7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

Structure and dynamics of double-stranded DNA

’ M) Check for updates ‘
rotaxanes?

Cite this: Nanoscale, 2024, 16, 4317

Yeonho Song ‘2 and Jun Soo Kim 2 *

A DNA rotaxane, with its uniqgue mechanically interlocked architecture consisting of a circular DNA mole-
cule threaded onto a linear DNA axle, holds promise as a fundamental component for nanoscale func-
tional devices. Nevertheless, its structural and dynamic behaviors, essential for advancing molecular
machinery, remain largely unexplored. Using extensive all-atom molecular dynamics simulations, we
investigated the behaviors of double-stranded DNA (dsDNA) rotaxanes, concentrating on the effects of
shape distortion induced by torsional stress in small circular dsDNA containing 70-90 base pairs. We ana-
lyzed structural characteristics, including shape, intermolecular distances, and tilt angles, while also
exploring dynamic properties such as translational diffusion and toroidal rotation. Our results indicate that
shape distortion brings the circular and linear dsDNA components into closer proximity and causes a
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slight increase in translational diffusion yet a minor decrease in toroidal rotation. Nevertheless, there is no
apparent evidence of coupling between translation and rotation. Overall, the insights from this study indi-
cate that such shape distortion does not significantly alter their structure and dynamics. This finding pro-
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Introduction

A rotaxane is a mechanically interlocked structure composed
of a circular molecule threaded onto a linear axle.' Over the
last half-century, there has been significant advancement in
the study of supramolecular rotaxanes, setting the stage for
their application in molecular switches, machines, and
sensors.>™ More recently, rotaxanes have been proposed as
functional units for crafting novel polymer architectures,
including main-chain polyrotaxanes and slide-ring gels.®”® The
advent of DNA nanotechnology in recent years has opened the
door to the development of DNA-based rotaxanes.”?
Specifically, double-stranded DNA (dsDNA) rotaxanes feature a
small circular dsDNA molecule less than 200 base pairs (bp) in
length and a linear dsDNA axle threading through the circular
component. There has been substantial progress in the syn-
thesis of dsDNA rotaxanes, and they have been proposed as
nanoscale switches capable of responding to external triggers
such as light.*°

The versatility of rotaxanes stems from their capacity to
govern the movement of the macrocycle along the linear
axle.>™ Thanks to the non-covalent and topological link
between circular and linear dsDNA molecules, the circular
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vides flexibility for the design of DNA rotaxanes in nanoscale applications.

component exhibits the ability to move and rotate along the
linear one. By customizing the circular component, for
instance, through functionalization with stimuli-responsive
polymers or DNA-binding proteins,'* it can serve as a proces-
sivity unit within nanoscale machinery. The development of
such processive molecular systems necessitates a comprehen-
sive understanding of the structure and dynamics of dsDNA
rotaxanes. However, the structural and dynamic characteristics
of the processive circular component in DNA rotaxanes have
yet to be fully explored.

Here, we present extensive all-atom molecular dynamics
(MD) simulations of dsDNA rotaxanes, which are formed
through the mechanical interlocking of a small circular
dsDNA molecule (ranging in length from 70 to 90 bp) with a
linear dsDNA axle, as illustrated in Fig. 1. Hereinafter, we will
refer to dsDNA as simply DNA, and the small circular DNA
molecule as the DNA minicircle. In this work, we used DNA
sequences of repeating AT/AT dinucleotides both for the linear
DNA axle and the DNA minicircles. Double-stranded DNA,
known for its stiffness and rigidity,'® can undergo structural
disruption and shape distortion when sharply bent into small
DNA minicircles. Such structural disruptions in small DNA
minicircles less than 70-80 bp has been reported in experi-
ments and MD simulations.'” > To mitigate the likelihood of
such structural disruptions, using DNA sequences with high
flexibility is advantageous. The sequences of repeating AT/AT
dinucleotides are recognized for their high flexibility without
any inherent structure bias.>****° Hence, these sequences are
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(a)

Fig. 1 (a) A snapshot of a DNA rotaxane captured using the visualiza-
tion software, VMD.'® In this figure, the DNA molecules have sequences
of (AT),/(AT), with n = 41 and 16 for the circular and linear DNA mole-
cules, respectively. This corresponds to lengths of 82 bp and 32 bp. The
linear DNA molecule, aligned in the z direction, has its ends connected
to each other by the application of periodic boundary conditions (PBC).
A gray plane, drawn parallel to the linear DNA, serves as a guide to the
eye. Transparent linear segments outside of the gray plane represent
periodic images of the linear DNA segment. Water molecules and Na*
and CL™ ions are hidden for ease of visualization. (b) Snapshots from the
side and front views of a DNA rotaxane. The parameters defined in the
figure are used to characterize the structure and dynamics of the rotax-
ane; 0 represents the tilt angle between the minicircle and the linear
axle, ¢ denotes the toroidal angle of the DNA minicircle, and Fi(t) is the
vector from the linear axle to ith base pair of the minicircle.

likely to be more stable in DNA minicircles where sharp
bending is required. It is noted that in previous experiments
on DNA rotaxanes™'®' DNA minicircles contain short seg-
ments of AA/TT repeats, known as A-tracts, at several positions.
These A-tracts are recognized to form intrinsically bent
structures,”*® which aid in stabilizing the sharp bends of
DNA minicircles. However, in our approach, we opted for the
AT/AT dinucleotide sequences, which are inherently flexible
and devoid of intrinsic structure. This choice was made to
avoid potential design constraints that might arise from incor-
porating A-tracts. Specifically, we conducted MD simulations
on DNA minicircles composed of several lengths of AT/AT
repeats, while keeping the number of helical turns constant.
Although these sequences are highly flexible, the sharp
bending required to form small DNA minicircles may still lead
to structural disruptions and shape distortions, depending on
the torsional stress determined by their length and the
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number of helical turns. This allowed us to examine how tor-
sional stress-induced DNA distortion affects the structure and
dynamics of DNA rotaxanes.

Previously, several research groups have reported all-atom
MD simulation studies involving small DNA minicircles with
lengths <200 bp,>°72>?7733 examining structural features under
various torsional states. Nonetheless, to the best of the
authors’ knowledge, there has been no prior report on all-
atom MD simulations of DNA rotaxanes. On the other hand,
there has been several reports on computational studies on
polyrotaxanes (mechanical interlocking of several circular
molecules threaded by a linear axle) and polycatenanes
(mutual mechanical interlocking of several circular mole-
cules), employing generic polymer chain models to explore the
general features of polyrotaxanes and polycatenanes depend-
ing on the model parameters.**~*° All-atom MD simulations of
DNA rotaxanes in this work can complement these approaches
by providing more detailed information at all-atom level.

Results and discussion

In this work, DNA rotaxanes are composed of a linear DNA
axle and a DNA minicircle, as shown in Fig. 1, both of which
have sequences of repeating AT/AT dinucleotides. For the
linear DNA axle, we used a 32 bp-long sequence of (AT);¢/
(AT);6 with both its ends connected to each other by imposing
the periodic boundary condition (PBC), mimicking an infi-
nitely long molecule. As for the DNA minicircle, four lengths
were considered with the sequences of (AT),/(AT),, with n = 35,
38, 41, and 45, corresponding to the number of base pairs of
Npp = 70, 76, 82, and 90, respectively. Given that torsional
stress varies with Ny, while maintaining a fixed linking
number (L, representing the number of helical turns in a DNA
minicircle constrained in a plane), our selection of DNA
lengths provides an opportunity to investigate the effects of
torsional stress-induced DNA distortion on the structure and
dynamics of DNA rotaxanes. The magnitude of torsional stress
is quantified using the super helical density, s, which is
defined as ¢ = (Ly — Lio)/Lio, as listed in Table 1. In this

Table 1 Summary of DNA minicircles investigated in this study. Ny,
represents the number of base pairs, and L, denotes the linking number
as discussed in the text. The superhelical density ¢ is defined by ¢ = (L, —
Lko)/Lxo, Where Lyq is the number of ideal helical turns, calculated using
the average twist angle of the corresponding linear molecules. D; and D,
are the translational and rotational diffusion coefficients, respectively,
determined by linear fitting of the mean square displacement (MSD). D',
converts D, from units of degree® ns™* to cm? s™2. Errors in Dy, D,, and
D', represent the standard deviations estimated from four independent
simulations conducted for each DNA rotaxane

Npp Ly © D¢ (1077 em?® s™") D, (degree®* ns™") D', (1077 em?s™)
70 8 +0.201 2.7 +£0.4 16.8 + 0.4 6.1+0.1
76 8 +0.106 2.8+0.5 14.0+1.5 6.4+0.7
82 8 +0.025 2.4+0.3 13.7+0.7 7.7+0.4
90 8 -0.066 2.7 £0.3 9.8+1.0 6.2+0.6

This journal is © The Royal Society of Chemistry 2024
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equation, Ly, represents the number of helical turns predicted
based on the average twist angle of the corresponding linear
molecule. When ¢ is close to 0, it indicates minimal torsional
stress, while values less or greater than 0 signify under-twisting
or over-twisting of the DNA minicircle, respectively. Among the
four DNA minicircles, the one with Ny, = 82 and L = 8 exhibits
a o value of +0.025, which is closest to 0 and therefore experi-
ences the least influence from torsional stress. In contrast, the
minicircles with Ny, = 76 and 70 at the same L; are signifi-
cantly over-twisted, whereas the minicircle with N, = 90 is
under-twisted.

Fig. 2 illustrates two structural features of DNA rotaxanes:
the shape of a DNA minicircle throughout the simulation and
the distribution of the linear DNA axle in relation to the DNA
minicircle. Initially, the focus is on the shape of the DNA mini-
circle, revealing its length dependence induced by torsional
stress, as demonstrated in the final snapshots depicted in
Fig. 2(a) and Fig. S1 of the ESIT and the helical axes illustrated
in Fig. 2(b) and Fig. S2 of the ESL} The helical axes, which
trace the path of the DNA double helix, were obtained using
the Curves+ software,’® and its time-dependent variation is
depicted by closed curves with varying color in Fig. 2(b).

When Ny, = 82, the DNA minicircle predominantly main-
tains a circular configuration, aligning with our earlier asser-
tion that it experiences minimal torsional stress, as reflected
in the smallest value of 6. However, for Ny, values other than
82, the shape deviates significantly from a perfect circle. DNA
minicircles with Ny, < 76 are over-twisted, leading to structural
disruptions in the DNA double helix. This structure disruption

(@) n,, =70
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results in an almond-like shape for Ny, = 76 and partial super-
coiling at Ny, = 70 due to increased torsional stress. In con-
trast, minicircles with Ny, = 90 are under-twisted, resulting
again in structural disruptions and adopting an elliptical
shape. Previously, structural disruptions of small DNA minicir-
cles have been reported under various torsional states by all-
atom MD simulations.?°~>22728:30:33 The structural disruptions
observed in the DNA minicircles in this study qualitatively
agree with findings from previous research.

Qunatitative identification of structural disruptions in
small DNA minicircles has been previously achieved by observ-
ing sudden changes in the inter-base-pair roll angle*® or
through base-pair opening events.>** In this work, we calcu-
lated the hydrogen bond distances between A-T bases in each
base pair, which helped in identifying base-pair opening, and
the roll angles between consecutive base pairs to gauge the
extent of DNA bending. These calculations are detailed in
Fig. S3-S6 of the ESI.{ Hydrogen bond distances exceeding the
range of 0.2-0.4 nm are indicative of base-pair opening, while
large negative values of the roll angle are characteristic of kink
formation in the DNA structure. Our results demonstrate that
minicircles with Ny, = 82 typically exhibit zero or one kinked
site. Conversely, minicircles with different Ny, values (Ny, #
82) display two or three kinks. This finding correlates with
largely circular shapes for N, = 82 and distorted shapes for
those with other Ny, values.

Secondly, the spatial relationship between the DNA minicir-
cle and the linear axle is visualized in Fig. 2(b) with the linear
DNA axle’s position marked by colored dots within the DNA
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Fig. 2 (a) Representative final snapshots of DNA rotaxanes captured using the visualization software, VMD.'® The labels Npp =70, 76, 82, and 90 in
each panel denote the lengths of the DNA minicircles in the rotaxanes. Water molecules and Na* and Cl™ ions are hidden for ease of visualization.
(b) The temporal evolution of the DNA minicircle shape is visualized through closed curves with varying colors that represent time changes (refer to
the upper color bar to the right of the figure for the time sequence), while the probability distribution of the linear DNA axle's position relative to the
DNA minicircle is illustrated by the colored dots within each minicircle (refer to the lower color bar to the right of the figure). The helical axis of the
minicircle, indicative of its shape, was calculated using the Curves+ software.*® Although DNA minicircles rotate with time, the simulation trajec-
tories were converted such that the DNA minicircle at later times is fitted to the initial structure and hence, it appears that the DNA minicircle does
not rotate. The results in (a) and (b) are derived from one representative simulation out of four independent simulations conducted for each DNA
rotaxane. All other results are presented in Fig. S1 and S2 of the ESI.{
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minicircle. The simulation trajectories were adjusted so that
the DNA minicircle in subsequent times is fitted to the initial
structure. Hence, the distribution of the linear DNA axle is cal-
culated relative to this fixed DNA minicircle. For N, = 82 and
90, the linear DNA axle remains relatively distant from the
helical axis of the DNA minicircle, with an average minimum
distance of 3.34 and 3.24 nm, respectively (see Fig. S7 of the
ESIt). In contrast, for Ny, = 70 and 76, the linear axle occasion-
ally moves closer to the DNA minicircle, with an average
minimum distance of 2.62 and 2.57 nm, respectively (illus-
trated in Fig. S1 of the ESIT). Such results indicate that, at Ny,
= 70 and 76, the interactions between the circular and linear
DNA components can be notably pronounced during
simulations.

The snapshots captured in Fig. 2(a) vividly depict the proxi-
mity of the linear DNA axle to the distorted DNA minicircle,
particularly evident for Ny, = 70 and 76. The images suggest a
conformation where the linear DNA axle appears to be com-
pacted within the confines of the deformed DNA minicircle.
We conducted separate MD simulations of a system containing
only a DNA minicircle without a linear DNA axle. Notably, in
one of the two 1 ps-long simulations of a DNA minicircle with
Ny, = 70, we observed a supercoiled conformation, as illus-
trated in Fig. S8 of the ESL{ However, none of the four MD
simulations of the DNA rotaxanes with Ny, = 70 manifested a
supercoiled structure of the DNA minicircle. This discrepancy
can likely be attributed to the electrostatic repulsion between
the circular DNA and the interlaced linear DNA in the rotax-
anes, which counteracts the formation of a supercoil. The pres-
ence of the linear DNA axle in the center acts as a spatial con-
straint, preventing the DNA minicircle from adopting a fully
supercoiled conformation. Yet, torsional stress seems to
propel the DNA minicircle into a constricted shape, intensify-
ing its interactions with the linear DNA axle.

Given this intensified interaction, particularly for Ny, = 70
and 76, one might surmise that the linear DNA axle’s helical
structure could potentially influence the DNA minicircle’s
dynamics. It was hypothesized that there might be a corre-
lation between the translational movement (variation along
the z direction) and the toroidal rotation (angle ¢ variation) of
the DNA minicircle as it traverses the linear DNA axle’s double
helix. However, further analysis reveals no substantive evi-
dence to support the notion of such coupling between transla-
tional and rotational movements, as will be discussed below.

In addition, we calculated the tilt angle, 6, of the DNA mini-
circle relative to the linear axle, as defined in Fig. 1(b), to gain
further insights into the structure of DNA rotaxanes. For the
calculation of 0, we defined its complementary angle, ¢, as the
angle between the principal axis of the DNA minicircle and the
z axis, along which the linear DNA axle is aligned. The prob-
ability distribution of 6 is presented in Fig. 3(a). In this calcu-
lation, we disregarded the orientation of the DNA minicircle’s
principal axis around the z axis. Simulation results indicate
that the highest probability distributions for @ fall between 70°
and 809, rather than at 90° corresponding to the arrangement
of the DNA minicircle perpendicular to the linear axle. This
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Fig. 3 Characterization of tilt angle, 6, of the DNA minicircle relative to
the linear DNA axle, which is aligned along the z axis as depicted in
Fig. 1(b). (a) Probability distributions of 4. (b) Modified probability distri-
butions of 0, calculated by dividing the probability distributions by the
area element of dA = 2xsin #'d¢’, where ¢ is the angle complementary
to 6 and is defined as the angle between the principal axis of the DNA
minicircle and the linear axle.

observation is attributed to the orientational entropy of the
principal axis around the linear axle. As 6 decreases from 90°
or @' increases from 0°, the principal axis of the DNA minicir-
cle has more potential orientations around the linear axle, pro-
portional to the area element of dA = 2z sin 8'd¢’, which rep-
resents the area where the normalized principal axis of the
DNA minicircle can point, given the principal axis in the range
between 0" and @’ + d0’ along the z axis.

An initial observation reveals that the probability distri-
bution in Fig. 3(a) leans toward smaller angles as Ny,
increases. Fundamentally, this shift can be understood based
on the growth in size of the minicircles with increasing Nyp,.
Naturally, larger DNA minicircles possess greater freedom for
tilting motion relative to the linear DNA axle. Intriguingly,
however, the probability distributions are quite similar for Ny,
values of 70 and 76, and again for 82 and 90. This pattern
appears to be a results of the shape distortion observed in
DNA minicircles. The minicircles with Ny, = 70 and 76 are pre-
dominantly elliptical, wrapping more tightly around the linear
axle, thereby restricting the minicircle’s tilting motion to the
similar extent. Even though the minicircle with Ny, = 90 exhi-
bits an elliptical shape, its larger size allows the tilting motion

This journal is © The Royal Society of Chemistry 2024
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of the minicircle to some extent. This leads to a probability
distribution for 6 that appears similar with that of N, = 82.

To remove the influence of orientational entropy of the
minicircle’s principal axis around the linear axle, we adjusted
this probability distribution by dividing it by the area element
dA = 2nsin #’d@'. The modified probability distributions peak
at @ = 90°, as shown in Fig. 3(b), corresponding to the DNA
minicircle aligning perpendicular to the linear DNA axle.
Notably, the modified probability distribution around 8 = 90°
is more constrained for Ny, = 70 and 76, whereas it is broader
for Ny, = 82 and 90. This suggests greater freedom in tilting
motion for Ny, = 82 and 90.

Dynamic properties of DNA rotaxanes were examined by
assessing translational displacements and toroidal rotations of
a DNA minicircle. Translational displacements were deter-
mined by monitoring changes in the minicircle’s position z(t)
along the z direction, as shown in Fig. S9-S12 of the ESL.f The
translational mean square displacement (MSD), defined as
{(z(t) - 2(0))*), was calculated over time by adding all the tra-
jectories from the four independent simulations for each DNA
rotaxane, as shown in Fig. 4(a). Toroidal rotations were
assessed by measuring variations in the angle ¢ around the
linear axle, as shown in Fig. S13-S16 of the ESL{ The
rotational MSD, defined as {(¢(t) — ¢(0))*), was also computed
by adding all the trajectories from the four independent simu-
lations for each DNA rotaxane and is presented as a function
of time in Fig. 4(b).

From the linear relation of MSD = 2Dt, the translational
diffusion coefficient, D;, was calculated by fitting the transla-
tional MSD to a linear line within the time interval between 5
and 10 ns, as presented in Table 1. This time interval, indi-
cated by dashed lines in Fig. 4(a), was chosen because the
translational MSDs calculated separately for the four simu-
lations of each DNA rotaxane were converged well in this time
interval, as is shown in Fig. S17 of the ESI.f While extending
the duration of MD simulations to tens or hundreds of micro-
seconds could enhance the convergence of the MSD over
longer periods, such an undertaking exceeds our present com-
puting resources. Therefore, we plan to address this in our
future research efforts. Treating the toroidal rotation as
1-dimensional diffusive process, we also calculated the
rotational diffusion coefficient D, by fitting the rotational MSD
to a linear line. The values of D, were also obtained within the
time interval between 5 and 10 ns and presented in Table 1.
The rotational MSDs from the four simulations for each DNA
rotaxane are presented in Fig. S18 of the ESL{

Notably the translational diffusion coefficients, D, listed in
Table 1 agree well with the experimental measurement, 3.2 x
1077 em? s7%, for linear DNA fragments of 80 bp in aqueous
solutions.*! This consistency validates the effectiveness of our
model in simulating the diffusion of DNA molecules. In
addition, there are a group of DNA-binding proteins that wrap
around and move processively along DNA, called sliding
clamps.”>*® Recently, using the similar computational
model,*® the translational diffusion of a proliferating cell
nuclear antigen (PCNA) protein, one of the sliding clamps, was

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Translational and rotational mean square displacements (MSD)
of DNA minicircles. (a) Translational MSD, ((z(t) — z(0))?), plotted as a
function of time. The dashed lines represent the time interval between 5
and 10 ns, during which the diffusion coefficients were calculated. This
interval was selected based on the convergence of MSDs from four
independent simulation sets for each Ny, within this range. (b)
Rotational MSD, ((¢(t) — $(0))?), as a function of time, with ¢ measured
in degrees. Error bars are the standard deviation estimated from four
independent simulations conducted for each DNA rotaxane. The dashed
lines again highlight the time interval used for calculating the diffusion
coefficients.

estimated to be ~3 x 107® ecm® s7', an order of magnitude
smaller than that of DNA minicircles calculated in this work.
This disparity can be attributed to electrostatic interactions: a
negatively charged DNA minicircles have repulsion from a
negatively charged linear DNA axle, while a PCNA protein con-
tains positively charged residues that create attractive inter-
actions with a negatively charged DNA axle. Hence, it becomes
evident that the translational diffusion of a DNA minicircle is
significantly faster than that of a PCNA protein.

For all DNA minicircles examined in this work, the slopes
of the translational MSD, as shown in Fig. 4(a), and the values
of Dy, as presented in Table 1, are largely the same. However,
an exception was found in the case of the DNA minicircle with
Npp = 82. This particular DNA minicircle exhibited a slight
deviation in its translational MSD and a marginally smaller D,
value compared to the others. The errors of D, were derived
from the standard deviation of linear fits across the four simu-
lations for each DNA rotaxane. Currently, the reason for the

Nanoscale, 2024,16, 4317-4324 | 4321
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slightly reduced translational diffusion estimated for the DNA
minicircle with Ny, = 82, relative to the others, remain unclear.
However, given that the D, values overlap within the error
margins, a more definite conclusion may require even more
extended simulations, possibly spanning several tens of
microseconds.

On the other hand, both the slopes of the rotational MSD,
illustrated in Fig. 4(b), and the D, values, presented in Table 1,
exhibit a decrease with the increasing value of Ny,. This trend
reflects the extension of the contour length accompanying the
increase in Ny;,. As the DNA minicircle enlarges, a specific dis-
placement during toroidal rotation yields a reduced angular
variation (measured in degree). Consequently, for an equi-
valent spatial displacement during toroidal rotation, the resul-
tant angular variation diminishes as Ny, increases. Notably,
the D, values for Ny,, = 76 and 82 closely match. This suggests
that the toroidal rotation of Ny, = 82 is faster than that of Ny,
= 76, likely due to the shape distortion of the DNA minicircle
with Ny, = 76.

To ensure an equitable comparison of rotational diffusion
across DNA minicircles, independent of their sizes, we con-
verted the rotational diffusion coefficient D, (expressed in
degree® ns™") into an alternative form D', (expressed in cm?
s™!). To convert the angular variation into a distance change
during toroidal rotation, we applied a correction factor of
(2n(r)/360)%, where (r) represents the average size of the DNA
minicircle. The resulting D', values are provided in Table 1. A
comparison of the D', values among DNA minicircles reveals
that the rotational diffusion is faster for the DNA minicircle
with Ny, = 82 than the others. We hypothesize that this differ-
ence arises from variations in their shapes. Specifically, the
minicircle with Ny, = 82 maintains a circular form, while those
with different Ny, values become distorted into ellipses. In a
scenario where an elliptical DNA minicircle undergoes toroidal
rotation around its principal axis, the DNA base pairs must
displace water molecules from their anticipated circular path,
thereby impeding their movement. In contrast, during the tor-
oidal rotation of a perfectly circular DNA structure, there are
no water molecules obstructing the circular path of the DNA
base pairs. Instead, the synchronized movements of adjacent
base pairs create space for toroidal rotation.

Considering the differential effects of DNA shape distortion
on translation and rotation, we postulated the existence of a
potential interplay between the translational motion of a DNA
minicircle and its toroidal rotation along the helical structure
of a linear DNA axle. To explore this potential coupling, we
concurrently plotted variations in the z position and angle ¢,
as illustrated in Fig. 5. In this presentation, each data point
corresponds to a (z, ¢) pair for each time step throughout the
2 ps simulations. To enhance clarity, we applied linear fits to
the (z, ¢) variations at 20 ns intervals, represented by thick
linear lines.

If there is a coupling between translation and rotation
along the double helix of a linear DNA axle, we would antici-
pate the slope of the linear fit to be (a helical turn)/(DNA
length for a turn) = 360°/3.45 nm = 104.4° nm™". This antici-
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Fig. 5 Representative trajectories of a DNA minicircle in rotaxanes
(depicted as colored scattered dots) in the space of the rotational angle,
¢, and the position, z, along the linear axle. The color bar on the right
reflects the time evolution. The triangle on the right serves as a guide to
the eye, representing the slope for perfect coupling between transla-
tional and rotational motions, which is 104.4° nm™. This value corres-
ponds to the helical pitch of the DNA double helix, relating to the back-
ward-forward movement of a DNA minicircle along the major/minor
grooves. Bold linear lines superimposed on the scattered plots show the
linear fits of the (z, ¢) variations over each 20 ns interval. The slopes of
these fitted lines are substantially lower than 104.4° nm™2, demonstrat-
ing a negligible coupling between translational and rotational
movements.

pated value is denoted by the triangle at the bottom right of
each panel. However, the slopes of the linear fits calculated
within 20 ns intervals mostly fall significantly below this
104.4° nm™", suggesting the absence of translation-rotation
coupling. This could be due to the large size of the DNA mini-
circle and the strong electrostatic repulsion between the DNA
minicircle and the linear DNA axle. These factors are likely
responsible for ensuring that the dynamics of the DNA mini-
circle remain uninfluenced by the helical structure of the
linear DNA axle. Interestingly, recent MD simulations have
also demonstrated weak coupling between translation and
rotation for PCNA proteins.***3

Conclusion

In summary, we conducted extensive all-atom MD simulations
on DNA rotaxanes, comprising a small DNA minicircle and a
linear DNA axle. Our analysis delved into the structural and
dynamic properties of these rotaxanes, focusing on the shape,
spatial distribution, and tilt angles of the DNA minicircle in

This journal is © The Royal Society of Chemistry 2024
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relation to the linear DNA axle, and its translational and
rotational diffusive behaviors along this axle. A particular
focus is the impact of shape distortion in the DNA minicircle
induced by torsional stress. We achieved this by simulating
DNA minicircles of varying lengths while keeping the linking
number consistent. Notably, while the DNA minicircle with
Npp = 82 predominantly exhibited a circular form, those with
Ny, =70 and 76 and that with Ny, = 90 manifested over-twisted
and under-twisted configurations, respectively. Shape distor-
tion of the DNA minicircle into an elliptic shape led to a
tighter spatial relationship between the circular and linear
DNA components and causes a slight increase in translational
diffusion yet a minor decrease in toroidal rotation. The
reasons behind these observations are deferred to our future
efforts. We also concluded from our results that there is no dis-
cernible coupling between translational and rotational
motions.

Several other factors can influence the structure and
dynamics of DNA rotaxanes, notably the DNA sequence and
ion concentration. In our simulations, we exclusively used
DNA molecules with repetitive AT/AT dinucleotide sequences.
Altering these DNA sequences could modify the flexibility of
the DNA, thereby affecting the stability of sharply bent DNA
minicircles. Moreover, all simulations were conducted at a
NaCl concentration of 0.150 M. It is important to note that
changes in ion concentration can alter electrostatic inter-
actions between DNA molecules, which may have consequen-
tial effects on the structure and dynamics of DNA rotaxanes.
These elements will be taken into account in our future
research.

The emerging field of nanoscale machinery, especially with
DNA rotaxanes, presents significant promise. Utilizing DNA-
binding proteins or harnessing sequence-specific hybridiz-
ation with additional DNA strands could lead to the develop-
ment of sophisticated DNA rotaxane-based devices.'® Selecting
the appropriate sequence and length of DNA minicircles is
crucial in the assembly of DNA rotaxanes, as it significantly
influences their interaction with proteins or other DNA
strands. Concerns might arise regarding the potential for
structural disruptions and shape distortions in DNA minicir-
cles due to specific DNA sequences and lengths. However, our
research indicates that such structural disruptions do not
markedly impact the overall structure and dynamics of DNA
rotaxanes. This insight allows for greater flexibility in the
design of dynamic DNA rotaxanes, enabling the selection of
DNA minicircles’ sequence and length without undue worry
about shape distortion.

Methods

All the simulations were performed using GROMACS v2019.5
software with the PARMBSC1 force field** and CUFIX correc-
tion*® for DNA molecules. Water molecules were considered
using the rigid TIP3P model and 0.150 M of Na* and CI~ ions
were explicitly modeled using Joung and Cheatham para-
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meters*® with CUFIX correction.*> The initial rotaxane struc-
ture was generated using the Nucleic Acid Builder (NAB)
program in AmberTools16.”” This structure consisted of a
linear DNA axle threading through a DNA minicircle in a hex-
agonal simulation box, as shown in Fig. 1. The 32 bp-long
linear DNA was aligned along the z direction, and the PBC was
applied to connect both ends. For each simulation, an initial
MD equilibration was carried out for 300 ns, at 300 K and 1
bar. The equations of motion were integrated numerically
using a leapfrog algorithm with a time step of 2 fs.
Temperature coupling employed the V-rescale method, while
semi-isotropic Parrinelo-Raman pressure coupling was applied
in the xy direction, with the z direction box size held constant.
Thermostat and barostat time constants were set at 0.1 ps and
2.0 bar, respectively. Compressibility for pressure control in
the lateral direction was set to 4.5 x 107> bar™". In the sub-
sequent production runs, the same MD simulations were
extended to a duration of 2u each. Nevertheless, a weak
restraint was applied to the linear DNA axle. This is to counter-
act the ease of rotation around its longitudinal axis that is
induced by the application of PBC, which, without such a
restraint, would result in an overly facile rotational behavior
not typically observed in natural conditions. For each DNA
rotaxane, we conducted four independent MD simulations,
resulting in a cumulative duration of 8 ps for each DNA rotax-
ane. Our analysis primarily centered on characterizing the
structural features of DNA rotaxanes and examining the
dynamics of a DNA minicircle along a linear axle.*"*> Fig. 1
provides an overview of the simulation system and the para-
meters used to characterize the structure and dynamics of the
rotaxane in this work, including the tilt angle @ between the
minicircle and the linear axle and the toroidal angle ¢ of the
DNA minicircle. Curvilinear helical axes of minicircles, pre-
sented in Fig. 2, were calculated using the Curves+ software.*’
Simulation inputs and data for production runs of all DNA
rotaxanes in this work and representative movies are available
from a github repository.*®
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