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MODEL

The superhelix monomers are connected to their first
neighbors by means of stiff bonds. The only non-bonded
interaction to which the monomers are subject is a short-
ranged excluded volume, enforcing steric hindrance and
preventing the chain from the self crossing. This stan-
dard model of the polymers is then provided with bend-
ing and torsion potentials, whose reference angles are
parametrized based on a native structure. We use the
standard Kremer-Grest model of chains [1, 2]. The su-
perhelix chain is described as a collection of identical
monomers, connected by FENE bonds [3]. The only non-
bonded interaction among the monomers is a purely re-
pulsive Weeks-Chandler-Anderson (WCA) [4] potential.
Triplets and quadruplets of subsequent monomers inter-
act via bending and torsion potentials, respectively.

The total potential energy of the system is:
V= UWCA + UFENE + Ubending + Utorsion (1)

The WCA potential is given by:

1
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on 12 o\ 6
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0 otherwise

and the FENE potential reads:
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where d; ;11 = |F; — 7;41| is the distance of the monomer
centers ¢ and ¢ + 1, Ry is the maximum bond length and
Kfene is the FENE interaction strength. Note that the
diameter o of the monomer is taken as the length unit,
and corresponds to the separation between two consec-
utive monomers; all distances are expressed in reduced
units. The WCA strength ¢ is taken as the energy unit,
and the FENE bond constant & fene was set to 30e as it
is customary for the Kremer-Grest model [1, 2].
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FIG. 1. In this plot we show the distribution of the intermolec-
ular bending (6?) and torsional (¢?) angles of the superhelixes
in their native state for Kpenda = Ktor = 100kgT, where i is
the index of the monomers of the superhelix.

The bending and torsion potentials are:

N-2
Ubending = »_, Kbena(0; — 09)
wos
Usorsion = ; Ui (4)
with:

U™ = Kior (coS(¢ ¢)) + ECOS( 3(di — ¢?))>

09 and ¢? are the bending and torsion angle of the i-
th monomer in the native states, respectively. Kpenq and
Ktor are the corresponding bending and torsion stiffness,
respectively.

In Fig. 3, we show the distribution of the bending (69)
and torsional (¢Y) angles of the superhelixes in their na-
tive sate. As it is evident from plot, the Sgrr posses a
broader distribution of 69 in compare to the Sgy,, while
the opposite trend is weakly observed as for ¢Y. This
feature of the superhelixes reveals their statics due to
the topology in the native state, which barely manifest
itself in the intermolecular bending and torsion angles.
Similarly, in Fig. 2, we show the bending (67) and tor-
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FIG. 2. In this plot we show the distribution of the intermolec-
ular bending (67) and torsional (¢¢) angles of the superhelixes
in the stretched state, where i is the index of the monomers
of the superhelix (in this plot the Srr after stretching switch
its topology to Srr), with having set Kpend = Ktor = 100kpT
and d = 700.

sional (gzbf ) angles of the superhelixes in the stretched
state of the superhelixes. The angles of the stretched
Srr is shown after the topology transition when the su-
perhelix is equilibrated. Interestingly, the opposite trend
of the bending angles in the native state is observed in
the stretched state.
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FIG. 3. In this plot we show the distribution of the inter-
molecular bending (A7) and torsional (¢?) angles of the Sgr
in the un-stretched state before and after the topology tran-
sition at Kpend = Ktor = 100kpT, where ¢ is the index of the
monomers of the superhelix.
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SIMULATION METHOD

The potential of Eq. 1 is employed to perform over-
damped Molecular Dynamics simulations in implicit sol-
vent by means of the following Langevin equations of
motion:

_éz%—mmMﬂ+ﬁ@:O (5)

where m, v;, V;, v, R; and r; are the mass, velocity,
local potential energy, friction coefficient, random force
and coordinate of the i-th monomer, respectively. The
equations of motion of the system are integrated with a
symplectic, first order algorithm [5]. The system param-
eters are listed in Table I.

In order to investigate how the stretching of the super-
helixes along the z —axis affect the superhelix’s topology
we performed different sets of simulations. We stretched
the end of the superhelix by applying a constant force to
{0,0,d} while the other end is fixed at {0,0,0} without
clamping. For each d of the superhelixes, we ran 40 in-
dependent simulations to characterize and quantify the
topology transition. A single simulation runs according
to the following steps:

1. The superhelixes with the uniform elasticity and
identical radius ~ 3.40 (with 200 monomers) are
initialized and equilibrated in the native state, at
which the ends of the superhelixes are fixed without
clamping at {0,0,0} and {0,0,8.60}.

2. We fix one end of the superhelix and stretch the
other end to {0,0,d}, with an appropriate stretch-
ing force, which does not affect the helical struc-
ture of the superhelix chains while ensuring that
the stretched end of the superhelix has reached
{0,0,d}.

3. We run the simulations long enough such that the
stretched superhelixes reach the equilibrium state
and feature a plateau of the potential energy land-
scape.

As for the release, we take the final configuration of
the equilibrated stretched superhelix and set the z com-
ponent of the stretching force equal to zero, and let the
superhelix to relax and reach the native bending and tor-
sional angles.

TOPOLOGY ANALYSIS

The topological state of the superhelixes have been
characterized using the the writhe of the coarse grained
chains [6], which is a descriptor of the net sign of the
superhelixes chirality:



Parameter Value
m 1
€ 1
MD time unit Tmyp = U./% 1
At [tvp) 2.1073
Ro [O’] 1.5
Kfene [€] 30
Tfrict [TMD] 1
T [é] 0.1

TABLE I. System parameters.

FIG. 4. The transparent red spheres show the center mass of
the every 4 consecutive monomers of the superhelix. The total
number of the coarse grained monomers of the superhelix with
200 monomers that are used to calculate the Wr, is N. = 50.

Wr:2§:2% (6)
4’

i=2 i<j

where €Q;;/4m is the Gauss integral along the coarse
grained segments ¢,j and N, is the total number of
coarse grained segments of the superhelix monomers. For
Wr < 0 and Wr > 0, the net chirality of the superhelix
is left and right-handed, respectively. The coarse grained
chain is basically identified as the collection of the center
mass of every 4 consecutive monomers of the superhe-
lixes, as shown in Fig. 3. In our analysis, we take into
account the fact that the topology change of the superhe-
lixes is independent of the helix chirality, i.e. during the
topology transition the chirality of the helix remains un-
changed. In order to ascertain the chirality transition of
the stretched superhelix, we simultaneously quantify the
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total potential energy of the superhelixes; at the end of

5 @ )
| e

v >1

Wr <0 ~d=65
]A‘\\\H P B O‘LTdeéQ P B
25 125 25 125
Kbend bend

FIG. 5. Plot (a) and (b) indicate v and Wr of the Sgr in
the equilibrated stretched state as a function of Kpena for
4 — 70, 65, 60 at kior = 100kpT. As it shown in plots,

we invariably have : v° > 1 and Wr® < 0 (with no topology

transition).

transition the stretched superhelix reaches a equilibrium
state with constant conformational energy.

THE STRETCHED SgrL

In Fig. 5, we show the v® of the stretched Sgy as a
function of Kpeng, at d = 70 and K¢ = 100kgT. As it is
shown in the plot, for every value of the bending stiffness
the v*® is larger than 1, which implies that the torsion in-
duced strain of the superhelix is smaller than the bending
induces tension, which has a component perpendicular to
the stretching plane. This characteristic of the Sgr; due
to its topology, give rise to substantially lower confor-
mational energy of the stretched superhelix in compare
to the Srgr in the regime where the topology transition
can not occur at the same Kpend, Kior and d values. We
should mention that after the topology transition, the
released superhelix at equilibrium (with topology of the
Srr), still has the tilted conformation in relative to the
z-axis due to its forcefield and more importantly, stretch-
ing the superhelix once agin does not give rise to topology
transition..
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