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We study the dynamics of polymers in a random disordered medium of fixed obstacles using kinetic
Monte Carlo methods. The polymers can have monomers which have attrigectiyge), repulsive

(R-type) or neutral (H-type) interactions with the fixed obstacles that comprise the disordered
medium. Several classes of homopolymers and heteropolymers with diverse sequences have been
studied. Our most noteworthy result is that, above a threshold temperature, polymer bearing
monomers that are attracted to the disordered medium translocate faster through the medium than
those bearing neutral or repulsive monomers. We discuss how a delicate balance between energetic
and entropic factors leads to this counterintuitive outcome. By examining heteropolymers with
different sequences, we also find that the dependence of mobility on average composition is stronger
than that on higher order correlations characterizing the sequence distribution. Connections between
our results and experiments with synthetic and biological systems are noted00® American
Institute of Physics.[DOI: 10.1063/1.1519838

I. INTRODUCTION tance of entropy in directing polyme(®NA) from confined
spaces to larger voids has been demonstrated using fluores-
Diffusion of polymers through random disordered mediacence microscopy.
is of practical interest for applications including enhanced oil ~ Heteropolymers, or copolymers, are macromolecules
recovery, drug delivery, gel electrophoresis and exclusionwith more than one kind of monomer. Heteropolymer se-
chromatography, and DNA sorting. The behavior of a singlequences may vary from highly regular repeésy., block
polymer chain in a disordered medium has also served as @polymerg to completely random arrangements, as in ran-
model system to study fundamental aspects of the impordom heteropolymers. Many biologically important macro-
tance and effects of chain entrobilost studies of polymers Molecules are also heteropolymers. While DNA and protein
in disordered media, beginning with the pioneering studie$equences are usually aperiodic, certain glycosaminoglycans
by de Gennes, Muthukumar, Baumgartner, and Edwards, fd€ mainly composed of two repeating monomer Lﬁ.qlmt-
cus on homopolymers in a random medium composed of gropolymers have been studied in many contexts in the pre-
set of fixed obstacles® These studies have revealed that®€ding de%ade. The phase behavior of molten block
dynamics of polymers in random disordered media can bgopolymeré and random heteropolymétsas been studied

classified into three different regimes. When the radius ot'sN9 theory, computer S|mu!at|on, and experiments. Het-
. . eropolymers with random or disordered sequences have been
gyration of the polymeSis much smaller than the average

ore sizem, the polymer does not feel the strong topolo icalused as model systems to study the physics of protein
P , (e poly g topologiCalyq jing 12 Field theorie&® and computer simulatiofshave

constraints impos.ed by the .randomly placeld obstacleg. Her, so been employed to study the principles of pattern recog-
the R_OUS? modélis appropr_late, amtD_~N , whereD s nition between heteropolymers and surfaces bearing binding
the diffusion constant antl is the chain length. In the 0p- gjtes The thermodynamic behavior of heteropolymers in a
posite extreme, whe$>m, due to the strong topological {ree_dimensional disordered medium where in the sites that
constraints chain motion along its contour becomes the mo%mprise the medium interact differently with the two kinds
facile mode. In this regime de Gennes' reptation mbtlel o segments that constitute the heteropolymer has been elu-
predictsD~N"?. In an intermediate regime, where pore cidated using replica field thedf and computer simu-
sizes are comparable to chain stzentropic traps slow down ations!® Scaling arguments regarding the dynamics of het-
the dynamics even more strongly than reptation. Void spacegropolymers in random media have also been preséhted.

in the medium that are comparable to unperturbed chain di- |n this paper we employ Monte Carlo simulations to in-
mensions serve as traps where the chain resides for longsstigate the dynamics of several heteropolymers and ho-
periods of time’ While these results originated in theoretical mopolymers in random media. Specifically, we consider two-
and simulation studies, similar results were obtained by geletter heteropolymers in a random medium comprised of
electrophoresis experiments of DNARecently, the impor- sites that interact differently with the two kinds of het-
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eropolymer segments. Our most striking result is that chains 2
containing segments that exhibit attractive interactions with
sites that comprise the medium translocate faster through the — — — Riype
medium than when chain segment interactions with the me- 11 U H-type
dium are purely repulsive. We argue that this is because at- N
tractive segment-site interactions can facilitate transport of ~
molecules through entropic bottlenecks. Such a phenomenord © | e
is observed in the facilitated transportation of cargo mol- =
ecules through nuclear pore complexddPCg on the
nuclear envelop& This principle is used to interpret our 17
results for the dependence of chain motion on heteropolymer
sequence. The dynamics of random, blocky, and perfectly
alternating sequences are studied. 2

This paper is organized as follows: The model and ! rij/ a
Monte Carlo simulation method is described in Sec. Il. The

main results are presented and discussed in Sec. lll. In SeElG. 1. Potentials that describe the three types of interactions between poly-
IV. we offer brief concludlng remarks mer segments and sites that comprise the disordered medium.

A-type beads exhibit attractive interactions d&type beads
exhibit repulsive interactions beyond the excluded volume
Our simulations employ kinetic Monte Carlo techniquesconstraints. All bead—bedghtrachair) interactions are of the
of a single freely jointed polymer chdihin a box with pe-  excluded volume type only. This is done for convenience in
riodic boundary conditions. The simulation box is partitionedorder to focus attention on the effects of disparate interac-
into cells of sizeaxXaXxa, wherea is an arbitrary unit of tions between the chain segments and the sites that comprise
length. Each cell is either void or occupied by a fixed spherithe medium.
cal obstaclegdisordered particleof diameterRp=a with a The kink-jump algorithn?’ is used to evolve chain con-
probability, p. Therefore,p is the fraction of occupied cells, formation and location. At a given Monte Carlo st@fCS),
and the site—site density fluctuations in the medium exhibipbne of theN beads is chosen. If this bead is one of the end
short-range correlations only. An off-lattice freely jointed beads, the bond connecting it to its neighbor is rotated to a
polymer chain ofN spherical bead¢segmentsand N—1  new position in a spherical motion through randomly chosen
rigid bonds is equilibrated in the simulation box after creat-azimuthal and polar angles. Otherwise, the bead is rotated by
ing a realization of the disordered medium. The bond lengtfa random angle in a circular motion by rotating the bonds
between beads of the chainlis=0.6. The diameter of each formed with the two neighboring beads. The axis of this
bead Rg=1/a+/3/4 which is just large enough to prohibit rotation coincides with a straight line connecting the two
chain crossing. Excluded volume interactions are enforcedieighbors of the rotated bead. Each attempted move is ac-
between all particles in the system. Interactions of the chaigepted according to the Metropolis criterion with probability
segments with sites that comprise the medium are furthemin(l,exp(—AU/KkgT,s)), where AU is energy difference
augmented in ways that depend upon the type of chain sedpetween the new and old chain. The enelis defined as
ment. We use three kinds of beadstype, H-type, and
R-type all of same size but exhibiting different interactions UZZ Z UiBD+ 2 2 Ulk '
with the medium. The segment-site interactions that corre- =1 =
spond to these three types of chain segments are shown | vpnereUBD
Fig. 1. The potentials that describe each type of bead
disordered site interaction are

Il. MODEL AND METHOD

is energy between beadind disordej andU&?
is energy between the beadandk. N is the chain Iength
Each MCS consists o attempted moves. Quantities

UH AR=% When <o, such as the Iong time mean square d.ispl'acement are 'calcu—
lated by averaging over different realizations of the disor-
UEDZO whenr;=o, dered medium and initial chain configurations. Typically,
12 6 quenched averages were computed using 60 or more realiza-
UBP— _ —ma>{ c 4€< ( ‘7) _(i) )] tions of the disordered site distribution for each valugof
rij rij Monte Carlo simulations of heteropolymer chain dynamics

in each realization of the disordered site distribution were
when o<r;;j<2a, started with a different seed configuration of the chain.
URk=0 whenr;=>20,
I1l. RESULTS AND DISCUSSION

A. Effect of type of segment-site interactions
on chain dynamics

wherer;;(=|r;—r;|) is the separation between tite bead
and jth site in the mediume=1kgT,s, Wherekg is the
Boltzmann constant andl,; is a reference temperature. In-
teraction lengths are controlled by where o/a=(Rg We calculated the mean square displacement of the cen-
+Rp)/2. While H-type beads interact as a hard sphereter of mass of the chairR(t),
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FIG. 2. Plots of mean square displacements of center-of-R&s$$ and the
mean square displacement of ti¢/2)th segment around the center-of-mass
r2(t) as a function of time in units of Monte Carlo stefdCS) for three
types of homopolymersA,H,R-type). r2(t) of the H,R-type are not plotted
since it is very similar to that for aA-type homopolymer.
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FIG. 3. Plots ofR%(t)/t as a function of simulation timet). Diffusion
coefficient is estimated from the long time asymptotic limit.
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Rz(t) = <[ Rem(t) — Rcm(o)]2>

andr?(t), the mean square displacement of th#2)th bead
around the center-of-mass,

r2(t) = ([ Rem(t) — Rza(t) — Renf(0) + Ryy2(0) 12).

These quantities are plotted as a function of the number of
MCS (or time) in Fig. 2 for N=30, p=0.4, and T/T,
=5.0. The behaviors of three homopolymeré-type,
H-type, R-type) are compared. As shown in Fig. 2, the simu-
lation time far exceeds the equilibration tims,, which is
determined by the conditiom?(t) ~1t°.

The self-diffusion coefficient of the center-of-mass is de-
fined by

1 R(t)
m 6 ¢ s

and is estimated by the long time limit 82(t)/t. In Fig. 3,

the variation of this quantity with is illustrated forA and
R-type homopolymers. Figure 3 makes it clear that our simu-
lations are sufficiently long forR?(t)/t to reach an
asymptotic constant value. Thus, we can extract a value for
the diffusion coefficient for chains with different sequences.

We will focus attention on the three homopolymers. Sur-
prisingly, Figs. 2 and 3 show that thetype homopolymer
diffuses faster thard-type andR-type homopolymers. We
find this to be true for values 0p<0.5. Simulations for
conditions where more than half the sites are occupied by
obstacleqp>0.5) are computationally prohibitive singeis
close to the percolation threshold.

The result that chains containing segments that have at-
tractive interactions with the medium move through the sys-
tem faster than those that exhibit repulsive interactions is
counterintuitive. We naively expected that attractive interac-
tions would slow down chain mobility in the medium. Fur-
ther insight into this issue is obtained by the simulation re-
sults shown in Fig. 4. The ratio of the diffusion coefficient
for homopolymers with attractive segmeni3,) to that of a

FIG. 4. Dependence of the diffusion coefficient of the
A-type homopolymer D) for constantN and p as a
function of temperature. The ratib, /Dy (Dy is the
diffusion coefficient forH-type homopolymeris plot-
ted.
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purely hard sphere systenD(;) is shown as a function of I _O_ O _CCO n_ oo oo o o0 CCO

temperature for constait andp. The variation is nonmono- 888 © © ﬁ
tonic. At low temperatures bead-disorder attraction domi- Oﬁ O © © W@ © 0 ®) ©
nates and the chain is strongly bound to the quenched distri-o80008 OOO 080008 OOO 008 OOQ

bution of sites that comprise the medium. Thus, the value of
the diffusion coefficient for an attractive chain is smaller
than the diffusion coefficient of chains that have segments
that exhibit hard sphere interactions with the sites that com-
prise the medium. Above a threshold value of the tempera-
ture, Do/Dy>1 with its asymptotic limit beingD,/Dy
=1. The latter limit is due to the fact that ds—o the
attractive interactions are small compared to the thermal en-
ergy, hence the hard sphere limit is realized where the en-
tropic contribution to the free energy dominates. The results
shown in Figs. 2 and 3 correspond to an intermediate temg|g. 5. Two-dimensional cartoon of a polymer chain translocating between
perature wher® /D> 1, and the chain with attractive seg- neighboring void spaces. For clarity, only the bonds of the chain are shown.
ments is more mobile than those with and R-type seg- !n situations Where the chain resides in void spaces as in ‘I and lll, the chain

ts. We note in passina that recent molecular d namicmcreases configurational entropy, and therefore lowers its free energy. In
n_]en " p g - . - y ! Grder to translocate through the narrow channel connecting void spaces, the
simulations concerning experiments with sticky colloidal chain is subject to an elongated conformation as shown in II, which is
spheres exhibit the same nonmonotonic dependence of diffigntropically unfavorable. In such elongated conformations, interactions with
sion coefficient on temperature, where at an intermediat%1e disordered sitecircle§ comprising the medium are more pronounced.

. . . ttractive and repulsive interactioni8-type andR-type) with the disordered

temperature sticky goll0|dal spheres are more mOb'lle thagite can modify the free energy profile, which is sketched below.
hard sphere® What is the physical reason that underlies the
result that, at intermediate temperatures, chains with attrac-

tive segments are more mobile than chains Witbr R-type o )
segments? paper. However facilitation of chain transport due to attrac-

Previous studié<! have clearly demonstrated that poly- tive interactions with disorder sites cannot be true at low

mer chains with hard-sphere interactions with sites that com€mperatures. For chains with attractive segments, the barrier

prise a random medium spend a large fraction of time in void® SImply move away from adjacent disordered sites can be-
spaces that are commensurate with unperturbed chain dimefiome significant due to strong attractive interactions. This
sions. This is because these void spaces serve as entropi©vides an explanation for the results shown in Fig. 4.

traps(vide supra. Translocation from one such void space to T 19ure 6 provides further support for the arguments pre-

another requires that the chain pass through a narrow opefi€nted above. Here we show examples of trajectories for the
ing which, in turn, corresponds to a more constrained Cong:ham center-of-mass in a particular realization of the random

formation, resulting in lower configurational entropy. This is mhedlgm fcr)]rA-type a}ndHr-]type h.omopolymersh For Cla“Ly'
illustrated in Fig. 5. Once the chain is in such a constrained® Sites that comprise the medium are not shown. Both tra-
circumstancell), motion to another void spac# ) is facili- jectories correspond to the same total simulation time. No-

tated by the entropic advantage of passing to a void spacg.ce’_ however, that the_scale_s on the_ axes that measure the
This idea of entropy giving chains a “shove” as they pass tOspat|al extent of the trajectories are different. In this particu-

large void spaces has recently been demonstratelgr trajectory theH-type homopolymer travels three void

experimentally The free energy barrier for transport from spaces going back and forth via narrow interconnecting

one void space to another is thus primarily associated Witﬁhannels. During the same time interval tmype h(.)' .
the entropy loss in going from a large void spatgto a mopolymer traverses a larger volume spending less time in

more constrained environmefil). As sketched in Fig. 5, each void space and quickly moving through several void

attractive interactions between segments and sites that Ccompaces via narrow channels. Our explanation for this is the

prise the medium can attenuate this free energy barrier. Aﬁttenuapon of the entropic trapping effect due to'attractlve
|.rt:teract|0ns betweeA-type segments and the medium.

appropriate metaphor is that threading a needle is easier | I .
pprop P g Arguments for facilitated transport due to attenuation of

the eye of the needle is decorated with attractive moieties. - T :
4 entropic traps by attractive interactions are further buttressed

Modification of the free energy landscape due to attractiv% . . L :
bead-disorder interaction in the void spacﬁ'*(—FH) is y the simulation results shown in Fig. 7. In Fig. 7, normal-
! ized distribution functions for the mean square radius of gy-

smaller in magnitude in comparison to that of the narrow . > . . ;
channel A~ E™). Therefore the free energy barrier from | ration (S°) are compared for different types of chains with
e s N=32, T/T,=3.0, p=0.45, andp=0.0. The mean square

to Il is smaller for A-type than inH-type homopolymers. adius of avration is defined as

This is due to the fact that the chain has minimal contacf 9y

with surrounding disorders in void spaces | and lll, whereas |2 N1 N

in 11 it adopts an elongated conformation that is subject o (S)=— > 2 ([ri—r;]?).

plentiful contact with disordered sites. Evidence of such cor- N® =1 j=i+a

relation between elongated chain conformation and energetithe average corresponds to both average over chain confor-
interaction with disordered sites will be discussed later in thanmations and the quenched average over many realizations of
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(A)

A-type
p=0.45
T/Tref=3.0
N=32

FIG. 6. Trajectory of the center-of-
mass of(A) A-type and(B) H-type ho-
mopolymer. For clarity, the disordered
sites are not shown. Note the differ-
ence in length scales in both three-
dimensional plots. Both trajectories
correspond to the same total number
of Monte Carlo steps.

the disordered distribution of sites comprising the mediumpulsions with the disorder. Above this threshold temperature,

Figure 7 demonstrates that the distributior( 6f) is widest ~ (S?) for the N=32 homopolymer ap=0 becomes smaller

for the A-type homopolymer. This suggests that théype  than theA-type homopolymer ap=0.45.

homopolymer spends a longer fraction of time in an ex-  Consider the covariance and correlation of the chain en-

tended form traveling through narrow channels than theergy (U) andS?. Covariance and correlation are defined as

H-type homopolymer, which stays in void spaces in more or

less unperturbed conformations for a longer fraction of time. ~ covariancex,y) = {(x—{x))(y —(y))),

The same trend is seen by comparing the result$iftype

andR-type homopolymers. Note that & T,=3.0,(S?) of ) covarianceéx,y)

the N=32 homopolymer in the absence of disorde+0) is correlatiorix,y) = T g

larger thanH-type andR-type homopolymers, but smaller xy

than theA-type homopolymer ap=0.45 (at p=0, the dis-

tinction betweenrA-type, H-type andR-type become mean-

ingless. The presence of the quenched disorder shrinks th@here o, and o, are standard deviations of the variables

size of the homopolymers that have purely repulsive interacandy. Correlation {J,S?) for the A-type homopolymetfor

tions with the sites comprising the disorder. For temperatureg=0.45, T/T,.~= 3.0, andN=230) is —0.16. Negative corre-

below a thresholdT/T~4.5 in our simulations attractive  |ation indicates that when the chain conformation is elon-

interactions lead to a larger size fAetype homopolymers gated, chain energy is lower. Correlatiod,8%)=0.25 for

that exhibit attractive interactions along with short range reR-type homopolymer under the same conditions. This indi-

cates that there is a strong energetic penalty when the chain

is in elongated shape. In order to travel through narrow chan-

nels the chain must adopt an elongated shape.R-ype
chains, these entropically unfavorable situations are also as-

—&— R-type p=0.45 . . .

—o— H-type p=0.45 sociated with energy penalties.

—¥— p=0.0 The arguments we have made to explain facilitation of

TV Alype p=045 chain mobility due to attractive segment-site interactions do

not hold if the medium is not comprised of sites that are

distributed in a fashion such that void spaces comparable to

chain size are present. Facilitation of chain transport due to

attractive interactions should not be a strong effect in an

ordered medium where the density of the sites that comprise

the medium is homogeneous in space. We set up an ordered

, , , , b medium such that, in thgy plane, even lattice sites in the

0 2 4 6 8 10 simulation box are occupied by fixed spheres. Such a plane is

<82, repeated in the direction. This represents an array of fixed

FIG. 7. Normalized distribution functions for the mean square radius ofrOdS In thez direction. Althoth the difference is small, our

gyra.tio.n (S?) are compared for different types of chaing with= 32, simulation da‘f‘ant show suggest that dlﬁuslon IS consis-

T/T,e=3.0, andp=0.45. For comparisofS?) for anN=32 athermal ho-  t€Ntly faster inH-type homopolymer than irA-type ho-

mopolymer in the absence of sites comprising the disorder is also shown.mopolymer atN=10-50,p=0.5, T/T ,=3.0.

—1=<correlatiorix,y)<1,

P(<5%>)
<
)
(6]
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1LEOL
T/-rref= 3.0
LE0R2 + N=30
LE03 T
1 Atype D~e™'?
@ 1Ex pe FIG. 8. Diffusion coefficients ofA, H, andR-type ho-
H-type D~ e\ mopolymers as a function of disorder strengtat con-
LE0s + stantN andT.
LE06 1 R-type D~e "%
LE07 } } }

0.2 03 04 05 06 0.7

To probe how porosity of the disordered medium influ- Hwa'’ is not observed in our simulations because the chains
ences dynamics ok, H, andR-type homopolymers, we have we simulate are not long enough to be in the regime corre-
carried out simulations over a range of disorder strengths. Asponding to reptation.

p increases, the average size of the void space becomes Animations constructed from our simulatiofsee ani-
smaller, and in a given volume there are a larger number ofations in EPAPS materiaf) demonstrate that when the
narrow channels connecting them. Since facilitated diffusiorchain translocates from one void space to the other, typically
of A-type chains should depend on the number of narrowhe chain end first enters the narrow channel and then the rest
channels, the highes is, the more dramatic the facilitation of the chain follows. Similar observations have been made
should be. This is demonstrated to be true in Fig. 8.pAs by Muthukumaf? in his studies of a polymer chain coming
increases, the differences among the diffusion coefficients afut of a hole. This suggests that, keeping the composition
A, H, R-type homopolymersd,, D,, andDg) becomes constant, changing sequence at the end of the chain will in-
more prominent al /T =3.0, a temperature wheetype  fluence the dynamics of the chain in random media. How-
diffuses faster tharH-type homopolymer. Figure 8 also ever, this only affects dynamics on short time scales as illus-
shows that the diffusion coefficient is a very strong functiontrated by the dependence Bf(t) on time forRgA;¢Rg and

of the disorder strength. AgR16Ag triblock copolymers(Fig. 11). Both triblock co-
polymers have the same composition. At short times, the
A-bead tail(or head of AgR;¢Ag quickly samples its envi-
ronment and enters the narrow channel, resulting in a higher

R?(t) than RgA;¢Rg. At longer times,AgR;6Ag is slower

Keepi h iti . .
e e e aeropy N Ry becase cespte having e achantage of o
g Poly éering the narrow channel earlier, it is disadvantaged on long

mer in random media. Figure 9 shows a comparison of th
dynamics of anAR diblock copolymer with anAR random
heteropolymer, both of symmetric composition. The differ-

B. Dependence of chain dynamics on heteropolymer
sequence

10

ences in the diffusion coefficients are not as dramatic as the
difference between the three homopolymers, but the randon
heteropolymer is more mobile than the diblock copolymer.
To further quantify this trend, four groups of 30-mer copoly-
mer chaingFig. 10(A)], differing in the length of each block
of A andR-type beads were tested and compared in a randon 1¢: |
medium corresponding tp=0.5. All chains have 1%\-type
beads and 1R-type beads. We observe that the shorter
blocks of A andR-type beads are, the larger the value of the
diffusion coefficient[Fig. 10B)]. Perhaps this is because,
upon course graining the sequence on scales shortemthan

103 <

101

p=0.4
T/T, =50
N=30

g9
o 9

Q o
v AR diblock

AR random

(1<m<N), the AR heteropolymer roughly approximates a
H-type homopolymer, but with an attenuated repulsive inter-
action with the disorder. Chains with longer blocksRstype
segments diffuse slower because, once the end of the chain
enters the narrow channel, it takes a bigger fluctuation ttf

10°

104

108 107

{MCS)

108 108

IG. 9. Mean square displacements of center-of-nR&t) as a function of
Ime in units of Monte Carlo stepgMCS) at constantp, T, N. Both are

drag a long block oR beads thrOUg_h- Exponential slowdown gip|ock and the random heteropolymer consishié2 A-type andN/2 R-type
of random heteropolymer dynamics suggested by Cule angionomers.
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(A) AR, © 0 0000000006000 0
AR, oS __ 000 000 __ 000 000
AR, 00000 ____ 00000 ____ 00000  _
AR, 000000000000000 _ _ _ _ __ )
(B) 2.5e-5
O-— \Q p= 0.5
\ T/Tref =5.0 FIG. 10. (A) Sequences of fouN
2.0e-5 1 \ N = 30 =30 ARheteropolymers with different
N block lengths. (B) Diffusion coeffi-
O~ _ cient as a function of block length for
1.5e-5 - T polymer sequences shown (A).
% T @
1.0e-5 -
5.0e-6
0.0 T T T T T T T T
1 3 5 7 9 11 13 15 17
block size

times because it has a longer stretchRothat requires a
bigger fluctuation to drag itself through the channel.

IV. CONCLUDING REMARKS

nates from the fact that attractive interactions alleviate the
entropic barrier of entering a narrow pore connecting neigh-
boring void spaces in the disordered medium. We argue and
show that this effect is strictly due to the presence of void
spaces and bottlenecks that arise from the disordered distri-

Using kinetic Monte Carlo simulations, we have studiedpution of sites comprising the medium. We also study the

how polymer sequence influences the dynamics of polymergependence of mobility on sequences of different het-
in quenched disordered media. Counter to our intuition, wesropolymers. Our results are relevant to a number of prob-
find that, above a threshold temperature, polymers bearingms in biophysics and bioengineering including gel column

monomers that are attracted to sites comprising the mediuieparations, transportation of DNA, and facilitated transport
are more mobile than those which exhibit repulsive or neuthrough the nuclear pore complex.

tral interactions. We clarify that this surprising effect origi-
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