication II.

vp, and vc to scale linearly with fd in translocation. Similar dependency does not exist
for d2bd and γ.

To inspect tension propagation data without the inherent linear dependence, we
normalize the data by introducing derived quantities, which we define as ô = o−ō

fd
for

ft, vp, and vc. For d2bd and γ the normalization by fd is not needed and ô = o− ō.
Here ō is the above-discussed equilibrium value for the quantity.

In Fig. 4.14, we show the derived quantities calculated from the data of Fig. 4.13.
The upper and lower limits for coloring were chosen so that the fd = 64 charts remain
unchanged. Compared to Fig. 4.13, the magnitudes of the three dynamical quantities
are more aligned after the normalization.

Some fd dependent changes are evident in the color charts of Fig. 4.14. The
changes are most notable in the charts for d̂2bd and γ̂, where tension propagation
seems to be stronger for higher fd. This conforms with nd calculated from waiting
times in Fig. 4.12. However, by inspecting snapshots of translocation simulations,
we can conclude that d̂2bd and γ̂ exaggerate the macroscopic changes in tension.
Figs. 4.15 (a) and (b) show snapshots of translocating polymers at s = 100 for
fd = 2 and fd = 64, respectively. Both simulations have started from the same
initial conformation. The macroscopic length of the tensed polymer segment in both
simulations seems comparable. However, the difference between d̂2bd charts of fd = 2

and fd = 64 shown in Fig. 4.14 is large. Same is true for γ̂. In the snapshots, it is
seen that although the macroscopic length of the tensed segment may be comparable,
there exists short-range coiling of the tensed segment for fd = 2. This short-range
coiling, caused by local fluctuations, distorts d̂2bd and γ̂ so that for low fd these two
color charts underestimate the length of the tensed segment nd.
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Figure 4.14. Color charts for derived quantities f̂t, v̂p, v̂c, d̂2bd, and γ̂ for FM. Derived quantities ô in
this figure are calculated from the data of Fig. 4.13. The figure is reprinted with permission
from Publication II.

Figure 4.15. Snapshots of N = 200 polymer translocations at s = 100. For (a) fd = 2. For (b)
fd = 64.
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Figure 4.16. Color charts of derived quantities similar to Fig. 4.14 but for ZFM instead of FM.

In Fig. 4.14 also f̂t shows increased tension as a function of fd. This is also in line
with the waiting time data presented above. We do not encounter similar problems
with f̂t as with the conformational quantities d̂2bd and γ̂.

Lastly, for v̂p and v̂c the changes are not as clear. Evidently, for small fd the
measurements of velocities are noisier than for the other quantities.

We show the same derived quantities for ZFM (kT = 0) in Fig. 4.16. It is seen that
most of the differences between color charts for different fd have disappeared. This
directly shows that fluctuations cause changes in the cis-side polymer segment and
in the tension propagation. This is in line with the scaled waiting times of ZFM in
Fig. 4.3 being similar for different fd. We note that the shaded area in d2bd and γ on
the trans side is caused by the extreme crowding of monomers on the trans side in
ZFM. We showed this crowding to have only a minimal effect on translocation times
in Section 4.3.

The color charts of Figs. 4.13, 4.14, and 4.16 display the qualitative features of
tension propagation. For obtaining quantitative results we need to use additional
methods.

4.6.5 Contour-based approximation of nd,max

It is possible to obtain an upper-limit nd,max(s) for the number of beads in drag from
the color charts of Fig. 4.14. The shaded area above the diagonal describes the tension
propagation regime in the ensemble-averaged translocation events. We can extract
the outer contour (or upper border) Couter of this shaded area, cf. Fig 4.6. To have
similarly chosen contours for different o, we relate the contour value to the noise level
in our measurements. We compute the standard deviation ‖o‖ for the quantities in
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Figure 4.17. (a) nd,max extracted from the color charts using the outer contour of the shaded area on
the cis side. Calculated for all five quantities for fd = 64 data of Fig. 4.14. Also shown is
scaled waiting times tw. (b) The length of the tensed segment nd derived from f̂t data of
Fig. 4.14. Figure (b) is reprinted with permission from Publication II.

Fig. 4.14 as ‖o‖ =
√∑

s,i(o− ō)2, where (s, i) is within a rectangular area of size

(N/4)× (N/4) near the top left corner of the corresponding color chart. We define
the outer contour value to be three standard deviations above the equilibrium value,
ō+ 3‖o‖.

Now, Couter defines the furthest distance of tension propagation in the whole ensem-
ble. Subtracting the number of translocated beads s from the i value of the contour,
we obtain

nd,max(s) = i− s, (4.27)

where (s, i) ∈ Couter. We use Eq. (4.27) for the fd = 64 data of all five quantities o
in Fig. 4.14. We show nd,max(s) in Fig. 4.17 (a). All the quantities produce similar
approximation. For comparison, we also show the corresponding tw curve, which has
been scaled to fit to the nd,max curves. The resemblance between nd,max(s) and tw(s)

is good.

4.6.6 nd calculated from ft

The contours can only give the shape and the upper limit for nd. Also, they do not
work well when using the noisy data for lower fd. To obtain information on the actual
nd and its fd dependence, we need other methods to interpret the data of Fig. 4.14.
For this, we use the results of Section 4.5.6.

We apply Eqs. (4.5), (4.25), and (4.26) to extract nd from the data of f̂t charts. We
show the resulting nd curves in Fig. 4.17 (b). It can be directly seen that the post-
propagation stage in terms of nd starts earlier for lower fd. The result is comparable to
the scaled tw approach of Fig. 4.12. In calculating the tension from f̂t, we have used
the color-chart data on the cis-side segment unlike in the nd calculated from tw, where
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the used information is reduced to the polymer velocity in the pore. Consequently,
in contrast to calculations from tw, the pore friction and the small trans-side effects
should not show in the obtained results. However, it must be remembered that
Eqs. (4.5) and (4.25) implicitly assume the idealized conditions of QSM, which is
bound to cause errors to the result.

We worked toward obtaining nd also from the other measured quantities using
the results of Section 4.5.6. In the case of conformational quantities d2bd and γ
local fluctuations in the polymer conformations prevent obtaining accurate results,
cf. Fig. 4.15. For v̂c, results were somewhat similar to those of f̂t. However, v̂c is
very noisy for low fd, which can be clearly seen in Fig. 4.14. This prevents accurate
calculations of nd for low fd. Using v̂p, nd cannot be calculated for low fd due to
diffusion of the cis-side polymer segment toward the pore smearing the data. We
discuss this diffusion in the next Section.

To conclude, the above discussion shows that measurements of ft are the most
reliable of the five used quantities for determining nd and its fd dependence. The
results are comparable to those derived from waiting times, which showed a clear
alleviation of tension for the latter half of translocation for low fd.

4.7 Center-of-mass diffusion

We study the mechanism behind the fd dependence of nd by investigating the v̂p data
of Figs. 4.14 and 4.16. We take a slice from the color charts at s = 100 and plot the
data as a function of i − s, i.e. the nth bead from the pore. We show the resulting
curves for fd = 2, 4, 8, 16, 32, and 64 for FM and ZFM simulations in Fig. 4.18.
For FM in Fig. 4.18 (a), we see that far away from the pore v̂p gets higher values for
lower fd. Hence, these beads at lower fd move toward the pore by some mechanism.
Fig. 4.18 (b) shows the same s = 100 slice for ZFM. The movement of beads is almost
similar for all fd. The difference between Figs. 4.18 (a) and (b) is the exclusion of
fluctuations in (b). Hence, we assume the difference to be of diffusive origin.

In Fig. 4.19, we plot the z-component of the center-of-mass position rcm,z of the
cis-side polymer beads as a function of s. The center of the pore is located at rz = 0

and the pore axis is aligned with the z-axis. Hence, Fig. 4.19 presents the distance
of the center of mass from the membrane. In Fig. 4.19 (a) we show rcm,z for FM
simulations. Clearly, the center of mass is closer to the membrane (and pore) for
lower fd during the whole translocation. For ZFM, Fig. 4.19 (b), curves for all fd
collapse onto each other. Together with Fig. 4.18 this shows that there is significant
center-of-mass diffusion of the cis-side polymer segment toward the membrane. For
lower fd the effect is stronger. This can be attributed to the increased translocation
time allowing stronger diffusive effects per polymer segment.

The connection between the center-of-mass diffusion and the length of the tensed
segment nd is simple. For small fd, the cis-side polymer segment diffuses toward the
pore during the whole translocation. At later stages, the diffused length has become
significant. When more beads are recruited to the tensed segment, these beads are
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Figure 4.18. A vertical slice of the v̂p data at s = 100 from (a) Fig. 4.14 of FM simulations (b) Fig. 4.16
of ZFM simulations. Value on the x-axis, i− s, describes the distance from the pore along
the polymer contour. Hence, i− s = 0 corresponds to the bead in the pore and i− s = 100
corresponds to the last bead of the polymer on the cis side. The figures are reprinted with
permission from Publication II.

Figure 4.19. The z-component of the center-of-mass position of polymer beads on the cis side rcm,z as
a function of s. Polymer length N = 200. The pore is located at rz = 0. (a) FM and (b)
ZFM. The figures are reprinted with permission from Publication II.
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Figure 4.20. The translocation time of FM simulations τ divided by the translocation time of ZFM
simulations τZFM . Polymer lengths used areN = 50, N = 100,N = 200, andN = 400.
The figure is reprinted with permission from Publication II.

closer to the membrane than they would be without the diffusion. This results in
reduced tension, which we see in Figs. 4.12 and 4.17 (b). Compared to the fluctuations
arising from the trans side discussed in Sections 4.1, 4.2, and 4.3, the effect of cis-side
diffusion is much more profound.

4.8 Bias dependence of scaling explained

In previous sections we have shown how diffusion affects the tension propagation in
driven polymer translocation as fd is varied. Here, we relate diffusion to the increase
of the scaling exponent β with increasing fd, which is seen in Tables 4.1 and 4.2.

We consider how diffusion affects polymers of different lengths. In Fig. 4.20 we
show the ratio of translocation times τ/τ ZFM for FM and ZFM simulations. Clearly,
the speed up due to diffusion increases withN , and decreases with fd. The speed-up is
greatest for the longest chain of N = 400, when fd = 2. This results in the increasing
trend of β with fd.

In the asymptotic limit the translocation time scales as ∼ N1+ν . The time that diffu-
sion can affect the translocation scales similarly. However, the diffusion coefficient
of the whole chain scales as ∼ 1/N . Consequently, these two factors have opposite
effects on the diffused distance. Ultimately, the interplay between the two defines
whether the speed-up due to diffusion increases or decreases with N .

Given the nonequilibrium nature of the process, a quantitative analysis of the problem
is tedious. Translocation theory for the weakly driven regime by Sakaue states that
for long polymers the translocation time scales as ∼ N1+ν [10]. This suggests that
the increase in β and the shown increasing speed-up with increasing N should be a
finite-size effect. This is also supported by simple reasoning. If β was always smaller
for smaller fd, then for some sufficiently large N translocation would speed-up by
decreasing fd, which clearly cannot be the case.

We examine the problem through decomposing the waiting times into components
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Figure 4.21. Schematic waiting time curves for ZFM (black, upper) and FM (red, lower). Marked areas
correspond to different contributions to translocation times from waiting times. Areas A
and B correspond to contribution from tension propagation and post-propagation in FM
and ZFM, respectively. Area C corresponds to contribution from pore friction. The figure
is reprinted with permission from Publication II.

t0w(s) and tfw(s), where t0w(s) represents waiting times from tension propagation and
post-propagation stages without pore friction and tfw(s) represents the contribution
of pore friction. If force due to pore friction scales linearly with velocity in the
pore, tfw(s) is constant as a function of s. By definition, the translocation time
τ =

∫ N
1 tw(s)ds =

∫ N
1 [tfw(s) + t0w(s)]ds.

The decomposition of the waiting times is depicted in Fig. 4.21 showing schematic
tw curves for FM and ZFM3. We divide the area under the waiting time curves into
subareas according to the discussion above. Areas A and B show the contribution of
tension propagation and post-propagation in the FM and ZFM simulations, respectively.
Area C shows the contribution of pore friction. Hence, for FM τ = A+C. Similarly,
for ZFM τZFM = B + C. The speed-up due to diffusion is D = B − A. We
assume the areas to scale according to A ∼ aN1+ν′ , B ∼ bN1+ν , and C ∼ cN .
Here a, b, and c are constants and β′ = 1 + ν ′ is the scaling for FM without pore
friction. We have no exact formula for β′ = 1 +ν ′, but according to Sakaue we expect
β′ → 1 + ν for long chains [10]. The relative speed-up in translocation time is then
D

B+C = B−A
B+C = bN1+ν−aN1+ν′

bN1+ν+cN
. We observe that the linear component due to pore

friction has a bigger relative effect for shorter chains. Alternatively, the relative size
of area C compared to other areas in Fig. 4.21 is bigger for small N . Due to this
constant pore-friction component, the relative speed-up D

B+C is smaller for small N
causing the increase in scaling exponent β as a function of fd.

Obviously, the described effect only applies for polymers of finite length. As N
increases, the effect of pore friction becomes negligible [30]. However, the importance
of finite-size effects should not be overlooked. As discussed in Section 2.2.5, the
polymers used in experiments are not necessarily long enough that such effects could

3The shape of the ZFM curve can also be considered to be the high fd limit of FM or that
of the QSM approximation, cf. Figs. 4.3 and 4.12. Here the important point is that the ZFM
curve presents the shape of the waiting times, when fluctuations are negligible.
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Figure 4.22. The z-component of center-of-mass position of cis-side polymer beads as a function of s
for SRD simulations with and without hydrodynamics. Langevin simulation data of similar
friction coefficient is given for reference. Polymer length N = 200. The figure is reprinted
with permission from Publication II.

be ignored.

4.9 Hydrodynamics

Stochastic rotation dynamics (SRD) is a useful method for including hydrodynamics
in translocation [30, 33] and capsid ejection [2, 3, 71]. For driven translocation it was
observed that when hydrodynamics is included, tension propagates shorter distances
along the polymer chain [33].

Here, we briefly examine the effect of hydrodynamics in the context of center-of-
mass diffusion. We use SRD to simulate translocation forN = 200 and fd = 8 and 64.
In Fig. 4.22 we plot the z-component of the cis-side beads’ center-of-mass position for
several simulations. First, we plot curves from SRD simulations (SRD, HD). Second,
we plot curves for SRD simulations where hydrodynamics has been turned off (SRD,
noHD). Lastly, we show curves for Langevin dynamics simulations (LD) where we
use friction coefficient ξ = 1.58, which we have measured to correspond to friction in
our SRD setup [2]. Clearly, inclusion of hydrodynamics enhances the center-of-mass
motion of the cis-side polymer segment. For fd = 8 the effect is greater than for
fd = 64.

Two factors contribute to the center-of-mass motion. For Rouse dynamics (no hydro-
dynamics), diffusion coefficient D scales as ∼ N−1 while for Zimm dynamics (with
hydrodynamics), D ∼ N−ν . Due to the larger diffusion coefficient, hydrodynamics
enhances center-of-mass diffusion. However, in the presence of hydrodynamics, also
backflow drags polymer beads toward the membrane from positions where tension
has not yet propagated to. The effect of backflow cannot be distinguished from the
enhanced diffusion. Together the two effects enhance the center-of-mass motion of
the polymer thus alleviating tension.
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Figure 4.23. Snapshots of driven translocation for N = 200 and κ = 20. On the top row fd = 2 and
on the bottom row fd = 64. From left to right the figures show translocation at s = 4,
s = 50, and s = 150. The figure is reprinted with permission from Publication III.

4.10 Semi-flexible polymers

In Publication III we study the effect of polymer rigidity on driven translocation. We
add a bending potential to our model in order to simulate worm-like chain polymers.
The potential is described by Eq. (3.3), where the bending rigidity is defined by
parameter κ. The fully flexible polymers discussed above correspond to κ = 0, for
which persistence length λp ≈ 0.9. For κ ≥ 1, λp ≈ κ.

Driven translocation of semiflexible polymers has previously been studied by molec-
ular dynamics simulations in two dimensions [88, 89]. However, generally the dy-
namics of polymers in two dimensions differs greatly from the dynamics in three
dimensions. Some results of three-dimensional Langevin dynamics translocation simu-
lations of semiflexible polymers were presented in Ref. [90]. However, the discussion
in the above reference is mainly focused on determining a quantitative measure for
the trans side friction to be used for a simplifying model of polymer translocation.
The buckling of the trans side polymer segment was found to cause a characteristic
dependence of the trans side friction on s.

Fig. 4.23 shows snapshots of translocations for N = 200 and κ = 20. On the top
row fd = 2 and on the bottom row fd = 64. The correlation lengths are clearly longer
compared to flexible polymers of Fig. 1.1.

To study the effect of κ we first examine the waiting times tw. In Fig. 4.24 we show
tw(s) for polymers of N = 400 and κ = 0, 10, and 20. Fig. 4.24 (a) is for fd = 2

and Fig. 4.24 (b) is for fd = 64. Increasing κ is seen to clearly increase tw. Hence,
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Figure 4.24. Waiting times tw for N = 400 polymers of κ = 0, 10, and 20. The applied driving force
is (a) fd = 2 (b) fd = 64. The figures are reprinted with permission from Publication III.

the increased correlations significantly slow down the process. In addition, as κ is
increased the peak of tw(s) shifts toward smaller s. This shift equivalently happens
toward lower values of normalized translocation coordinate s/N . Similar shifting of
tw peak toward lower s/N can be seen for flexible polymers when N is decreased, cf.
Fig. 4.2.

A worm-like chain polymer of persistence length λp can be approximated by a
flexible polymer with bond length b = 2λp. Here, lKuhn = 2λp is the Kuhn length. By
increasing κ for constantN or by decreasingN for constant κwe decrease the polymer
length in number of Kuhn segments NKuhn = N/nKuhn. Here nKuhn = lKuhn/b is
the number of beads in one Kuhn length (since b ≈ σ = 1, nKuhn ≈ lKuhn). By
decreasing NKuhn in Figs. 4.24 and 4.2 we shift the peak of tw toward lower s/N .

We study to which extent the dynamics of translocation is determined by the polymer
length in terms of NKuhn. We use the fraction of the polymer causing friction as a
measure of similarity. According to Eq. (4.21), nd = (twfd)/(bξm), where nd is the
number of beads in drag. Here, nd contains all the effects from the cis, trans, and
pore friction. To evaluate similarity between polymers of same NKuhn but different
persistence length λp, a small correction term is needed for nd. When NKuhn is kept
constant, the beads in the pore have greater effect on the total friction for polymers of
smaller λp (and hence smallerN ). To diminish this effect we define n̂ = nd−3, where
the subtraction of three beads comes from the average number of beads occupying the
pore simultaneously in our model.

Fig 4.25 compares the fraction of the polymer causing friction n̂d(s)/N for flexible
and semi-flexible polymers. In the plots of the top row the comparison is shown for
κ = 0 and κ = 10 and in the plots of the bottom row for κ = 0 and κ = 20. In
all the plots the pairs of n̂d/NKuhn curves have similar NKuhn. For example, for
N = 400 and κ = 10, NKuhn = (400 − 3)/(2 · 10) ≈ 19.9, and for N = 39 and
κ = 0, NKuhn = (39 − 3)/(2 · 0.9) ≈ 20. Three beads are subtracted in the above
calculations in order to take into account the beads that are already on the trans side
in our initial configurations.

On the first column of Fig 4.25, fd = 2. The match between n̂d/N of κ = 0,
κ = 10, and κ = 20 polymers is fair, but not perfect. A plausible explanation for the
differences would be the excluded-volume effects, which are bound to affect flexible
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Figure 4.25. Fraction of the polymer causing friction n̂d/N for polymers of similar NKuhn. Top row:
For the red curve N = 400, κ = 10, and NKuhn = 19.9. For the blue curve N = 39,
κ = 0, and NKuhn = 20. Bottom row: For the red curve N = 400, κ = 20, and
NKuhn = 9.9. For the blue curve N = 21, κ = 0, and NKuhn = 10. On the left fd = 2.
In the middle fd = 64. On the right fd = 64 and ξ = 100 (compare to ξ = 0.5 of our
other simulations). The figures are reprinted with permission from Publication III.

and semi-flexible polymers differently. At the start of the process the polymers are
close to equilibrium and excluded-volume effects are dominant. This causes a slight
difference in the n̂d/N curves. As the polymer straightens it ceases to sample its
surroundings efficiently and the excluded-volume effects lose their importance and
the curves become more aligned.

On the second column of Fig 4.25, fd = 64. The flexible and semiflexible polymers
show significant differences. At the start an inertial spike can be seen resulting from
initial acceleration. After this the values remain higher for the flexible polymers. This
is caused by the greater translocation velocity of short polymers from which entails
increased pore friction. On the last column we show the results for fd = 64 and for
friction ξ = 100. Compared with the second column, where ξ = 0.5, we see that the
increased friction removes the inertial spike, as can be expected. Also, as the solvent
viscosity is increased the effect of pore friction is diminished and the nd for flexible
polymers decreases to comparable values with the nd of semiflexible polymers.

For fully flexible polymers we observed significant center-of-mass diffusion on the
cis side for low fd, cf. Fig. 4.19. We do similar measurements also for semi-flexible
polymers of κ = 20 (not shown, cf. Publication III). The center-of-mass position
rcm,z(s) of the cis-side polymer segment approaches the pore faster at lower fd. The
result is similar as for flexible polymers. We would hence expect a substantial speed-up
of semi-flexible polymer translocation at low fd. This, however, is not the case.

We show this by examining the number of beads causing friction nd = (twfd)/(bξm),
cf. Eq. (4.21). Fig. 4.26 (a) shows nd for FM and no-trans models for polymers of
κ = 0 and fd = 2 and 64. The plot restates some results for flexible polymers from
earlier parts of this thesis. The tension is greatly alleviated for fd = 2 compared to
fd = 64. Also, the trans-side effect is minimal for both fd. Fig. 4.26 (b) shows the
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Figure 4.26. nd = (twfd)/(bξm) shown for FM and no-trans polymers with fd = 2 and fd = 64. (a)
κ = 0 and (b) κ = 20. The figures are reprinted with permission from Publication III.

same nd curves for κ = 20. For fd = 64 the removal of the trans-side segment has a
minimal effect, similarly as with fully flexible chains. However, for fd = 2 the effect
is substantial. This suggests a large trans-side contribution to friction of semiflexible
chains for low fd. This contribution stays approximately constant throughout of the
translocation. For κ = 20, the center-of-mass diffusion for fd = 2 is not enough
to decrease nd significantly below that of fd = 64. Hence, in contrast to what was
found for flexible chains, the trans-side friction slows the process down more than the
center-of-mass diffusion speeds it up.

In Ref. [90] the buckling of the trans-side polymer segment was noted to decrease
friction. However, the results there implied more probable buckling for low fd and
also that the trans-side friction converges to same value for all fd as s increases. The
snapshots shown in Fig. 4.23 present typical characteristics we observed over multiple
different simulations. The trans-side correlation is seen to extend further from the
pore for low fd. At high fd the polymer buckles in the vicinity of the pore, alleviating
friction. Hence, in contrast to Ref. [90], we claim that the buckling of the polymer is
more probable for higher fd. This causes greater friction throughout the translocation
for low fd. The nd vs. s presented in Fig. 4.26 agree well with this explanation.

The easier buckling at high fd is intuitive when considering the beam buckling
in structure physics. Greater forces tend to buckle beams easier. A difference in
translocation is the contribution from the heat bath. If the proportion of fluctuations to
dissipation is large enough, low fd buckling will become more prominent. However, as
we argue in Publication II, the level of dissipation in typical translocation simulations
is low in comparison to real-world translocation. Similarly, it has been argued that
the role of fluctuations is emphasized in simulations [26]. In the relevant regime of
dissipative dynamics, buckling happens easier for high fd.

The above discussed trade-off between fluctuations speeding up and rigidity slowing
down the translocation at low fd can also be seen in Fig. 4.27. The figure shows
τ · fd as a function of N for κ = 0 and κ = 20. For fully flexible polymers, lower
fd is seen to speed up the process, while opposite is true for κ = 20. For κ = 20,
τ · fd for different fd can be seen to converge as N is increased. Curves fitted for
τ · fd of fd = 2 and fd = 64 will cross at some N > 400. After this the situation
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Figure 4.27. Translocation times τ multiplied by driving force fd. For upper markers with solid colors
κ = 20. For lower hollow markers κ = 0. Polymer lengths N = 50, 100, 200, and
400. Driving force values fd = 2, 32, and 64. The figure is reprinted with permission
from Publication III.

Table 4.4. Scaling exponents β for τ ∼ Nβ . Shown for polymer rigidity κ = 0, 10, and 20 and for driv-
ing force values fd = 2, 32, and 64. The table is reprinted with permission from Publication
III.

fd κ = 0 κ = 10 κ = 20

2 1.42 1.49 1.52

32 1.50 1.56 1.60

64 1.49 1.56 1.61

becomes reminiscent to that of flexible polymers where low fd speeds up translocation.
Also the fits for κ = 0 curves cross at some N < 50. These characteristics can be
explained through NKuhn. For κ = 20 and N < 400, NKuhn of the polymers is low
and trans-side friction will slow down translocation. As NKuhn increases, the cis-side
friction is sufficiently large for the trans-side friction not to show in τ · fd. This is
seen for κ = 0, for which the NKuhn is larger.

Lastly, we show the scaling exponents β, corresponding to τ ∼ Nβ in Table 4.27. β
is seen to increase with κ. This is natural, since β for asymptotically long fully flexible
polymers is 1 + ν[10], while β = 2 for completely rigid chains [91]. Similarly to fully
flexible polymers, chains of κ = 10 and κ = 20 also show increase in β as a function
of fd. This is explained through the above discussed increased trans-side friction at
low fd slowing down translocation, and increased fluctuations speeding it up.
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5. Results on chaperone-assisted
translocation

In Publication IV we discuss chaperone-assisted translocation, a process far less
understood than driven translocation. However, its biological relevance may be even
more significant. In what follows, we compile our results on the process. We present
the results of the first comprehensive simulations of chaperone-assisted translocation
of flexible polymers in three dimensions. Moreover, we study the importance of
the exact binding mechanism. We use words chaperone and binding particle (BiP)
interchangeably. Generally, the following simulation results are presented as ensemble
averages over 300 individual translocations. For parts where high precision is not
required, a lower number of simulations may have been performed.

5.1 All-to-all binding and one-to-one binding

As explained more thoroughly in Section 3.5, we use two different models to simulate
chaperone-assisted translocation. In both models the bias is caused by BiPs that bind
to the polymer on the trans side of the membrane. In the one-to-one (OTO) binding
model each BiP is allowed to bind to only one polymer bead (PB) at a time. Similarly,
each PB is allowed to bind to only one BiP. In the all-to-all (ATA) binding model there
are no restrictions on how many PBs each BiP or on how many BiPs each PB can bind
to.

We show snapshots of our simulations on OTO and ATA models in Figs. 1.2
and 5.1 (a), respectively. The snapshots depict both processes at the start, in the
middle, and at the end of translocation. Clear differences between the two models can
be seen. OTO translocation shows characteristics similar to driven translocation with
trans-side segment adapting a diffuse conformation. For ATA, the situation is different.
Multiple binding chaperones cause inter-binding between different segments of the
polymer. This results in a folded conformation. In fact, the polymer forms somewhat
helical segments along its path on the trans side. This can be seen in Fig. 5.1 (b),
where we show a zoomed-in version of the end configuration of Fig. 5.1 (a) with the
BiPs removed.

The folding of the trans-side segment of the ATA polymer shows a clear difference
between our three-dimensional simulations and those in two dimensions [47]. The
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(a) (b)

Figure 5.1. (a) Snapshots for chaperone-assisted translocation with all-to-all (ATA) binding model.
From left to right the snapshots correspond to the start, middle, and end of the translocation.
(b) A zoomed-in snapshot without BiPs of the last snapshot of (a). The figures are reprinted
with permission from Publication IV.

additional degrees of freedom in three dimensions allow considerably different poly-
mer folding compared to what was seen in Ref. [47], where similar binding rules as in
ATA were used.

More subtle observations can be made for the cis side. In Figs. 1.2 and 5.1, the
polymer segment on the cis side shows elongation for both OTO and ATA. This
suggests that mere Brownian ratcheting may be able to cause tension propagation on
the cis side similar to that of driven translocation, cf. Figs 1.1 and 4.15.

5.2 Translocation times

We proceed to study translocation times τ of chaperone-assisted translocation. In
Fig. 5.2 (a), we plot τ for both OTO and ATA. We also show τ for corresponding bead
removal models, where the polymer beads on the cis side have been excluded from the
simulations, cf. Section 3.7. Evidently, τ for the OTO model changes considerably
when cis side is removed. Between the ATA and no-cis-ATA models, the difference is
smaller. This suggests that the cis-side polymer segment dominates the dynamics for
OTO but not for ATA.

We use the least-squares method to fit the power law τ ∼ Nβ to all models in
Fig. 5.2 (a). We present the corresponding exponents β in Table 5.1. Clearly, both
OTO and ATA scale superlinearly with respect to N . For OTO and ATA, we obtain
β = 1.26 and β = 1.36, respectively. By removing the cis-side polymer segment in
no-cis-OTO, scaling close to linear, β = 1.09, is obtained. In Section 2.3 we remarked
that in the simplified version of instantaneous ratcheting of flexible polymers in
equilibrium τ should scale linearly. The change from superlinear scaling of OTO to
linear scaling of no-cis-OTO indicates that there are cis-side effects similar in nature
to that of tension propagation in driven translocation.

Between ATA and no-cis-ATA the difference in β is negligible. The measurements

60



Results on chaperone-assisted translocation

Figure 5.2. Translocation times τ for (a) OTO and ATA translocation (b) driven (fd = 0.75) and perfect
ratchet (PR) translocation. Also data for the corresponding no-cis models is shown. The line
through the data points corresponds to the least-squares fit of power law τ ∼ Nβ , for which
the scaling exponents β are listed in Table 5.1. The error bars of the data points are smaller
than the data points themselves. The figures are reprinted with permission from Publication
IV.

Table 5.1. Exponents β of power law τ ∼ Nβ . For top row the values are presented for OTO and
ATA translocation data of Fig. 5.2 (a). For bottom row the values are presented for driven
(fd = 0.75) and perfect ratchet (PR) translocation of Fig. 5.2 (b). The standard errors for the
exponents are all ≤ 9 · 10−3.

OTO
no-cis-
OTO

ATA
no-cis-
ATA

1.26 1.09 1.36 1.34

driven
no-cis-
driven

PR
no-cis-

PR

1.39 1.08 1.31 1.04

covered in the following Sections unravel the dynamics of ATA better than mere
measurements of τ .

5.3 Waiting times

We measure waiting times tw for chaperone-assisted translocation similarly as we did
for driven translocation in Section 4.2. In Fig. 5.3, we present tw for OTO and ATA
models with and without cis-side beads. Generally, the lower the bias, the noisier
the waiting times. For chaperone-assisted translocation, the bias is inherently quite
low. We reduce the noise slightly for curves of Fig. 5.3 by using a Gaussian filter
implemented by convoluting tw(s) with a Gaussian function [92].

In Figs. 5.3 (a) and (b), we present tw for OTO and no-cis-OTO, respectively. For
OTO, we can observe an increase in tw as a function of s for s . N/2. This is
followed by a decreasing phase for N/2 . s ≤ N . This division resembles the
tension propagation and post-propagation phases of driven translocation discussed in
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Figure 5.3. Waiting times tw for OTO and ATA translocation models. Top row: (a) OTO (b) no-cis-OTO.
Bottom row: (c) ATA (d) no-cis-ATA. Polymer lengths: N = 50, 100, 200, and 400. The
figures are reprinted with permission from Publication IV.

Section 4.2. For no-cis-OTO model, tw is flat throughout the translocation. Hence,
the increasing and decreasing parts of tw originate from the cis-side polymer segment,
similarly as in tension propagation.

For ATA, the situation is clearly different. In Figs. 5.3 (c) and (d), we present tw for
the ATA and no-cis-ATA models, respectively. For both models, tw is continuously
increasing. This implies constantly increasing friction during translocation. Since
removing beads on the cis side lowers tw only slightly, a large portion of the friction
comes from the trans side. Inspecting the ATA snapshots of Fig. 5.1, this is not
surprising. In ATA, a large cluster of BiPs and PBs forms in front of the pore.
This results in friction increasing as a function of s, which dominates the dynamics.
However, some friction does originate also from the cis side. The tw curves for ATA
are slightly higher in value than the curves for no-cis-ATA. The short decreasing
portion in tw(s) for s > 300 of ATA implies retraction of the remaining polymer from
the cis side. This is reminiscent of the final stage in tension propagation.

In ZFM of driven polymer translocation discussed in Section 4.3 the extreme crowd-
ing caused by the non-diffusing beads on the trans side did not cause significant
changes in tw. In ATA the setting is slightly different. The mass of the tightly folded
conformation on the trans side in ATA is much greater than in the ZFM of driven
translocation. This is due to both PBs and BiPs contributing to the size of the cluster.
Moreover, in Fig. 5.1 we see that the trans-side polymer conformation in ATA is highly
correlated in the z-direction. The forward motion of this conformation causes larger
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friction than that related to the globular expanding clog in ZFM of driven translocation
(not shown).

5.4 Tension propagation on the cis side

As shown above, the effect of the cis-side polymer segment is significant for the OTO
model. For ATA the effect is much smaller. To investigate the probable tension propa-
gation on the cis side we measure the two-bond distance d2bd during translocation.
This was done for driven translocation in Section 4.6.

In Figs. 5.4 (a) and (c) we show the measured gray-scale color charts of d2bd for
OTO and ATA, respectively. For both models, we can observe a clear shaded area
above the diagonal caused by tension propagation1. Note that this shaded area has a
much smaller range of values than that shown for driven translocation in Fig. 4.13.
In Fig. 4.13, the color scale was chosen in the range from 1.57 to 2.01. Here, to see
tension propagation in Figs. 5.4 (a) and (c), we must zoom in to the range from 1.59 to
1.70. For chaperone-assisted translocation, we measured only the two-bond distance
d2bd. As discussed in Section 4.6.4, for low bias d2bd underestimates the length of
the tensed segment nd due to local fluctuations. Considering the low bias present in
chaperone-assisted translocation, this is likely the case here, too.

To quantify tension propagation, we extract contours from the shaded area corre-
sponding to the tensed segment on the cis side. The outer contour Couter, corresponding
to nd,max, has been drawn in Figs. 5.4 (a) and (c). We choose d2bd = 1.60 for Couter.
Similarly as for driven translocation in Section 4.6.5, we use Eq. (4.27) to calcu-
late the upper limit for the number of beads in drag nd,max. The topmost curves in
Figs. 5.4 (b) and (d) show nd,max for the OTO and ATA models, respectively.

We extract other contours closer to the diagonal from Figs. 5.4 (a) and (c) until
there is no separation between the extracted contour and the diagonal. We show
approximations for nd that correspond to these inner contours below the outer contour
approximation in Figs. 5.4 (b) and (d). The extra contours are chosen such that the
difference in d2bd for two consecutive contours is 0.02. Evidently, more contours
results for the ATA model, which shows tension propagation to be more prominent in
ATA. This result is interesting, since in the previous sections we have seen the trans
side to be dominant in ATA.

This controversy is explained by the bias in ATA being much greater than in OTO. In
Fig. 5.2 (a) we can see that translocation for ATA is faster than for OTO in the studied
range from N = 50 to 400. Given the faster translocation, we would indeed expect
the tension propagation to be greater for ATA. For the trans side to still dominate the
dynamics, the increased bias in ATA must be so large that it more than compensates
for the larger friction of the trans side. Hence, compared to OTO, in ATA the friction
from both cis and trans sides is larger, but so is also the bias.

With both the cis and the trans side contributing to the friction of ATA, we cannot say

1The large shaded area below the diagonal on the cis side results from the interaction of the
BiPs with the polymer.
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Figure 5.4. Measured tension propagation in OTO (top) and in ATA (bottom). The left column shows
measured two bond distance d2bd. The solid line presents the outer contour defined here to
have value 1.60. The right column shows approximations of nd. The top curves in the right
column correspond to the outer contour. The curves below are for contours of higher d2bd.
There is an increase of 0.02 per curve until the contours can no longer be distinguished from
the diagonal of the color chart. The figures are reprinted with permission from Publication
IV.

for sure if the trans side still dominates whenN increases. It is possible that the folded
conformation on the trans side, with preferential orientation along z-direction (cf.
Fig. 5.1), starts buckling similarly as semi-flexible polymers in driven translocation.
Hence, for sufficiently large N the trans-side friction may saturate to some maximum
value and the cis side starts to dominate.

5.5 Comparison of OTO to driven translocation

The dynamics of the OTO model is reminiscent of the more thoroughly studied driven
translocation. In this Section we make comparison of OTO and driven translocation
simulations. We choose fd = 0.75 for driven translocation by requiring that for
polymers of length N = 400 OTO and driven translocations take approximately the
same time to complete.

In Fig. 5.2 (b) we show the translocation times of driven translocation using fd =

0.75 for FM and the no-cis model. Used polymer lengths are N = 50, 100, 200,
and 400. Similarly as in OTO, the exclusion of cis beads obviously speeds up the
translocation and makes the scaling τ ∼ Nβ almost linear.

The bottom row of Table 5.1 lists the corresponding scaling exponents β. Compared
to OTO for which β = 1.26, the driven translocation has a slightly higher scaling
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Figure 5.5. Waiting times tw for driven translocation using fd = 0.75 (top row) and for PR model
(bottom row). On the left side: full model. On the right side: no-cis model. Polymer lengths
N = 50, 100, 200, and 400. The figures are reprinted with permission from Publication IV.

exponent, β = 1.392. The low exponent in OTO is due to BiPs bound to the poly-
mer slightly increasing the friction in the immediate vicinity of the pore. This can
have similar effects as increased pore friction, which has been shown to lower the
exponent [30].

In Figs. 5.5 (a) and (b) we show tw for driven translocation of FM and no-cis models,
respectively. Clearly, the waiting times are reminiscent of those of the OTO model in
Figs. 5.3 (a) and (b). A substantial difference can be seen in the no-cis models where
OTO has higher value for the constant tw. This can be explained by the increased
friction caused by the binding of BiPs to the polymer in the vicinity of the pore. The
tw(s) of no-cis-OTO in Fig. 5.3 (b) is seen to be of the same constant value for all N .
Consequently, the frictional contribution of BiPs is constant in N and constitutes only
a finite-size effect.

Next, we present the tension propagation measurements for the driven model for
fd = 0.75 in Figs. 5.6 (a) and (b). The measurements are done similarly as for OTO
and ATA in Fig. 5.4. Although there are slight differences, the order of magnitude for
the driven model tension propagation is the same as for OTO in Fig. 5.4.

In conclusion, the above comparison shows that OTO is fairly similar to driven
translocation when bias magnitude is chosen appropriately.

2There are small differences in the pore model for the driven translocation simulations of
Publication IV, compared to Publications I and II. Therefore, the obtained β = 1.39 with
fd = 0.75 is not perfectly aligned with the results of Tables 4.1 and 4.2.
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Figure 5.6. Tension data for driven translocation with fd = 0.75 (top row) and PR model (bottom row).
The data on the left and on the right is presented similarly as in Fig. 5.4. The figures are
reprinted with permission from Publication IV.

5.6 The source of the bias

Here, we study the source of the bias in our chaperone-assisted translocation simu-
lations. The bias can be divided into two components. On one hand, the ratcheting
forces the polymer to move only in one direction in the pore, causing bias. On the
other hand, the binding of BiPs to the polymer decreases the free-energy of the system,
making the trans side energetically more favorable for the polymer [46].

We implement a model for the Brownian ratcheting mechanism without binding
particles. This allows us to study the mechanism in its ideal form. In this "perfect
ratchet" (PR) model, we cause ratcheting by making the pore semi-permeable. The
polymer beads are free to translocate through the pore from the cis side to the trans
side. However, once on the trans side, they are prevented from entering back into the
pore by a slip wall. Snapshots for PR are not shown, but in general they look similar
to those of OTO, except that there are no BiPs.

We show the translocation times and the corresponding exponents for PR and no-
cis-PR in Fig. 5.2 (b) and the bottom row of Table 5.1, respectively. PR results in
shorter translocation times than the driven translocation with fd = 0.75. Since fd in
our driven translocation simulations was chosen for the translocation time to match
that of the OTO model, PR translocations are also faster than OTO translocations. The
ratcheting mechanism in PR is more efficient than in OTO, and this is the reason for
faster translocation. Also, in PR we do not have BiPs that could reduce the free energy
of the system by binding to the polymer. This shows that the ratcheting mechanism
can drive translocation faster than the free energy drop of binding in our simulations.
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In Ref. [46] chaperone-assisted translocation was investigated in three dimensions
for completely rigid polymers with a model similar to ATA 3. In the study, it was stated
that the decrease in free energy due to binding drives the translocation. Due to the
binding model allowing multiple beads binding simultaneously, the total interaction
energy was higher than in our OTO simulations. In our model, we have also prevented
BiPs from pulling the polymer from the pore to the trans side (cf. Section 3.5), which
was also stated to be a factor in Ref. [46]. Lastly, the flexibility of the polymer in our
simulations, allows higher diffusion of the polymer beads in the pore. Considering
these factors and the results from PR, we argue that the ratcheting is the dominating
component in the bias of chaperone-assisted translocation for flexible polymers in
three dimensions.

Interestingly enough, even though the PR simulations are faster, the scaling exponent
of β = 1.31 is smaller than the β = 1.39 of the driven translocation. In the previous
Section, we concluded that bound BiPs at the trans-side entrance give rise to a friction
component that diminishes with increasing N . Hence, for long enough polymers
driven translocation and OTO should become increasingly similar. However, judging
from the scaling difference between PR and driven translocation, there still might be
underlying differences between OTO and driven translocation even when N →∞.

For completeness, we show the waiting times for PR models in Figs. 5.5 (c) and (d).
Clearly, the shape resembles that of OTO and driven translocation, but the speed
of translocation is greater. The corresponding tension propagation curves for PR
are shown in Figs. 5.6 (c) and (d). Due to the greater translocation velocity, we
see more contours than in the other simulations that we have considered for the
chaperone-assisted translocation. This shows the tension propagation is far greater in
PR compared to other models studied in this Section.

3With completely rigid polymers, ATA cannot cause inter-binding and coiling of the trans
side. However, it still allows multiple BiPs to bind to each polymer bead.
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6. Summary and discussion

In this thesis, we have studied polymer translocation via molecular dynamics simula-
tions. We have focused on two different translocation mechanisms: driven transloca-
tion and chaperone-assisted translocation. Here, we summarize our main findings and
discuss their significance.

We discussed driven translocation in Publications I, II, and III, and compiled the
results in Chapter 4. The general theoretical aspects of the process are explained by
the tension propagation theory [19, 20, 21, 22, 23, 10]. In this thesis we have aimed at
answering the open questions detailed in the Introduction. Below, we discuss these
issues in the same order as presented there.

First, in Section 4.3 we showed that for flexible chains the effect of the trans-side
polymer segment is small in comparison to that of the cis-side segment. We utilized
modified models where polymer beads are removed from the simulation once arriving
on the trans side. The differences with the full model (FM) were small. We found
this to be the case even for the extreme case of zero-fluctuation model (ZFM). In
ZFM we disabled all diffusion in the simulations and as a consequence a maximal
clog was created at the trans-side pore entrance. The obtained results are in contrast
with Ref. [26], where indirect measurements showed considerably greater effect from
the trans side. As discussed in Section 4.10, for semi-flexible chains of short length
in comparison to their persistence length (small NKuhn), the trans-side effect can be
significant.

Second, in Sections 4.6 and 4.7 we set out to quantify properties of tension propaga-
tion from simulations. We provided comprehensive measurements of several relevant
quantities related to polymer dynamics during translocation. We showed that for
finite-sized polymers, the tension changes significantly as a function of driving force
fd. The quantification of the length of the tensed segment was obtained most reliably
from the measurements of the tension force from which characteristics conforming to
waiting time measurements were seen. For low fd, the length of the tensed segment is
reduced for the latter half of translocation. We connected this alleviation in tension
to center-of-mass diffusion of the cis-side polymer segment toward the pore. This
diffusion is an example of fluctuations helping translocation. Another such example is
provided by the fluctuations of the translocation coordinate decreasing translocation
time [35].
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Third, we studied the fd dependence of the scaling exponent β in the translocation
time power law τ ∼ Nβ . Consistent with Refs. [32], [30], [25], and [33], we observed
a clear increase in β as a function of fd, cf. Tables 4.1 and 4.2. The effect is pertinent
to finite-sized polymers. For infinitely long polymers, the low-fd exponent needs to
converge to the same value as the high-fd exponent, β = 1 + ν. Otherwise, for some
large N , low-fd simulations would result in faster translocation than simulations for
higher fd. We provided two explanations for the increase in β. First, in Section 4.1
we observed that the removal of the trans-side beads slightly increases β for low fd.
From this we deduced that fluctuations on the trans side are partially responsible for
the effect. However, as the overall effect of the trans side is very small, most of the
increase in β originates from the cis-side polymer segment. In Sections 4.6 through 4.8
we showed how the alleviation of tension at low fd, together with the pore friction,
is the main source of the fd dependent increase in β. Our explanation, given in
Section 4.8, offers a plausible explanation for the effect being related to finite-sized
polymers.

Fourth, in Section 4.10 we studied the effect of polymer chain flexibility on driven
translocation. We showed that when the polymer length measured in Kuhn segments
NKuhn is kept constant, the length of the polymer segment causing friction is similar
for polymers of different persistence length λp. Due to differing effects from diffusion,
excluded-volume interactions, and pore interaction, the mapping between different
λp is not perfect. For small NKuhn, the effect of the trans-side friction becomes
significant. In the realistic regime of large solvent viscosity, the relative trans-side
friction is greatest for small fd. Friction from the trans side is alleviated by polymer
buckling, which happens more easily for high fd. This result is in line with basic
structure physics where greater forces cause beams to buckle. However, the result is
in contrast with Ref. [90], where the buckling was found to happen more easily for
lower fd.

Similarly as flexible chains also semi-flexible polymers show significant cis-side
center-of-mass diffusion toward the pore at low fd. This reduces the cis-side tension.
All in all, for semi-flexible polymers the increased trans-side friction slows down
translocation while cis-side diffusion speeds it up. Both effects are most relevant for
low fd. We observed the trans side friction to be more significant for polymers of
small NKuhn. As stated in Section 2.2.5, the range of NKuhn used in experiments is
typically from very low NKuhn < 1 to moderate NKuhn = 323. This places emphasis
on understanding driven translocation of semi-flexible polymers, which according to
our results show translocation dynamics notably different from that of fully-flexible
polymers.

Lastly, we set out to determine, which aspects of translocation are essential for
correct characterization of its dynamics. In Section 4.5 we described the extremely
simple quasi-static model (QSM) for driven translocation. In QSM, the polymer
segment on the cis side travels toward the pore in a straight line from the initial
position of the last moving bead. We showed how the model was able to produce
waiting times and tension propagation similar to those from simulations at high enough
fd. In Fig. 4.12 we added a constant to the nd of QSM to fit it to the nd calculated from
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simulations. The fit can be made reasonable for as low as fd = 8. At lower fd, the
differences become apparent. Obviously, excluding fluctuations from the model leads
to bad correspondence with the model and data from simulations for low fd. To model
translocation, fluctuations are essential and cannot be excluded. With the fd dependent
changes being evident, any model should be validated using multiple driving force
magnitudes. Also, the effect of hydrodynamics on the cis-side polymer segment was
seen to be similarly significant, and hence necessary for correct characterization of
translocation. Finally, the results on semi-flexible polymers showed that for small
enough NKuhn also the trans-side friction needs to be considered. This is especially
true for low fd, where buckling does not diminish the friction as easily.

In Chapter 5, based on Publication IV, we discussed our results on chaperone-
assisted translocation. Due to chaperones (or binding particles, BiP), simulations
on the subject are computationally more demanding than their driven counterparts.
For this reason, only completely rigid polymer models or flexible models in two
dimensions have been simulated in the past. The molecular dynamics simulations
presented in this thesis are the first ones published for flexible polymers in three
dimensions.

The standard approach in chaperone-assisted translocation to model the binding
between BiPs and polymer beads (PB) has been to use the attractive part of the
Lennard-Jones interaction. In a naive implementation of this method, the all-to-all
binding (ATA), multiple BiPs are allowed to bind to the same PB simultaneously,
and vice versa. In this thesis, we have showed that the added flexibility in three
dimensions completely changes the dynamics of translocation when ATA is used.
Flexibility allows inter-binding of polymer segments on the trans side, which causes
formation of a tightly folded conformation of PBs and BiPs. This conformation
simultaneously provides the translocation bias, and inhibits translocation. Although
tension propagation exists, the trans-side folding dominates the dynamics of the
process.

As an alternative, we proposed a biologically more relevant binding model, where
each BiP (or PB) is allowed to bind to only one PB (or BiP) at a time. We call this the
one-to-one (OTO) binding model. When OTO binding is used, the dynamics of the
process is reminiscent of that from driven polymer translocation. The translocation
speed is determined by cis-side tension propagation and the effect of the trans side
is small. However, the trans-side effect is larger than in driven translocation due to
bound BiPs adding local friction at the pore.

The scaling exponent of OTO, β = 1.26, is smaller than in driven translocation
with a similar bias strength (fd = 0.75, β = 1.39). This is explained by the increased
friction due to bound BiPs. Interestingly, in a faster perfect-ratchet model without
chaperones the exponent falls between the two, β = 1.31. The faster translocation
would be expected to result in an exponent that is closer to 1 + ν. This not being
the case suggests that the ratcheting mechanism might not share the same scaling
characteristics as driven translocation.

In Ref. [46] it was argued that the bias in chaperone-assisted translocation is caused
by free-energy drop due to binding and a pulling effect caused by the BiPs. This
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contradicts the original suggestion of ratcheting being the main cause [36, 37]. We
find that the ratcheting mechanism in OTO can be responsible for the bias in the
process. We attribute this different finding to smaller total binding energy, stronger
diffusion due to flexible polymers, and disabling the pulling effect of the BiPs.

Regarding further research in chaperone-assisted translocation, it is essential to
use models having sufficient resemblance with the real-world phenomena. In most
polymer physics, a change from two to three-dimensional treatment alters dynamics
profoundly. Chaperone-assisted translocation is no different in this respect. Also,
to make conclusions from simulations that are relevant for real-world processes, the
binding mechanism needs to be chosen correctly. We have shown the difference
between the dynamics of ATA and OTO to be dramatic. Of the two, we consider
OTO to more resemble the real-world processes. Protein binding in cellular physics is
usually very specific. This restricts the number of binding sites on a protein. Obviously,
there is a myriad of details in the model, such as the size of the chaperones, that are
ignored in our research. In future research, it is of paramount importance to evaluate,
which details are necessary for the models to give applicable results.
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Appendix A: QSM for an ideal chain

In this Appendix we present solutions for some of the derivations in Section 4.5 for
an ideal polymer chain. The distribution p(R, i) for QSM can be approximated by an
analytical polymer end-to-end distance distribution. However, closed-form solutions
are attainable only for the simplest distribution of an ideal chain. The distribution of
the end-to-end distance R for a free ideal chain of length i is

pEE,ideal(R, i) ∼ R2 exp(−3R2

2ib2
). (A.1)

Even for this distribution the calculations are not simple. Consequently, Mathematica
has been used to obtain the solutions presented below [93].

First, we calculate the probability E(s, i) of bead i belonging to the tensed segment
at translocation coordinate s. By substituting Eq. (A.1) into Eq. (4.3) and normalizing
the solution, we obtain

E(s, i) = 1− erf

(√
3(i− s)√

2i

)
+

√
6

iπ

(
i− s

)
e−

3

(
i−s
)2

2i , (A.2)

where s ≤ i < N . The resulting color chart is shown in Fig. A.1. The absence
of excluded-volume effects results in beads residing closer to the membrane, which
causes the tensed segment to be shorter in comparison to Fig. 4.9.

We can solve 〈nd(s)〉 by substituting Eq. (A.2) into Eq. (4.7) and replacing the sum
with an integral from s to N , so that

〈nd,ideal(s)〉 =

∫ N

s
1− erf

(√
3(i− s)√

2i

)
+

√
6

iπ
(i− s)e−

3(i−s)2
2i di. (A.3)

Solving this, we obtain

〈nd,ideal(s)〉 =
1

2
(−2N + 2s+ 1)erf


√

3
2(N − s)
√
N

+
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Figure A.1. Probability color chart E(s, i) for bead i to belong to the tensed segment at translocation
coordinate s. The values are calculated using Eq. (4.3) for an ideal chain, where p(R, i) is
obtained from Eq. (A.1).
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The analytical solution is not elegant. Also, depending on the accuracy of evaluation
of the erf()-function, the second line in the equation can be numerically unstable. We
get a more informative form, if we take the limit of the formula for long polymers,
N →∞. We obtain a nice looking solution

〈nd,ideal(s)〉 =
1

2

(
−e6s(4s− 1)erfc

(√
6
√
s
)

+ 2

√
6

π

√
s+ 1

)
. (A.5)

In Fig. A.2 we plot Eqs. (A.4) and (A.5) in the range from s = 0 to s = 200, where
for Eq. (A.4) we set N=200. Eq. (A.5), indeed, approximates Eq. (A.4) very well,
except that there is no retraction part for 〈nd(s)〉.
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Figure A.2. 〈nd(s)〉 for an ideal chain. Eqs. (A.4) and (A.5) are plotted in range from s = 1 to s = 200.
N = 200 for Eq. (A.4).

To calculate 〈τ〉 for an ideal chain, we can replace the sum over s with an integral in
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Eq. (4.10). Substituting in 〈nd(s)〉 from Eq. (A.5), we get

〈τ〉 =
bξm

fd

∫ N

s=0

1

2

(
−e6s(4s− 1)erfc

(√
6
√
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+ 2
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π

√
s+ 1

)
ds. (A.6)

Solving this, we obtain

〈τ〉 =
bξm

fd36
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When N →∞

〈τ〉 ≈ bξm4
√

6

fd9
√
π
N

3
2 ∼ N1+ν , (A.8)

since for ideal chain ν = 1
2 .

Appendix B: Relation of 〈vpc(s, i)〉 and 〈ft(s, i)〉

There is a connection between velocity 〈vpc(s, i)〉 and tension force 〈ft(s, i)〉. From
Eq. (4.20), we have

〈ft(s, i+ 1)〉 − 〈ft(s, i)〉 =
N∑

j=i+1

L(s, j)fd

(
1− i+ 1− s

j − s+ 1

)

−
N∑
j=i

L(s, j)fd

(
1− i− s

j − s+ 1

)
. (B.1)

With a couple of lines of algebra, we obtain

〈ft(s, i+ 1)〉 − 〈ft(s, i)〉 = −
N∑
j=i

L(s, j)fd
1

j − s+ 1
. (B.2)

Substituting in Eq. (4.12) and noticing that 〈ft(i + 1, s)〉 − 〈ft(s, i)〉 = d〈ft(s,i)〉
di ,

we have

d〈ft(s, i)〉
di

= −ξm〈vpc(s, i)〉. (B.3)

This formula is also obtained easily from Eq. (4.17).

75



Appendices

76



References

[1] R. P. Linna, J. E. Moisio, P. M. Suhonen, and K. Kaski, “Dynamics of polymer ejection
from capsid,” Phys. Rev. E, vol. 89, no. 5, p. 052702, 2014.

[2] J. Piili, P. M. Suhonen, and R. P. Linna, “Uniform description of polymer ejection
dynamics from capsid with and without hydrodynamics,” Phys. Rev. E, vol. 95, no. 5,
p. 052418, 2017.

[3] R. P. Linna, P. M. Suhonen, and J. Piili, “Rigidity-induced scale invariance in polymer
ejection from capsid,” Phys. Rev. E, vol. 96, no. 5, p. 052402, 2017.

[4] M. Doi and S. F. Edwards, The Theory of Polymer Dynamics. New York: Oxford
University Press, 1988.

[5] M. Doi, Introduction to polymer physics. Oxford university press, 1996.

[6] M. Rubinstein and R. H. Colby, Polymer Physics. New York: Oxford University Press
Inc., 2016 reprint.

[7] B. Alberts, A. Johnson, J. Lewis, D. Morgan, M. Raff, K. Roberts, and P. Walter,
Molecular Biology of the Cell. Garland Science, New York, 6 ed., 2015.

[8] M. Muthukumar, Polymer translocation. CRC Press, 2011.

[9] V. V. Palyulin, T. Ala-Nissila, and R. Metzler, “Polymer translocation: the first two
decades and the recent diversification,” Soft matter, vol. 10, no. 45, p. 9016, 2014.

[10] T. Sakaue, “Dynamics of polymer translocation: A short review with an introduction of
weakly-driven regime,” Polymers, vol. 8, no. 12, p. 424, 2016.

[11] D. Branton, D. W. Deamer, A. Marziali, H. Bayley, S. A. Benner, T. Butler, M. Di Ven-
tra, S. Garaj, A. Hibbs, X. Huang, et al., “The potential and challenges of nanopore
sequencing,” Nat. Biotechnol., vol. 26, no. 10, p. 1146, 2008.

[12] D. Deamer, M. Akeson, and D. Branton, “Three decades of nanopore sequencing,” Nat.
Biotechnol., vol. 34, no. 5, p. 518, 2016.

[13] “Oxford Nanopore Technologies website.” https://nanoporetech.com/. Accessed: 2017-
12-26.

[14] J. J. Kasianowicz, E. Brandin, D. Branton, and D. W. Deamer, “Characterization of
individual polynucleotide molecules using a membrane channel,” Proc. Natl. Acad. Sci.,
vol. 93, no. 24, p. 13770, 1996.

[15] A. Meller, “Dynamics of polynucleotide transport through nanometre-scale pores,” J.
Phys. Condens. Matter, vol. 15, no. 17, p. R581, 2003.

77



References

[16] W. Neupert and J. M. Herrmann, “Translocation of proteins into mitochondria,” Annu.
Rev. Biochem., vol. 76, p. 723, 2007.

[17] W. Humphrey, A. Dalke, and K. Schulten, “VMD – Visual Molecular Dynamics,” J. Mol.
Graphics, vol. 14, no. 1, p. 33, 1996.

[18] Persistence of Vision Pty. Ltd., “Persistence of Vision (TM) Raytracer (Version 3.6),”
2004. [Computer software].

[19] T. Sakaue, “Nonequilibrium dynamics of polymer translocation and straightening,” Phys.
Rev. E, vol. 76, no. 2, p. 021803, 2007.

[20] T. Sakaue, “Sucking genes into pores: Insight into driven translocation,” Phys. Rev. E,
vol. 81, no. 4, p. 041808, 2010.

[21] T. Saito and T. Sakaue, “Dynamical diagram and scaling in polymer driven translocation,”
Eur. Phys. J. E, vol. 34, no. 12, p. 135, 2011.

[22] T. Saito and T. Sakaue, “Erratum to: Dynamical diagram and scaling in polymer driven
translocation,” Eur. Phys. J. E, vol. 35, no. 11, p. 125, 2012.

[23] T. Saito and T. Sakaue, “Two phase picture in driven polymer translocation,” arXiv
preprint arXiv:1205.3861, 2012.

[24] P. Rowghanian and A. Y. Grosberg, “Force-driven polymer translocation through a
nanopore: an old problem revisited,” J. Phys. Chem. B, vol. 115, no. 48, p. 14127, 2011.

[25] J. L. A. Dubbeldam, V. G. Rostiashvili, A. Milchev, and T. A. Vilgis, “Forced translo-
cation of a polymer: Dynamical scaling versus molecular dynamics simulation,” Phys.
Rev. E, vol. 85, no. 4, p. 041801, 2012.

[26] H. W. de Haan, D. Sean, and G. W. Slater, “Using a Péclet number for the translocation
of a polymer through a nanopore to tune coarse-grained simulations to experimental
conditions,” Phys. Rev. E, vol. 91, no. 2, p. 022601, 2015.

[27] P. Pincus, “Excluded volume effects and stretched polymer chains,” Macromolecules,
vol. 9, no. 3, p. 386, 1976.

[28] F. Brochard-Wyart, “Deformations of one tethered chain in strong flows,” EPL
(Europhysics Letters), vol. 23, no. 2, p. 105, 1993.

[29] A. J. Storm, C. Storm, J. Chen, H. Zandbergen, J.-F. Joanny, and C. Dekker, “Fast DNA
translocation through a solid-state nanopore,” Nano Lett., vol. 5, no. 7, p. 1193, 2005.

[30] V. V. Lehtola, R. P. Linna, and K. Kaski, “Dynamics of forced biopolymer translocation,”
EPL, vol. 85, no. 5, p. 58006, 2009.

[31] P.-Y. Hsiao, “Conformation change, tension propagation and drift-diffusion properties of
polyelectrolyte in nanopore translocation,” Polymers, vol. 8, no. 10, p. 378, 2016.

[32] V. V. Lehtola, R. P. Linna, and K. Kaski, “Critical evaluation of the computational
methods used in the forced polymer translocation,” Phys. Rev. E, vol. 78, no. 6, p. 061803,
2008.

[33] J. E. Moisio, J. Piili, and R. P. Linna, “Driven polymer translocation in good and bad
solvent: Effects of hydrodynamics and tension propagation,” Phys. Rev. E, vol. 94, no. 2,
p. 022501, 2016.

[34] K. Luo, T. Ala-Nissila, and R. Metzler, “Driven polymer translocation through nanopores:
Slow-vs.fast dynamics,” EPL, vol. 88, no. 6, p. 68006, 2009.

[35] J. L. A. Dubbeldam, V. G. Rostiashvili, A. Milchev, and T. A. Vilgis, “Driven translo-
cation of a polymer: Fluctuations at work,” Phys. Rev. E, vol. 87, no. 3, p. 032147,
2013.

78



References

[36] S. M. Simon, C. S. Peskin, and G. F. Oster, “What drives the translocation of proteins?,”
Proc. Natl. Acad. Sci., vol. 89, no. 9, p. 3770, 1992.

[37] C. S. Peskin, G. M. Odell, and G. F. Oster, “Cellular motions and thermal fluctuations:
the brownian ratchet.,” Biophys. J., vol. 65, no. 1, p. 316, 1993.

[38] L. E. Reichl, A modern course in statistical physics. John Wiley & Sons, 2016.

[39] K. E. Matlack, B. Misselwitz, K. Plath, and T. A. Rapoport, “Bip acts as a molecular
ratchet during posttranslational transport of prepro-α factor across the er membrane,”
Cell, vol. 97, no. 5, p. 553, 1999.

[40] W. Neupert and M. Brunner, “The protein import motor of mitochondria,” Nature
Reviews Molecular Cell Biology, vol. 3, no. 8, p. 555, 2002.

[41] T. C. Elston, “The brownian ratchet and power stroke models for posttranslational protein
translocation into the endoplasmic reticulum,” Biophys. J., vol. 82, no. 3, p. 1239, 2002.

[42] M. R. D’Orsogna, T. Chou, and T. Antal, “Exact steady-state velocity of ratchets driven
by random sequential adsorption,” Journal of Physics A: Mathematical and Theoretical,
vol. 40, no. 21, p. 5575, 2007.

[43] R. Abdolvahab, F. Roshani, A. Nourmohammad, M. Sahimi, and M. R. R. Tabar, “Ana-
lytical and numerical studies of sequence dependence of passage times for translocation
of heterobiopolymers through nanopores,” J. Chem. Phys., vol. 129, no. 23, p. 235102,
2008.

[44] R. H. Abdolvahab, M. R. Ejtehadi, and R. Metzler, “Sequence dependence of the binding
energy in chaperone-driven polymer translocation through a nanopore,” Phys. Rev. E,
vol. 83, no. 1, p. 011902, 2011.

[45] R. H. Abdolvahab, R. Metzler, and M. R. Ejtehadi, “First passage time distribution
of chaperone driven polymer translocation through a nanopore: Homopolymer and
heteropolymer cases,” J. Chem. Phys., vol. 135, no. 24, p. 245102, 2011.

[46] R. Zandi, D. Reguera, J. Rudnick, and W. M. Gelbart, “What drives the translocation of
stiff chains?,” Proc. Natl. Acad. Sci., vol. 100, no. 15, p. 8649, 2003.

[47] W. Yu and K. Luo, “Chaperone-assisted translocation of a polymer through a nanopore,”
J. Am. Chem. Soc, vol. 133, no. 34, p. 13565, 2011.

[48] W. Yu and K. Luo, “Polymer translocation through a nanopore driven by binding particles:
Influence of chain rigidity,” Phys. Rev. E, vol. 90, no. 4, p. 042708, 2014.

[49] R. Adhikari and A. Bhattacharya, “Translocation of a semiflexible polymer through a
nanopore in the presence of attractive binding particles,” Phys. Rev. E, vol. 92, no. 3,
p. 032711, 2015.

[50] S. Emamyari and H. Fazli, “Polymer translocation through a nanopore in the presence
of chaperones: A three dimensional md simulation study,” Computational Condensed
Matter, vol. 13, p. 96, 2017.

[51] A. G. Kikhney and D. I. Svergun, “A practical guide to small angle x-ray scattering
(saxs) of flexible and intrinsically disordered proteins,” FEBS Letters, vol. 589, no. 19,
Part A, p. 2570, 2015. Dynamics, flexibility, and intrinsic disorder in protein assemblies.

[52] W. Sung and P. J. Park, “Polymer translocation through a pore in a membrane,” Phys.
Rev. Lett., vol. 77, no. 4, p. 783, 1996.

[53] M. Muthukumar, “Polymer translocation through a hole,” J. Chem. Phys., vol. 111,
no. 22, p. 10371, 1999.

[54] J. Chuang, Y. Kantor, and M. Kardar, “Anomalous dynamics of translocation,” Phys.
Rev. E, vol. 65, no. 1, p. 011802, 2001.

79



References

[55] Y. Kantor and M. Kardar, “Anomalous dynamics of forced translocation,” Phys. Rev. E,
vol. 69, no. 2, p. 021806, 2004.

[56] P.-G. De Gennes, Scaling concepts in polymer physics. Cornell university press, 1979.

[57] D. J. Griffiths, Introduction to electrodynamics. Prentice Hall, 3 ed., 1999.

[58] A. Meller, L. Nivon, and D. Branton, “Voltage-driven dna translocations through a
nanopore,” Phys. Rev. Lett., vol. 86, no. 15, p. 3435, 2001.

[59] R. S. de Zoysa, D. Krishantha, Q. Zhao, J. Gupta, and X. Guan, “Translocation of
single-stranded dna through the α-hemolysin protein nanopore in acidic solutions,”
Electrophoresis, vol. 32, no. 21, p. 3034, 2011.

[60] S. Carson, J. Wilson, A. Aksimentiev, and M. Wanunu, “Smooth dna transport thrugh a
narrowed pore geometry,” Biophys. J., vol. 107, no. 10, p. 2381, 2014.

[61] D. Fologea, E. Brandin, J. Uplinger, D. Branton, and J. Li, “Dna conformation and
base number simultaneously determined in a nanopore,” Electrophoresis, vol. 28, no. 18,
p. 3186, 2007.

[62] M. Wanunu, J. Sutin, B. McNally, A. Chow, and A. Meller, “DNA translocation governed
by interactions with solid-state nanopores,” Biophys. J., vol. 95, no. 10, p. 4716, 2008.

[63] T. Ikonen, A. Bhattacharya, T. Ala-Nissila, and W. Sung, “Unifying model of driven
polymer translocation,” Phys. Rev. E, vol. 85, no. 5, p. 051803, 2012.

[64] R. Metzler and K. Luo, “Polymer translocation through nanopores: Parking lot prob-
lems, scaling laws and their breakdown,” The European Physical Journal-Special Topics,
vol. 189, no. 1, p. 119, 2010.

[65] K. Kremer and G. S. Grest, “Dynamics of entangled linear polymer melts: A molecular-
dynamics simulation,” J. Chem. Phys., vol. 92, no. 8, p. 5057, 1990.

[66] J. E. Lennard-Jones, “Cohesion,” Proc. Phys. Soc, vol. 43, no. 5, p. 461, 1931.

[67] J. D. Weeks, D. Chandler, and H. C. Andersen, “Role of repulsive forces in determining
the equilibrium structure of simple liquids,” J. Chem. Phys., vol. 54, no. 12, p. 5237,
1971.

[68] M. P. Allen and D. J. Tildesley, Computer Simulation of Liquids. Oxford: Clarendon
Press, 2006.

[69] J. Piili, Single Polymer Dynamics in Confined Geometries: Capsid Ejection and
Sedimentation. Aalto University publication series, Doctoral dissertations, Espoo, 2017.
http://urn.fi/URN:ISBN:978-952-60-7716-1.

[70] G. Wyvill and T. L. Kunii, “A functional model for constructive solid geometry,” The
Visual Computer, vol. 1, no. 1, p. 3, 1985.

[71] J. Piili and R. P. Linna, “Polymer ejection from strong spherical confinement,” Phys. Rev.
E, vol. 92, no. 6, p. 062715, 2015.

[72] D. L. Ermak and H. Buckholz, “Numerical integration of the Langevin equation: Monte
Carlo simulation,” J. Comput. Phys., vol. 35, no. 2, p. 169, 1980.

[73] W. F. van Gunsteren and H. J. C. Berendsen, “Algorithms for macromolecular dynamics
and constraint dynamics,” Mol. Phys., vol. 34, no. 5, p. 1311, 1977.

[74] A. Malevanets and R. Kapral, “Mesoscopic model for solvent dynamics,” J. Chem. Phys.,
vol. 110, no. 17, p. 8605, 1999.

80



References

[75] G. Gompper, T. Ihle, D. Kroll, and R. Winkler, “Multi-particle collision dynamics: A
particle-based mesoscale simulation approach to the hydrodynamics of complex fluids,”
in Advanced Computer Simulation Approaches for Soft Matter Sciences III (C. Holm
and K. Kremer, eds.), vol. 221 of Advances in Polymer Science, p. 1, Springer Berlin
Heidelberg, 2009.

[76] T. Ihle and D. Kroll, “Stochastic rotation dynamics: a Galilean-invariant mesoscopic
model for fluid flow,” Phys. Rev. E, vol. 63, no. 2, p. 020201, 2001.

[77] W. Yu, Y. Ma, and K. Luo, “Translocation of stiff polymers through a nanopore driven
by binding particles,” J. Chem. Phys., vol. 137, no. 24, p. 244905, 2012.

[78] N. Clisby, “Efficient implementation of the pivot algorithm for self-avoiding walks,” J.
Stat. Phys, vol. 140, no. 2, p. 349, 2010.

[79] S. C. Vollmer and H. W. de Haan, “Translocation is a nonequilibrium process at all
stages: Simulating the capture and translocation of a polymer by a nanopore,” J. Chem.
Phys., vol. 145, no. 15, p. 154902, 2016.

[80] A. Meller, L. Nivon, E. Brandin, J. Golovchenko, and D. Branton, “Rapid nanopore
discrimination between single polynucleotide molecules,” Proc. Natl. Acad. Sci., vol. 97,
no. 3, p. 1079, 2000.

[81] C. Dekker, “Solid-state nanopores,” Nat. Nanotechnol., vol. 2, no. 4, p. 209, 2007.

[82] B. Tinland, A. Pluen, J. Sturm, and G. Weill, “Persistence length of single-stranded
DNA,” Macromolecules, vol. 30, no. 19, p. 5763, 1997.

[83] M. Murphy, I. Rasnik, W. Cheng, T. M. Lohman, and T. Ha, “Probing single-stranded
DNA conformational flexibility using fluorescence spectroscopy,” Biophys. J., vol. 86,
no. 4, p. 2530, 2004.

[84] Chemical Entities of Biological Interest (ChEBI) database http://www.ebi.ac.uk/chebi/.
Molecule IDs: CHEBI:17713, CHEBI:16192, CHEBI:15918, and CHEBI:17013.

[85] Z. Wang, H. Kriegs, and S. Wiegand, “Thermal diffusion of nucleotides,” J. Phys. Chem.
B, vol. 116, no. 25, p. 7463, 2012.

[86] A. Bhattacharya and K. Binder, “Out-of-equilibrium characteristics of a forced translo-
cating chain through a nanopore,” Phys. Rev. E, vol. 81, no. 4, p. 041804, 2010.

[87] J. L. A. Dubbeldam, V. G. Rostiashvili, and T. A. Vilgis, “Driven translocation of a
polymer: Role of pore friction and crowding,” J. Chem. Phys., vol. 141, no. 12, p. 124112,
2014.

[88] R. Adhikari and A. Bhattacharya, “Driven translocation of a semi-flexible chain through
a nanopore: A brownian dynamics simulation study in two dimensions,” J. Chem. Phys.,
vol. 138, no. 20, p. 204909, 2013.

[89] A. Bhattacharya, “Translocation dynamics of a semiflexible chain under a bias: Compar-
ison with tension propagation theory,” Polymer Science Series C, vol. 55, no. 1, p. 60,
2013.

[90] J. Sarabadani, T. Ikonen, H. Mökkönen, T. Ala-Nissila, S. Carson, and M. Wanunu,
“Driven translocation of a semi-flexible polymer through a nanopore,” Sci. Rep, vol. 7,
p. 7423, 2017.

[91] A. Y. Grosberg, S. Nechaev, M. Tamm, and O. Vasilyev, “How long does it take to pull
an ideal polymer into a small hole?,” Phys. Rev. Lett., vol. 96, no. 22, p. 228105, 2006.

[92] H. Blinchikoff and A. Zverev, Filtering in the time and frequency domains. Scitech
Publishing, revised ed., 2001.

[93] Wolfram Research, Inc., “Mathematica (Version 11.0),” 2016. [Computer software].

81



References

82



 

-o
tl

a
A

D
D

 
0

41
/

 8
10

2

 +f
eabi

a*GM
FTSH

9  NBSI 5-4018-06-259-879  )detnirp( 
 NBSI 2-5018-06-259-879  )fdp( 
 NSSI 4394-9971  )detnirp( 
 NSSI 2494-9971  )fdp( 

 
ytisrevinU otlaA  

ecneicS fo loohcS  
ecneicS retupmoC fo tnemtrapeD  

 if.otlaa.www

 + SSENISUB
 YMONOCE

 
 + TRA

 + NGISED
 ERUTCETIHCRA

 
 + ECNEICS

 YGOLONHCET
 

 REVOSSORC
 

 LAROTCOD
 SNOITATRESSID

 n
en

oh
uS

 il
ua

P
 n

oi
ta

co
ls

na
rT

 r
e

my
lo

P 
de

ts
is

s
A-

en
or

ep
ah

C 
dn

a 
ne

vi
r

D f
o 

st
ce

ps
A l

ac
i

ma
ny

D
 y

ti
sr

ev
i

n
U 

otl
a

A

 8102

 ecneicS retupmoC fo tnemtrapeD

fo stcepsA lacimanyD  
-enorepahC dna nevirD

remyloP detsissA  
 noitacolsnarT

 nenohuS iluaP

 LAROTCOD
 SNOITATRESSID


	Aalto_DD_2018_140_Suhonen_verkkoversio



