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ABSTRACT: The translocation of polymers through pores and channels is an archetypal process in biology and is widely studied
and exploited for applications in bio- and nanotechnology. In recent times, the translocation of polymers of various different
topologies has been studied both experimentally and by computer simulation. However, in some cases, a clear understanding of the
precise mechanisms that drive their translocation dynamics can be challenging to derive. Experimental methods are able to provide
statistical details of polymer translocation, but computer simulations are uniquely placed to uncover a finer level of mechanistic
understanding. In this work, we use high-throughput molecular simulations to reveal the importance that knot insertion rates play in
controlling translocation dynamics in the small pore limit, where unexpected nonpower law behavior emerges. This work both
provides new predictive understanding of polycatenane translocation and shows the importance of carefully considering the role of
the definition of translocation itself.

B INTRODUCTION external driving force with amplitude f, the scaling behavior
changes to 7 ~ N% %, where the coefficient § accounts for the

The translocation of polymers through pores is ubiquitous in ) ; )
impact of the applied force on the translocation. More recently,

biology, and it is driving new advances in contemporary nano-

and biotechnology.'™ In biological settings, translocation the translocation of polymers with different topologies has
processes include the passage of mRNA and DNA through become an active research area. While the translocation of ring
pore complexes4 and the transport of proteins through polymers has been shown to be only quantitatively different
membrane channels, including during viral infection.” Polymer with respect to analogous linear polymers of the same
translocation also has broad practical applications in length,”***** other polymer topologies show more complex
biotechnology, spanning polymer characterization and separa- behavior.>”*’ It has been shown that two different modes of
tion,"” gene therapy,” DNA sequencing,”'’ and controlled translocation exist for the knotted regions of DNA® and that
drug delivery.'" Since the pioneering works initiated the the number of arms in a star polymer directly controls its
polyglg trans!ocation research field nearly thr.ee decades translocation dynamics. '

ago, " experimental research has been underpinned by a Catenanes are a mechanically interlocked molecular

. . 11420 . )
;/ledzel_g;lmge of theoretical and simulation-based stud- architecture consisting of two mechanically interlocked

Early computer simulation investigations of polymer trans-
location focused primarily on linear polymers. It was
demonstrated for unforced translocation, i.e., in the absence
of an external driving force, that the average translocation time
7 typically follows the power law 7 ~ N* in which N is the
chain length and the magnitude of a indicates the ease of the
polymer translocation process.'*'®*""** With the addition of an
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Figure 1. Simulation snapshots showing (a) the initial (left) and (b) the final (right) states of the polycatenane from a production simulation, (c)
part of the simulation run with a single ring within the pore, and (d) a knot (Hopf link) passing through the pore during the simulation. The four
polycatenane rings are shown in different colors, and a small part of the FCC pore structure is shown in gray.

macrocycles, the first synthesis of which in 1983 led to the
award of part of the 2016 Nobel Prize in Chemistry.*
Polycatenanes, which are formed of three or more consec-
utively interlocked macrocycles, are finding use in a variety of
new advanced technologies, such as molecular motors and
switches.*> More recently, simulations and experiments have
been used to show that a topological obstruction in catenanes
dramatically slows their translocation dynamics through a
pore,”™** while the dependence on pore size has not yet been
considered. In this work, we determine the pore size-
dependent mechanism of the translocation of a poly[4]-
catenane (hence polycatenane) using molecular dynamics
simulations. By simulating over a range of pore sizes smaller
than those previously considered in the literature, we enter a
regime where pore microstructure effects become significant.
We show that an unexpected jump in translocation time occurs
at a critical pore radius and that this effect is universal for both
the polycatenane and an analogous ring polymer. The
translocation time jump is more pronounced for the
polycatenane; by performing a large number of replica
simulations we are able to uncover the underlying mechanism
behind this observation, which is not a result of chain jamming
within the pore. In doing this, we show that the number of
beads within the pore does not correlate with the
instantaneous waiting time, which implies the number of
beads within the pore may not be a good indicator variable
when studying polymer translocation. This new understanding
comes about because of a thorough treatment of the
translocation definition itself, which is an often overlooked
detail. We show the translocation definition has a nontrivial
effect on the final translocation profiles, which can be
rationalized by considering the underlying mathematical details
of the different definitions. Using this framework, we uncover
new insights regarding recently reported experimental and
simulation results previously reported in the literature. This
work therefore provides new predictive understanding that can
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be applied to the development of new molecular technologies
that make use of polymer translocation.

B MODEL AND METHODS

Simulation Details. The pore is modeled as a cylindrical aperture
of radius r within a FCC slab measuring 206 X 206 X 40 (40 is
therefore the length of the pore). A total of 11 different pore radii are
considered ranging from r = 1.1¢ to r = 2.0 in steps of 0.16 as well as
a further system with the larger pore size of r = 2.50. In our
simulations, we consider a poly[4]catenane (consisting of 4
mechanically interlocked rings of 40 beads each) as well as a simple
ring polymer consisting of 160 beads for reference. We use massive,
rather than massless, beads as per various other studies.*”***® We
employ Langevin dynamics to model polymer translocation with a
constant external pulling force on each bead inside the pore, as

described by
dy(7) _

dr

i[f;({r(z_)}) +fextemal({r(r)}) +fistochastic] _ ,-Vi(f)
(1)

where m is the mass of each bead. We model polymer chains using a
coarse-grained bead—spring model. Bonds between connected beads
are modeled using the finite extension nonlinear elastic (FENE)
potential

1 *
UFENE(’) = _EkbRg ln[l - F)
0

2)

where k, = 30e67* is the bond spring constant, Ry = 1.5 is the
maximum bond length, and r is the bond length. A short-range
repulsive Lennard—Jones potential is used to prevent overlap between
beads, modeling interactions between the polymer beads and the pore
as

12 6
4 o
4e (—) - (—) +e r<r,
UL](r) = |: r r
0, rxr, (3)

where r, = 2!/%, such that the potential is purely repulsive. In the
present work, we use the Lennard—Jones parameters, € and ¢, and the

https://doi.org/10.1021/acs.macromol.2c02565
Macromolecules 2023, 56, 3238—3245


https://pubs.acs.org/doi/10.1021/acs.macromol.2c02565?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02565?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02565?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02565?fig=fig1&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c02565?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

()

500,
400

300

T(x)

2001

1004

%0 0.2 0.4 0.6 0.8

X

(b)

1.0

10
8
X 6
=
&
i
: 4 /
21
0 : : : : :
0.0 0.2 0.4 0.6 0.8 1.0

X

Figure 2. Understanding the differences of the two translocation definitions. Results from simulations with r = 1.1 clearly highlight the differences
between the irreversible (orange) and the reversible (blue) definitions of translocation. (a) Translocation time as a function of translocation
fraction. (b) Waiting time as a function of translocation fraction. The Savitzky—Golay digital filter has been applied to the data.>®

monomer mass, m, to fix the energy length and mass scales,

respectively. A time step of At = 0.00257 was selected, where
1/2

7= (mo?e™)"? is the characteristic simulation time. The external
driving force, applied to all of the beads inside the pore, f**™ has
magnitude [f**™ = ¢67'.** Our simulation methodology does not
account for hydrodynamic interactions (HI) through the inclusion of
explicit solvent beads: the effect of HI upon polymer translocation
through small pores has been shown to be negligible using both
molecular dynamics and lattice Boltzmann simulations.*”**

The initial polycatenane conformation for each production
simulation, as exemplified in Figure la, is obtained by fixing one
bead of the polymer at the entrance of the pore and then allowing the
rest of the chain to evolve until reaching equilibrium, as monitored
through the evolution and subsequent equilibration of its radius of
gyration (Figure S1). Production simulations were then conducted
until the polymer fully translocated through the pore under the
influence of the external driving force. For each system corresponding
to a given pore radius, we performed 140 independent replica
simulations beginning from a random initial polymer conformation
for both the polycatenane and the ring polymers. Therefore, this
manuscript reports on the results from a total of 3080 independent
simulations. All simulations were conducted using the LAMMPS
simulation engine.*’

Analysis Techniques. Simulation analysis was performed using
codes developed in house, which make wide use of the MDAnalysis
and MDTraj Python packages.’>*' Simulation visualizations were
produced with VMD.>”

Tracking Polymer Translocation. One definition, the irreversible
translocation fraction (x™(7)), measures the time at which each
bead in the polycatenane passes through the pore entrance located at
position x, on the translocation axis. For a given bead i, its

P
translocation time 7; is

7= min(7 | x; > x,)

(4)

From this, we can determine the translocation time (7) as a function
of the translocation fraction to yield our final result for x™"(z)

N
x™(7) = iz H(r - 1)
NS ()
where H(7 — 7;) is a Heaviside function
L
0, <1

>
H(T_T")z{ ©)

This definition of #™(7) dictates that it is an increasing function
since once a given bead is determined to have crossed the pore, any
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instantaneous backward translocation will not be accounted for.
Alternatively, we can measure the translocation fraction directly at
each 7 as to yield a reversible translocation fraction ™(z) as

L&
x(r) = =) H(x, — x(t
() = 3 X i, = 5(0) o

where H(x, — /(7)) is again a Heaviside function

1’ xp S xi(T)

H(x, - x(r))
0, x, > xi(r) (8)
This second approach accounts for fluctuations in the chain position
during the translocation process.

Measuring Polymer Orientation. We use the following order
parameter to assess the overall orientation of the polymer ring(s)
within the pore interior

Iil|ﬁ|] (9)

where % is the unit vector in the z direction (i.e., perpendicular to the
pore translocation axis, x) and n is the normal vector of the best-
fitting surface of the beads of the polycatenane within the pore. 1 is
calculated using singular value decomposition (SVD), which finds the
most probable two-dimensional plane that fits to the bead positions
within the pore.

Entropy of a Probability Density Distribution. The Shannon
entropy of a discrete probability distribution py is calculated as

S=-2plp

x€EX

0= arccos(

(10)

where p, is the probability at bin x. For a discrete probability density
distribution py, note that p, = p./Z cxp,.

Note that S is maximized over a given domain (max(S) = In(N))
when the underlying probability distribution is the uniform
distribution of length N. We consider the symmetry of the pores
studied as required during the different analyses.

B RESULTS AND DISCUSSION

Two Definitions Yield Contrasting Pictures of Trans-
location. Translocation (x) may reasonably be defined in two
ways (see Methods and Model). The two approaches yield
rather different translocation profiles for the same set of
simulation trajectories. Figure 2a shows the translocation
profiles averaged from multiple simulations for pore radius r =
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Figure 3. (a) Translocation profiles for a range of pore radii (see the plot sidebar for colors), and (b) corresponding total translocation times for
the different systems considered. Error bars representing the 95% confidence interval are smaller than the data point markers.
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Figure 4. (a) Number of beads within the pore as a function of the pore radius. (b) Average time taken for knot passage events as a function of the
pore radius. (c) Average translocation fraction associated with knot passage events as a function of the pore radius. Error bars representing the 95%

confidence interval are smaller than the data point markers in all cases.

1.1 obtained by both translocation definitions. Note that the
time (7) associated with translocation progress is always
shorter for the irreversible translocation definition (i.e., 7(x™")
< 7(x™) V 7). The total time for translocation for each
definition remains identical however. During the parts of the
translocation roughly corresponding to when the polycatenane
knots pass through the pore, a slowdown in translocation is
indicated by the increase in the instantaneous waiting time in
Figure 2b; this feature will be explored in detail later in the
manuscript. The waiting time peaks in Figure 2b are greater
and narrower for the irreversible translocation definition
(orange line) than for those for the reversible translocation
definition (blue line). Additionally, the peaks associated with
the reversible translocation definition have their corresponding
maxima located at slightly lower values of x.

Since the irreversible translocation definition does not
account for the underlying fluctuations in the translocation
process, the sharp peaks in the waiting time are considered to
be artificially large and not truly representative of the system
evolution. Using the reversible translocation description, one
infers that the polymer knot translocation actually occurs over
a longer portion of the whole translocation process (i.e.,
yielding a broader peak waiting time). Furthermore, the
minimum polycatenane translocation rate is greater than that
described by the irreversible translocation definition (corre-
sponding to the lower waiting time peak maximum values).
These results highlight the importance of using a translocation
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definition that can account for the stochastic fluctuations that
are present in the translocation process. As such, we exclusively
use the reversible translocation definition throughout the
remainder of this work.

Polycatenane Translocation Dynamics Are Not
Proportional to the Pore Radius in the Small Pore
Limit. We focus on understanding the effect of the pore radius
upon the translocation dynamics of the polycatenane by
studying translocation through different crystalline pore sizes,
ranging from r = 1.1 to r = 2.5. The simulation visualizations
presented in Figure S2 visually exemplify how the pore
microstructure aids the translocation of a Hopf link through
the smallest pore size considered in this work (r = 1.1).
Additionally, the FENE bond potential (eq 2) is defined up to
a maximum value of 1.56, so both bond deformation and the
pore microstructure can act to accommodate Hopf link
translocation through the particularly small pores considered
in this work. These pore sizes are smaller than those typically
studied in the literature.>**>*=3">* Ag such, we observe the
emergence of atypical dynamics over the range of pore sizes
that do not follow the archetypal power law behavior observed
over sets of larger pore sizes.

Figure 3a shows the average translocation profiles for each of
the different pore sizes, while Figure 3b shows the average total
translocation time for each system. For the smallest pore sizes
(ie, r < 1.4), the translocation profiles exhibit the same
features with a small decrease in the translocation time
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Figure S. Dynamics of polycatenane translocation in the small pore size limit. Results for simulations with = 1.1. (a) Translocation time (7) as a
function of translocation fraction (x). (b) Waiting time as a function of translocation fraction. (c) Number of beads within the pore as a function of
translocation fraction. Note that the regions of each plot shaded in gray correspond to the periods of translocation during which the polycatenane
knots pass through the pore.

observed as r is incrementally increased. A large jump in the jump in the overall translocation time (Figure 3b), which is
translocation time is then unexpectedly observed between r = approximately three times as large (~3007).
14 and r = 1.5. In the case of the largest pore radius Geometric Constraint on Knot Insertion Controls
considered here, r = 2.5, the translocation profile shows only a Translocation. Figure S shows the translocation profile,
slight slowdown in translocation as each of the Hopf links pass associated waiting time profile, and number of beads within the
through the pore; these features are very similar to the pore as a function of translocation fraction for polycatenane
analogous profile of a catenane previously reported by Caraglio translocation through the smallest pore size considered here (r
et al. for a slightly larger pore radius (r = 3).”* By considering a = 1.1). The analogous results for all of the different pore sizes
range of smaller pore radii, we observe that multiple studied here are shown in the Supporting Information (see
translocation regimes emerge as a function of the pore radius, Figures SS—S7). It might be expected that the translocation of
which cannot be encapsulated by a power law model. For the polycatenane simply is made up of two simple random
simulations of an analogous ring polymer consisting of 160 walk regimes, one describing the parts of the translocation
beads, an analogous large jump is observed (see Figure S3a and when a knot is passing through the pore and another when a
S3b). This indicates that the jump in translocation time is not single ring is passing through. The results presented in this
driven by the topology of the polycatenane alone, although the section show that this simple picture is not a suitable
difference in translocation rate around this jump point is description of the polycatenane translocation. Instead, a
greater for the polycatenane than the ring polymer (by a factor more complex translocation process with a number of
of approximately 4, rather than 3). This universality has not interesting features is observed. This becomes more clear by
previously been demonstrated in the small pore size limit. We breaking down a translocation profile and the associated
note also that the jump is also observed to occur at the same waiting time and instantaneous number of beads within the
critical pore radius for the polycatenane when placed under a pore into two parts. In Figure S, parts of the translocation
greater external force, ie., [f*™!| = 2e5~" (Figure S4). dynamics where knots are passing through the pore are
To understand the translocation of the polycatenane as a highlighted by the gray background shading. We automatically
function of the pore radius, we investigated the statistical identified the passage of knots through the pore as the periods
properties of the knot passage events during translocation. of each trajectory where beads from more than one ring were
Figure 4a shows the average number of polycatenane beads present within the pore interior.
found within the pore over the entire translocation process In the newly annotated translocation profile shown in Figure
(black) and when a knot is (or is not) present in the pore Sa, a number of regimes now emerge more clearly. Initially,
during translocation. As anticipated, we see that there are more translocation of the polycatenane progresses freely as the first
beads in the pore when the knot is passing through, and the ring within the polycatenane passes through the pore. A
average number of beads in the pore is therefore slightly higher slowdown in translocation is then observed as the first knot
than that for the corresponding single-ring polymer system within the polycatenane approaches the pore, rather than upon
(see Figure S3c). Reflecting the large jump in the translocation its actual entry (this slowdown occurs before the first region of
time moving from r = 1.4 to r = 1.5 is the corresponding gray shading). As demonstrated in Figure Sb, the peaks in the
increase in the average number of beads found within the pore. waiting time occur slightly before the knot itself enters the
The comparatively small relative increase in the number of pore. As a knot enters the pore, there is a clear decrease in
beads within the pore itself does not account for the waiting time as a function of x, which corresponds to faster
corresponding large drop in translocation time. Furthermore, translocation as the knot itself passes through the pore. We
the average time taken for the polycatenane knots to pass also see that the number of beads within the pore rises slightly
through the pore, (A7), is shown in Figure 4b, and the immediately before the knot itself enters the pore but rises to
corresponding average translocation fraction, (Ax), for knot its maximum value after the knot actually enters the pore (see
passage is shown in Figure 4c. The difference in A7 between r Figure Sc), when the translocation rate has increased. As the
= 1.4 and r = 1.5 is less than 307, so the difference in total knot knots exit the pore, there are small associated local maxima in
translocation time (3 X 307 = 907) cannot alone account for the waiting time results before they are freed. After the final of
3242 https://doi.org/10.1021/acs.macromol.2c02565
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Figure 6. (a) Probability densities of the polycatenane orientation inside the pore at the point of knot insertion for r = 1.4, 1.5, and 2.0. (b)
Shannon entropy of these probability densities as a function of the pore radius. The maximum entropy of the distributions is shown by the pink line

(max(S) = log(N) for a uniform distribution with length N).

the three knots has passed through the pore, there is an
increase in the translocation rate. This is an entropic effect: the
polymer tail quickly retracts through the pore at the end of the
translocation process as the slack in the polycatenane is
released.'”'® Given that the slowdown of translocation actually
occurs in the time immediately preceding the beginning of
each knot translocation, understanding the origin of this
slowdown will help to uncover the underlying mechanism that
controls translocation rates as a function of the pore radius.

We can also now make direct comparison to a recently
reported experimental translocation profile of a poly[4]-
catenane,™* where the measured translocation blockade current
is inversely proportional to the amount of DNA instanta-
neously found within a pore (see Figure 2 in ref 44). In
addition to the number of beads within the pore as a function
of translocation fraction, as shown in Figure Sc, we present the
number of beads within the pore as a function of time for some
different simulations in Figure S8. We note the agreement
between these simulation-derived results to those reported by
Rheaume and Klotz, with the three peaks each of the plots in
Figure S8 corresponding inversely to their experimentally
measured profile.

While the pores were generated with a specific radius, at
such small pore sizes the structure of the pore interior within
the FCC crystal is not perfectly cylindrical (see Figure S2).
This microscopic pore structure can be demonstrated by
considering the probability distributions of the relative
orientation that the polycatenane rings adopt while passing
through the pore (Figure S9). The changes in pore structure
place specific constraints on the polycatenane. In the small
pore size limit, the internal structure of the pore is clearly
evident: the probability densities of polycatenane orientation
(shown in Figure S9a—d) show that the polycatenane is
restricted to adopting specific orientations within the pore at
all times, not just at knot insertion, whereas this changes before
the probability density becomes effectively uniform at large
pore sizes.

Interestingly, the orientation of the polycatenane ring
already within the pore at the point of knot entry provides a
clear mechanism for the unexpected translocation dynamics as
a function of pore size. Figure S10 shows the probability
densities of the ring orientation inside the pore at the time of

these specific events. After consideration of the symmetry in
the probability densities in Figure S9 (which arises due to
interactions between the polymer rings and the internal
structure of the pore), these distributions are presented such
that if @ > 90°; then, a conversion is applied (6 — 90 — ) to
reflect this underlying symmetry and also to reduce noise in
the statistics. Figure 6a shows the probability densities of the
ring orientation at the point of knot insertion for selected pore
sizes.

Note that the distributions for small pore sizes show a more
restricted range of angles than the corresponding distributions
that describe the insertion angle of the polycatenane at all
points of the translocation process rather than just the knot
entry events (see Figure S10). This highlights that the
polycatenane rings must adopt a very specific orientation in
pores with r < 1.4 to allow the next ring to enter the pore. This
requires significant reorganization of the chains within the
pore, which in turn is responsible for the hindered trans-
location before knot insertion. A wider range of orientation
angles is found for r < 1.5 (with the most probable value of
45°) as the pore both increases in size and changes shape. For
the largest pores (r > 2.0), the distributions are essentially
uniform, although noise inherent in the distributions prevents
the theoretical maximum entropy from being reached. The
Shannon entropy of these distributions (Figure 6b) highlights
the constraints on chain orientation to allow knot insertion in
the smallest pores. A large jump in S between r = 1.4 and r =
1.5 suggests that a greater number of possible orientations
becomes available as the pore size increases slightly, which
greatly increases the rate of knot insertion into the pore. In
turn, this leads to the large drop in total translocation time
observed in Figure 3 between r = 1.4 and r = 1.5.

B CONCLUSIONS

This work exemplifies the value of high-throughput molecular
simulations in understanding the complex translocation
behavior of a model polycatenane. An important feature of
our study is indeed the large number of replica simulations
performed (140 per pore radius): only with this great amount
of data does the underlying mechanism of translocation control
clearly emerge from the underlying dynamical stochasticity.
Furthermore, care was taken to understand the ramifications of
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the exact translocation definition used to model the dynamics,
which has been often overlooked in the literature. We propose
that our reversible translocation definition provides a suitable
framework since it accounts for the stochastic fluctuations that
are present in the translocation process. These careful technical
considerations allowed us to unravel the mechanism that drives
the translocation dynamics of the polycatenane through a
crystalline pore. Interestingly, considering the number of beads
within the pore in isolation did not resolve the pore size effects.
The unexpected sudden jump in translocation time can be
rationalized by the observation that a greater number of
possible orientations become available as the pore size
increases slightly from r = 1.4 and r = 1.5, which greatly
increases the rate of knot insertion into the pore. Therefore,
the rate of insertion of knots into the pore controls the overall
translocation rate, rather than jamming of the knots within the
pore itself.
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