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During mitosis, near-spherical chromosomes reconfigure into rod-like struc-
tures to ensure their accurate segregation to daughter cells. We explore here,
the interplay between the nonequilibrium activity of molecular motors in
determining the chromosomal organization in mitosis and its characteristic
symmetry-breaking events. We present a hybrid motorized chromosome
model that highlights the distinct roles of condensin I and Il in shaping mitotic
chromosomes. Guided by experimental observations, the simulations suggest
that condensin Il facilitates large-scale scaffold formation, while condensin I is
paramount in local helical loop arrangement. Together, these two distinct
grappling motors establish the hierarchical helical structure characteristic of
mitotic chromosomes, which exhibit striking local and, sometimes global,
chirality and contribute to the robust mechanical properties of mitotic chro-

mosomes. Accompanying the emergence of rigidity, the model provides
mechanisms of forming defects, including perversions and entanglements,
and shows how these may be partially resolved through condensin activity and
topoisomerase action. This framework bridges coarse-grained energy land-
scape models of chromosome dynamics and non-equilibrium molecular
dynamics, advancing the understanding of chromosome organization during
cell division and beyond.

When cells divide, their chromosomes undergo significant conforma-
tional changes. During mitosis, nearly spherical chromosomes con-
dense into the characteristic cylindrical shapes visible under a
microscope before forming a pair of sister chromatids'. Understanding
how these cylinders form is a fundamental question. From the per-
spective of polymer theory, it is surprising that compaction results in
cylindrical rather than spherical shapes. As self-attracting polymers
usually collapse into spherical globules?, clearly forming cylinders
involves breaking rotational symmetry. Furthermore, recent experi-
mental observations have shown that during mitosis, as the features
corresponding to topologically associated domains (TADs)* and A/B
compartments® disappear, a secondary diagonal band emerges’. These
observations suggest chromosomes are tightly arranged arrays of
chromatin loops®™.

The transition from interphase to mitosis involves numerous
proteins. Over 4000 proteins, categorized into 28 functional groups,
have been found to associate with chromosomes during mitosis™.
Among the implicated proteins there are histones, condensin and
cohesin complexes, as well as DNA topoisomerase Il alpha™**, Gibcus
et al. have suggested that the condensation may be thought of as being
meditated by the loop extrusion processes, primarily employing two
types of condensins’. They suggest condensin Il binds during prophase
to form an axial scaffold and condensin I then regulates the size and
nested arrangement of chromatin loops within the helices. Other
experimental observations® and molecular dynamics simulation
results'® also come to a similar viewpoint. The information theoretical
energy landscape derived from Hi-C data using the maximum entropy
method, while being mechanistically agnostic, successfully reproduces
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the known structural changes and patterns of symmetry breaking%,

Since condensins are ATP-dependent, however, condensation is an
active process, not strictly at thermodynamic equilibrium'?. In this
paper, we explore how active mechanisms can lead to the symmetry-
breaking events of mitosis.

Here, we describe the structural ensembles of mitotic chromo-
somes induced by “grappling motors.” “Grappling motors” provide a
caricature of the loop extrusion processes driven by SMC
complexes®®’, Guided by the experimentally inferred scenarios, we
explicitly introduce two types of motors with distinct ranges of action
corresponding to condensins I and II”*2, When both motors are active,
chromosomes take on their characteristic rod-like cylindrical shapes.
The resulting structural ensemble displays hierarchical helices that can
be interpreted as continuously arranged loops, with an additional
global helical structure that would naturally lead to broken chiral
symmetry. The two motors play distinct roles in mitotic chromosome
organization. Condensin Il enhances bending rigidity and compaction
density, thereby aiding the chromosome in maintaining its structural
integrity when pulled or stretched. Condensin I, assisted by topoi-
somerase in the present model, partially untangles the chromosome,
increasing chromatin accessibility and further facilitating separation.
The structural ensembles are not perfect. The simulations reveal that
there are several defects in the resulting mitotic structures. We focus
particularly on the nature of perversions which are defects of chirality
and also on the knots remaining in the structure. The heterogeneity of
motorization may play a big role in this defect structure. By comparing
our results with experimental observations, we propose that chro-
mosomes first become compact during prophase, forming a super-
entangled but still cylindrical structure upon condensin Il binding. This
structure subsequently evolves during prometaphase, when con-
densin | and topoisomerases help establish the more organized mitotic
structure with global chirality.

Results

Background and model

Condensin I and 11, as parts of the structural maintenance of chromo-
somes (SMC) complexes family, act by extruding DNA loops, which
help organize and segregate chromosomes during mitosis® *. These
complexes consume chemical energy*****°*°, driving non-equilibrium
reactions and thus exerting mechanical forces®*. One specific
motorized mechanism may be summarized as the “swing and clamp”
model®, In this model, the ATPase head of the motor first clamps a
DNA segment, after which the hinge domain extends and swings to
grasp a nearby segment. The hinge then brings the new segment to the
head, merging it into the DNA loop. Experiments and simulations
strongly suggest that the coiled-coil part of the SMC complex’s
structure is a key here. It acts not merely as a linker but actively par-
ticipates in loop extrusion by twisting and bending, effectively remo-
deling DNA topology***°-®*, Similar mechanisms have also described as
the “reel and seal” and “hold and feed” models®*®. At the coarse-
grained level, these mechanisms are equivalent and we characterize
them as being “grappling motor” mechanisms*.

In this paper, we study how condensin I and Il mediate the for-
mation of mitotic chromosomes through a hybrid coarse-grained
motorized chromosome model. A schematic representation is shown
in Fig. 1. The chromosome is described by a coarse-grained bead-
spring homopolymer with bead size o, which is acted upon by sto-
chastic motorization. The motion of the chromosomal backbone is
described by an overdamped Langevin equation
1;=pD(-V;Uyp)+n;+ V", where the last term describes the crucial
addition of the motorized grappling events. Here, r; is the position of
the i-th bead. The details of the homopolymer potential used here are
outlined in Supplementary Materials (SMs) and Methods. It is worth
emphasizing that our homopolymer potential includes a soft-core

component Uy, which while providing excluded volume effects, allows
chains to pass through each other at only a finite energy cost. The
softness of this repulsion mimics the way topoisomerases can act to
allow chains to pass through each other. The random variable n
encodes the ordinary Gaussian thermal noise from the solvent with
zero average and variance (rzf[.: (t)rz’iz(t’)) =2D6,; 6;,;,6(t — t'), where D
is the diffusion coefficient and g is the inverse temperature. The
motorized jump term v{* =37 1,6(t — t,) is a time series of shot-noise-
like kicks, which describe the net effect of binding a grappling motor
which induces large scale chromosome motions.

The stochastic nature of motorized dynamics encoded in the
kicks vI" can be described using a Master equation. This equation
governs the probability distribution function W of the chain, with its
positions in  three-dimensional space {r}, expressed as
0. W, ({r)=(Lep+ L)W ({r}). The first contribution of the time
development comes from the Fokker-Planck  operator
LepWe((th= = 32,V - [BD=V;U)W({r}) — DV W, ({r)], which
describes the passive thermal Brownian dynamics. The other none-
quilibrium term describes the motorized displacements of the chain
by the motors which are regarded as making discrete jumps of fairly
large distance, which can be quantitatively described by the Master
equation Ly W,(r)= [TdrK,_ W () — W (r) [N drK,_, . The tran-
sition probability between different chromosome configurations K. _ ,
encodes how the motors kinematically respond to externally imposed
forces. We write K = ke *#!, where k is the basal grappling rate and AU is
the difference between the free energy of the starting configuration
and that of the chain configuration that would arise from the motor-
ization displaced hopping event. The parameter § is the susceptibility
of the motor, which can in principle be obtained from the force-
extension measurements®®®’, quantifying the mechanical coupling
between the motorized conformational remodeling and the local
mechanical forces acting on the motor. When § = 0, the motor does not
respond at all to imposed forces. We say the motor is fully adamant.
When § # 0, the motor does respond to applied forces by speeding or
slowing. Motors with both signs of § are known. In a more general
description, the susceptibilities may take on different values for uphill
kicks (8,) and downhill kicks (8,).

To depict the loop extrusion events, we model the motorized
events as anti-correlated grappling taking place between pairs of
nodes (i, j) on the chain. Node i corresponds to the anchor point which
becomes bound to the condensin’s head, while the node j represents
the segment that is eventually grasped by the condensin’s hinge. A
clamped kick is naturally defined by a pair of displacements along the
line of centers (I, 1;)=I(t;, —t;), where [ is the grappling distance
which should be roughly the length of the coiled coils of an SMC
complex Lsyc - 50 nm, and ; is a unit vector pointing from node i to
node j, see Fig. 1A.

The formation of mitotic chromosome structure depends on the
simultaneous presence of condensin I and condensin Il in the system
These two motors appear to act on different scales: condensin I
induces the formation of local helical structures, while condensin II is
responsible for the formation of the global chiral structure. We ulti-
mately then can write down the complete dynamics, explicitly incor-
porating the driving of both types of condensin through an operator
equation:

. -
Lue0=53 ", Y / / dr,dr)5(), M
a i

where a € {/, I} the probability current Jj;(r) is

/ —3p[U(r;, ¥)-U(r), ¥, /
g(r)=6(r,- - lij)‘s(rj . rj/ + lij)ca(";j)e BLUr, 1)-U(r, r’)]wt(ri)
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Fig. 1| The mitotic chromosome folds under the combined action of condensin
Iand II. A Chromosome dynamics involve diffusion under a homopolymer
potential and non-equilibrium motorization. Structural Maintenance of Chromo-
somes (SMC) complexes actively extrude loops by consuming ATP, interacting with
DNA fragments. We model the loop extrusion process as a grappling motion, where
fragments separated by a certain distance can be brought together. During mitosis,
condensin I and condensin Il cooperate to drive the structural formation of chro-
mosomes. Condensin Il binds during prophase, mediating long-range grappling
motions to form an axial scaffold. Condensin I binds during prometaphase, reg-
ulating chromatin loops' size and nested arrangement within local helices. The
motor’s head binds to the chromosome fiber and, via its hinge, captures another
segment. In this state, the motor connects the pair of loci and draws them closer by
a distance . Upon completing this pull, the motor dissociates. B,D The

representative structures under the combined action of condensin I and II. B The
purely sequence-distance-dependent model (k; = 5 and k;; = 2.5); D The domain-
specific spatial-distance-dependent model (x; = k;; = 0.5). The color bars indicate
genomic sequences (left panel) and local chirality (right panel) variations along the
genomic sequence. C, E The Fourier transform of the representative structure’s
orientational order parameter along the genomic position for the purely sequence-
distance-dependent model (C) and the domain-specific spatial-distance-dependent
model (E). F The Hi-C map. Left panel: the purely sequence-distance-dependent
model; right panel: the domain-specific spatial-distance-dependent model. Up tri-
angle: simulations; down triangle: experiments’. G The contact frequency decay
P(s). Experiments: black; the purely sequence-distance-dependent model: blue; the
domain-specific spatial-distance-dependent model: red. The yellow area indicates
the position of peaks.

We have omitted writing the particles’ positions other than those
involved in the grappling events in the expression of free energy and
configuration to simplify the notation. Here, C%(r;) is the grappling
probability, which describes the rate of occurrence of a loop grappling
event involving the ith and jth beads and is generally a function of
distance r; = [r;— 1. The rate of potential grappling events depends not
only on the basal grappling rate but also on the instantaneous chro-
mosome conformation and motor susceptibility.

Spatially proximal sites are more likely to undergo grappling
events. In a fashion like that employed in the ideal chromosome model
based on information theoretical energy landscape theory”**%°, the
spatial-distance-dependent grappling model can be projected onto a
roughly equivalent sequence-distance-dependent counterpart by
means of a mean-field approximation, where sequence translational
invariance is restored°. Within this picture, the grappling motor, in a
sense, behaves more like an extruder than a grappler. It is important to
emphasize that in the purely sequence-distance-dependent model,
grappling events still do depend on spatial distance because the
probability flux in Eq. (2) is configuration-dependent. Our previous
work demonstrated that in the purely sequence-distance-dependent
grappling model, the grappling-induced effective diffusion coefficient
and effective temperature are configuration-dependent, in contrast to

what happens for conventional hydrodynamic interactions that couple
bead motion®. If motors remain anchored at chromosomal sites for
extended periods’®”? the spatial-distance-dependent grappling
model will naturally exhibit processivity. Once a condensin crosslinks a
bead pair (i, j) and pulls them closer, their separation decreases, which
increases grappling probability in subsequent time steps. As a result,
condensin remains preferentially bound in already compacted
regions, effectively mimicking a long residence time on chromatin as
reported by Gerlich et al.”. Successive grappling events then become
correlated, introducing a history dependence that implies non-
Markovian behavior. Consequently, the purely sequence-distance-
dependent model under mean-field approximation will typically
exhibit a higher renormalized basal grappling rate and have a larger
renormalized grappling distance than that of the spatial-distance-
dependent grappling model. We have also previously established
a mapping between the sequence-dependent model and the
ideal chromosome model theoretically to demonstrate that the
former can indeed serve as the origin of the latter’®®, which has
already been successfully employed to reconstruct chromosome
configurations'®¢%6°7475_Qur present analysis indicates that grappling
induces effective attraction between loci for both sequence-distance-
dependent and spatial-distance-dependent models. The attraction
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shrinks the chromatin chain, leading to a smaller effective Kuhn length.
In the spatial-distance-dependent model, the grappling motors will
also induce condensation and further increase the frequency of
grappling events between loci, creating a positive feedback loop (a
similar mechanism applies to the sequence-distance-dependent
model, as effective attraction strengthens when loci come closer).

Clearly, this coarse-grained description misses many of the spe-
cific biochemical mechanisms of loop extrusion, but we will see
nevertheless a rich variety of observed phenomena appear. In this
paper, we will investigate both spatial- and sequence-distance-
dependent models but will report primarily on results from the
sequence-distance-dependent model in the main text. The corre-
sponding results for the spatial-distance-dependent grappling models
are provided in SMs and proved to be quite similar overall.

Simulation of motorized models of the mitotic chromosome

We first performed the coarse-grained simulations for a homogeneous
chromosome polymer at 20 kb resolution, which matches the typical
resolution of Hi-C experiments®. The simulation is implemented using
a hybrid method using the Langevin equation to describe the relaxa-
tion and thermal diffusion of the system under the homopolymer
potential interrupted by additional shot-noise-like grappling events
that are handled via the dynamical Monte Carlo algorithm’”” (see SMs
and Methods for details). By following refs. 75,18, the thermal diffusion
constant of the coarse-grained beads D is tuned to the experimental
values, 2.97 um?/s (SMs). The grappling distance is set by l/o = Lgyd/
L, -~ 0.005, where L, is the diameter of beads that represent 20 kb
chromatin sequences as determined earlier by comparing simulated
structures to imaging studies”'®, Force extension experiments on
condensins and our previous analysis of Hi-C data from motorized
chromosomes suggest that SMC motors are quite susceptible owing to
the large length scale of the coiled-coil fragments®***, They rapidly stall
against a modest applied force. Therefore, we set 8 = 1 (for both con-
densin I & I). In our earlier analytical work on grappling-motor-driven
folding, we showed that the motor’s grappling probability, C;; is pro-
portional to the steady-state contact frequency®. For the single-motor
case, as in the interphase, Hi-C experiments indicate P(s) - s over the
megabase scale. Therefore, we choose C;; o |i — jI7L. In our previous
self-consistent mean-field analysis at low motor activity’’, the leading-
order solution of the contact frequency decays as s™2 As motor pro-
cessivity or activity increases to biologically relevant values, correc-
tions shift the exponent towards -1. The experimental studies suggest
that the action range of condensin Il in sequence (-3 Mb) during loop
extrusion is approximately 6-10 times the sequence interaction range
of condensin 1 (400 kb) during prometaphase’’®”°, We thus have
assumed that for condensin I, the grappling probability Cf-j scales as
li—jI* when 3 < |i - j|<20, but is zero at larger genomic separations. This
cutoff range in our 20 kb resolution simulations is comparable to the
average loop size observed in experiments. Condensin I is responsible
for forming small-scale arrays of consecutive loops. For condensin II,
we assume CZ also scales as |i —j|™ when 100 < |i —/|<200, with zero
probability at larger or smaller separations. This range is comparable
to the size of the global helical turn observed in experiments (-3 Mb),
which results in the overall structure exhibiting approximately ten
turns, as seen in DT40 cells. Condensin Il is responsible for large-scale
correlations to form the rigid axial scaffold. The sequence-distance
cutoff s,,,4, represents condensin’s processivity limit—i.e., the max-
imum genomic span it can extrude before force-induced stall and
unbinding. In our coarse-grained scheme, larger loops generate higher
tension, which we map onto a genomically increasing unbinding pro-
pensity, effectively suppressing grapplings for |i — j| > Sq. The cutoff
ranges of the motor actions are comparable to those extracted from
the ideal chromosome model based on information theoretical energy
landscape theory™ and our previous analytical predictions. The choice
of cutoff ranges was altered to meet the number of helical turns and

overall chromosome lengths of DT40 cells, which emerges from the
the distinct rules of engagement of motors®>*'. We use the same cutoff
ranges for the two types of condensins in the domain-specific spatial-
distance-dependent grappling model as in the purely sequence-
distance-dependent grappling model. However, the grappling prob-
ability within the action range decays as C*(ry) o« ry‘.l. Incorporating
this direct dependence on distance ensures that grappling events
typically occur only when loci are spatially proximate.

The apparent grappling frequencies of condensins I and Il are
regulated by the kinetic parameters kx; and k;. When the system is
passive with k; = k= 0, the simulated structure will be a simple random
flight chain. We monitored the simulations to see whether they had
reached a steady state in the simulation runs. We employ a global
structural order parameter Q that characterizes the similarity between
the current structure and a referenced configuration®>®>, When a single
structure dominates, as in protein folding, Q is an excellent reaction
coordinate for describing conformational changes, this is because it
quantifies the similarity of a structure to the known funnel-shaped
energy landscape characteristic of protein folding. The value of Q
ranges from O to 1, with higher values indicating greater structural
similarity. A stationary value of Q will indicate fluctuations near a stable
motif, suggesting that the system has reached a steady state of struc-
tural organization.

Using the timescale established in refs. 18,75, the simulated tra-
jectories here correspond to several hours of laboratory time. This
would, for some cells such as DT40, exceed the duration of a single cell
cycle, so the question of history dependence may be important. When
the grappling rates of condensins I and Il are sufficiently high (large
enough k; and kj), the long-time simulated structures nevertheless
exhibit characteristics of mitotic chromosomes (Supplementary
Movie 1). Figure 1B shows a representative configuration after reaching
a steady state when both types of motors are active (k;=5 and k; = 2.5).
We indicate genomic sequence using bead colors that vary along the
sequence. The k;; values are consistent with the apparent extrusion
rates from experiments using real-time imaging techniques, etc. **. For
these values of k;, the frequency of grappling events on a single bead
corresponding to a 20 kb DNA sequence in our coarse-grained simu-
lations is approximately 10-20 events per bead per second. These
values correspond to an apparent extrusion rate of 1-2 kbp/s, which is
comparable to the experimental values 1-3 kbp/s**>%088°  Experi-
ments show that the ATP consumption by a single condensin complex
is roughly 1-2 ATP/s***7*°, The ATP consumption by condensin in
grappling is thus quite low compared to the available ATP in cells. The
amount of energy consumed by grappling activity needed to set up the
mitotic structure is modest compared to other needs of the cell.

We choose the shown representative structure as the reference.
The ensemble average of the pairwise similarity order
parameters {Qs) = 0.35 (similarity between all pairwise distances)
and {(Q. = 0.95 (similarity between pairwise contact probabilities),
indicates that the steady-state structure exhibits significant regularity
(Fig. S8A). Although each simulation trajectory extends to several
hours of laboratory time, this duration was chosen solely to ensure that
steady state is fully reached and that statistical quantities are accurate.
In practice, the structural-similarity order parameter plateaus after
<1h of simulated time. Subsequent simulation time simply verifies that
the conformation remains stable. The free energy potential F(Qy)
(analogous to the Parisi-Franz potential in spin glass®*®) has a single
basin near Qs = 0.35 (Fig. S8B). The distribution for the Q values
between different loci has also been depicted for reference (Fig. S8C).
There is not enough time to reach full equilibrium; therefore, the
structure will inherently contain defects. As a comparison, we have
examined the relaxation time of the representative structure into a
random flight chain upon the removal of both motors. The structure
expands into a loose spherical shape within a timescale equivalent to a
few minutes in laboratory experiments, although some knots can still
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be observed. As suggested by Hildebrand et al.*¢, the exit from mitosis
involves regulated topoisomerase Il activity to untangle the
chromatin chain.

We immediately see that the motorized model of the mitotic
chromosome naturally adopts a cylindrical shape, as observed under
optical microscopy'. The structure exhibits striking rotational sym-
metry breaking with clear anisotropy. The plotted phase diagram
(Fig. S10) shows that variations of the ratio of the largest and smallest
extension length along the principal axes from 1 and global chiral
symmetry breaking emerge when both x; and «j, are sufficiently high,
but these geometrical measures eventually saturate. This indicates that
within a certain range of «; and k;;, the overall structure indeed will
exhibit the major mitotic chromosome structural characteristics,
namely, a cylindrical structure with chiral symmetry breaking. In
addition to quasi-periodic local helices, the overall structure distinctly
shows fiber-like features with long-range correlations, indicating the
establishment of cholesteric liquid crystal ordering in the mitotic
chromosome model. The layered liquid crystal fiber structure and
helical conformations are consistent with observations from optical
microscopy experiments”*~%2, Such layering can also be observed in
direct inversion by information theoretical simulation based on Hi-C
data using energy landscape theory"%, The simulations based on the
Hi-C data turn out to be somewhat more disordered than the present
results. We should probably take note that the disorder seen in the
structures obtained by those inversions may arise during sample pre-
paration or noise in the analysis. We have also calculated the contact
map corresponding to the simulated structure, where the experi-
mentally reported “second diagonal” clearly appears (Fig. 1F, G). Unlike
the earlier studies using the agnostic information theoretical Hamil-
tonians inferred from the prometaphase Hi-C data”'®, the model
allows us to explicitly assign the mechanism and action of two kinds of
motors. Our representative structures resemble the results obtained
using the energy landscape model inferred from Hi-C data but display
greater regularity, even without employing quenching protocols.

We also simulated the domain-specific spatial-distance-
dependent grappling motor model, where the grappling probability
explicitly depends on the spatial distance between two sites. When the
grappling rates of condensin I and Il are sufficiently high (large enough
k;and k), the long-time simulated structures also exhibit the observed
characteristics of mitotic chromosomes. The phase diagram
(Fig. S10B) shows that when the grappling rates of condensins I and Il
are sufficiently high (large enough k; and kj), the simulation shows a
similar cylindrical structure with global chirality and two layers of
helices as the purely sequence-distance-dependent model (Fig. 1D).
The simulated structure with spatial distance dependence however
appears more disordered and is more compact than that obtained
from the purely sequence-distance-dependent model, which are closer
to the results from the energy landscape model”*, Our previous the-
oretical analysis has shown that spatial dependence of grapplings will
introduce additional effective attractions compared to the sequence-
dependent model®. While these attractions further compact the
chromosome structure they frustrate the local tendency to form local
regular helices, making the system more disordered®. The simulated
contact map still exhibits a distinct second diagonal band as the purely
sequence-distance-dependent model (Fig. 1F, G). Additionally, a robust
third diagonal band is observed, only showing a weak signal in the
sequence-distance-dependent model. Such a third diagonal band has
recently been detected in experiments for the DT40 cells®°.

The bead model we employ is very coarse-grained. Doubtless,
motors can act on still shorter sequence scales. We therefore also
simulated the effects of grappling motors on substructures by mod-
eling chains with smaller o/! (Fig. S9). The simulation results show the
potential emergence of dense, liquid crystal-like substructures with
second diagonal bands, suggesting the possibility of multilayer fibers
on the sub-kilobase scale. However, this hierarchy will be truncated at a

critical scale of around 1kbp unless motors in addition to condensin
are used, such as cohesin or phase-separation motors. This truncation
occurs because once the grappling distance approaches the size of the
induced structure, large-scale reconstructions exerting large forces
must take place. The forces applied exceed the condensin’s stalling
force, leading to the melting of compacted structures at larger grap-
pling distances. The ATP-utilizing chromatin assembly and remodeling
factor (ACF) from the ISWI family is known to drive anti-correlated
kicks at the nucleosome scale ( ~ 332 bp)°>*¢, which can be modeled by
grappling motors, which can occur if its stalling force is sufficiently
large’”®®. Sedat et al. have proposed a hierarchical helical coiled
structure for nucleosome chromosome architectures during mitosis,
based on Cryo-EM tomography and computational modeling in this
size range”*.

To validate quantitatively our helical-fold model against experi-
mental data, we have computed the Hi-C map (Fig. 1F) and the contact
frequency decay P(s) (Fig. 1G) for both the purely sequence-distance-
dependent model and the domain-specific spatial-distance-dependent
model. Figure 1G overlays the simulated P(s) with the experimental
results’. At 10*-10° bp regime, the simulation shows a power-law decay
P(s) ~ s7048:003 in excellent agreement with the experimentally mea-
sured exponent of —0.5. Moreover, at s -3 Mb, a pronounced local peak
appears in the simulated results, just as found in the experiments. This
agreement confirms that our model recapitulates the key experimental
contact-decay features described by Gibcus et al.”.

To quantitatively study the helical features and chirality of the
chromosome, we examined two order parameters of the static struc-
ture. First, we calculated the orientation order parameter Opp, which
measures the degree of helical twist. This was obtained by calculating
the correlation between two unit vectors connecting beads [i, i + 4] and
[j.j + 4] along the chromosome chain (see SMs for details). In Fig. 1C, E,
we present the Fourier transform of the Opp signal in the genomic
spatial frequency domain, with peaks corresponding to characteristic
frequencies of helical twisting. The high-frequency peak on the right
corresponds to local helices, with each turn spanning approximately
several hundred kilobases, consistent with the findings of experi-
mental and simulation results’”"”'®, The lower-frequency peak on the
left indicates layered fibers, spanning several megabases, contributing
to the overall chirality. These low-frequency peaks are also related to
the “second diagonal” observed in Hi-C maps. As proposed by Kuba-
lova et al., the “second diagonal” serves as evidence for the helical
organization of chromatin loops®. Similar results have been seen in
the chromosomes of Aedes aegypti mosquito, where the chromosome
again takes on a liquid crystalline organization’. The number of larger
turns is around ten, consistent with what is seen in typical
experiments”. In the present model, the number of global turns is
primarily influenced by C,’-j , indicating a dependence on the range and
processivity of condensin II. The global helical signal intensity
observed in our simulation results is comparable to that reported in
the quenched ideal chromosome model obtained from the Hi-C data,
but the local helical signal is much stronger than what results from the
direct information theoretical inversion of the mitotic chromosome.
The intensity of the signal has increased by 20-fold"55,

In addition to monitoring helix formation with the orientational
order parameter, we introduce a chiral order parameter W; for the local
genomic locus i. The details are outlined in SMs. In Fig. 1B, D, we show
the variations in local chirality within the structure, indicating that the
motorized model of the mitotic chromosome overall exhibits strong
global chirality. This is an inevitable result of the layered helical for-
mation. We see however that the chiral order is imperfect. There are
interesting half-turns or “perversions” within the structure. Such per-
versions have sometimes been seen in light microscopy
experiments'®'”!, These disinclinations can be thought of as defects
within the cholesteric phase, where the chromosome chain undergoes
a pronounced reversal in chirality, accompanied by other types of
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defects, such as tilt and twist grain boundaries'®>. We will further
analyze the mechanism and nature of these defects in the following
sections.

Our simulations reveal another intriguing finding: the motorized
mitotic chromosome structure contains some knots but overall it is
not heavily entangled. The topology of chromosomes, particularly the
knots, has long been a subject of significant interest'™™ due to its
biological relevance noted already by Waston and Crick in their first
papers on DNA"*', A knot-free chromosomal structure will facilitate
replication as well as target-search™. Even the simplest cellular
organisms have evolved topoisomerases to address the knotting
problem'™. Complex entangled conformations would pose kinetic
barriers to DNA replication and transcription. By analyzing the simu-
lated structure’s corresponding Alexander polynomial, we estimate
that the number of knots is around 20 to 30, far lower than what would
be predicted for compacted free flight chain polymers™®.

In summary, we have described the mitotic chromosome struc-
tures that emerge from the motor activity of both models of con-
densins I and II, and extensively compared them with experimental
observations. In the following sections, we will pull apart the
mechanism by separately studying the effects of condensins I and II,
demonstrating that both motors are required to replicate experi-
mental results. The roles of condensins I and Il during mitosis are quite
distinct, despite their shared classification as SMC motors and similar
apparent mechanisms of action.

The effect of condensin Il during mitosis

We first examine the scenario where only condensin I is active by
setting k; = O. In Fig. 2A, we show a representative structure where
condensin 1, with its short-range grappling effect, extrudes orderly
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local helices. In this case, however, the absence of condensin Il leads to
a lack of long-range correlations, making the overall configuration
appear random. Local helix formation enhances the chromosome
chain’s local rigidity, preventing it from bending freely like a fully
flexible chain (similar to a worm-like chain'’). Therefore, we refer to
this structure as a “worm-like ideal helix model” (WIHM). Overall the
random flight nature of the renormalized chain is quite distinguishable
from the cylindrical structure usually seen in mitosis. The simulation
results are consistent with the experimental observation that depleting
condensin Il leads to thin, stringy-like chromosomes™>*"%,

In Fig. 2B, for the case with only condensin I, we plot the Fourier
transform spectrum of the Opp and the variations in local chirality. The
Oop spectrum now only exhibits a high-frequency peak on the right,
reflecting small rather local helices with sizes around several hundred
kilobases. The local chirality fluctuates around zero, indicating an
absence of global chirality, which is also evident from the dis-
appearance of the low-frequency peak in the Opp spectrum. Our
results, where condensin Il is depleted, suggest that condensin Il is
essential for the formation of the liquid crystal-like cylinder. This
finding is consistent with the observations of Gibcus et al.”.

We further characterized the structural features of chromosomes
during their transitions from the worm-like ideal helix model to the
mitotic chromosome. First, we computed a coarse-grained persistence
length L, in order to describe the flexibility of the large-scale principal
axis scaffold. The persistence length L, is directly related to bending
stiffness, satisfying the relationship B = k7L, and is used to char-
acterize chromosomal bending relaxation and mechanical
response™® %, The specific calculation method is detailed in SMs. In
Fig. 2C, we plot the rapid increase in persistence length as kj increases,
with values ranging from several micrometers to hundreds of
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and dashed line). Under the action of condensin II, mitotic chromosomes develop a
rigid axial scaffold and ensure their structural integrity under stretching forces.
D The local number density of different representative structures. From left to
right, they are interphase chromosomes (k; = k; = 0), worm-like ideal helix model
(k;=5, ky=0), random cylinders (k;= 0, k;= 5) and mitotic chromosomes (k; = k;;=5).
Condensin Il activity significantly compacts the chromosomal conformation.
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micrometers. Simulations based on the energy landscapes inferred
from Hi-C data predict that the persistence length of mitotic chro-
mosomes in DT40 cells is around 20 micrometers, which would
correspond to scenarios with relatively low condensin Il activity.
Experimental measurements of chromatids assembled from Xeno-
pus laevis egg extracts also approximate this value. Under higher
activity, the persistence length could reach millimeter scales, close
to the results from metaphase chromosomes extracted from live
Xenopus laevis or newt cells"*'?°'?2_ Previous studies have shown that
the bending rigidity of mitotic chromosomes is much greater than
the bending rigidity of interphase chromosomes (approximately ten
times higher), causing mitotic chromosomes to behave as stiff
elastic rods™* ">, Our simulations of motorized chromosomes here
more explicitly demonstrate that this rigidity results from the action
of condensin Il. We quantified the average grappling frequencies of
condensins I and Il in the chromosome’s inner, middle, and outer
zones for the domain-specific spatial-distance-dependent model
(Fig. S12). While condensin I shows a nearly uniform frequency
across all regions, condensin II's grappling rate is markedly higher in
the inner core than it is at the periphery. This indicates that con-
densin | decorates the chromatin evenly, whereas condensin Il pre-
ferentially binds the central scaffold. Thus, our model naturally
reproduces the experimentally observed apparent scaffold
architecture™"s,

Next, we illustrate the crucial role of condensin Il in compacting
chromosomes. As described in the loop extrusion mechanism, con-
densin utilizes a “grappling and clamping” process, continuously
drawing nearby DNA segments closer together so that the chromo-
somes become progressively folded and compacted. We use the local
number density picqr; (see SMs for details) of different chromosomal
structures to characterize the degree of compaction (Fig. 2D). While
increases in the grappling rates of condensins I and Il both lead to
higher local number density, the effect of condensin Il is significantly
more pronounced. This suggests that the long-range conformational
reorganization induced by condensin Il is essential for further com-
paction during mitosis.

We next examined the impact of condensin Il on the mechanical
response of chromosomes to being pulled macroscopically. During
mitosis, chromosomes are stretched and manipulated by spindle
fibers, and adequate tensile strength is crucial for maintaining chro-
mosomal integrity. Recent experiments have investigated the
mechanical response of single chromatin regions under external
force'”. Results indicate that mitotic chromosomes extracted from live
cells are highly extensible objects, capable of retaining their shape and
intrinsic elasticity even when stretched to five times their original
length'®,

In our simulations, an external force is applied to one end of the
cylindrical mitotic chromosome structure, parallel to the main axis of
the backbone (see SMs for details). At lower stretching forces, the
chromosome follows the applied force, as observed experimentally
(Supplementary Movie 2). When the stretching force reaches a critical
value, the chromosome unravels. The transition occurs upon the
chromosome being stretched to nearly twice its original length, losing
structural integrity and displaying a separation into clumps connected
by single chromatin fibers'”’.

We attribute the maintenance of structural integrity primarily to
the long-range grappling motions mediated by condensin II. To illus-
trate this, in Fig. 2C, we plot the variation of critical force with «y,
showing a positive correlation between the two. Specifically, the
chromosome can better maintain structural integrity as condensin Il
activity increases. Referring to the analysis in ref. 125, the critical force
is approximately 0.087 nN, slightly below the force required in vitro to
stretch mitotic chromosomes to twice their original length
(0.1-1nN)"*%. We calculated the frequency of grappling events. We
found that this quantity is nearly independent of the magnitude of the

stretching force (even beyond the critical value) and is primarily
influenced by motor activity (Fig. S6).

We can obtain the mitotic chromosome’s Poisson ratio, which is a
material property that describes how the chromosome’s shape
responds to the pulling. The Poisson ratio is the ratio of the lateral
strain to the axial strain when a material is stretched or compressed.
Within elastic theory, this material property determines how much the
chain distorts when external stress is exerted. This ratio quantifies the
tendency of a material to contract in directions perpendicular to
the applied force when it is stretched or to expand when compressed.
The Poisson’s ratio in our simulation v varies over the range from
0.102 to 0.216 as condensin Il becomes more active ranging from k=2
to k; = 5. These simulated values are close to the experimental Poisson
ratio - 0.1">"° This rather low Poisson ratio is close to glasses
(-0.18-0.3""), rivaling that of cork'®.

At the end of this section, we present an important control
experiment where an attractive contact potential (possibly due to
interactions with phase-separating proteins****"*) is introduced into
the system (Fig. S4). The resulting structure displays a compact con-
figuration with a slightly elongated shape, having a long-to-short axis
ratio slightly greater than 1. Further analysis reveals that, while the
structure does exhibit local helices and some degree of chirality, the
overall configuration does not form an ordered helix. This lack of
symmetry breaking is reflected in the near-zero average global chirality
and the absence of low-frequency peaks in the Ogp spectrum. Addi-
tionally, we plotted the contact map of this structure, which now
shows only weak “second diagonal” signals (Fig. S7). These findings
further support there being critical roles for condensin II.

The effect of condensin I

In this section, we investigate what would happen if only condensin Il
were to be present. We first consider the scenario with additional
contact interactions. The results without them will be presented later.
Figure 3A shows a representative structure, displaying a cylindrical
shape. Compared to the mitotic chromosome structure obtained from
the full motorized model shown in Fig. 1, the local helices in this
configuration have become blurred. This blurring can be quantified by
the Opp spectrum in Fig. 3B, where the peak position remains close to
the high-frequency peak in Fig. 1 but is slightly shifted toward lower
frequencies, however with considerably increased peak width. This
indicates that the local helices are larger and irregular. In Fig. 3A, we
plot the variations in local chirality, which now show chaotic and
intense oscillations, suggesting an absence of global chirality in the
structure. We referred to this structure as a “random cylinder” (RC).
Additionally, we present the contact map of the structure, which dis-
plays a weak “second diagonal” signal, indicating that the structure
remains significantly heterogeneous (Fig. S7). The simulation results
are consistent with the experimental observation that depleting con-
densin [ leads to fuzzy-looking, shorter, and thicker
chromosomes™*",

We note that the formation of this structure arises from the
competition between condensin Il-induced compaction and local
attraction, where the local attraction tends to form short-range
helices'. Much as in the molten globules of helical proteins’, where
the spatial constraints caused by packing in proteins would lead to
inevitable frustration in the formation of helical order in homo-
polymers, this non-discriminate compaction by contact interactions
frustrates the partially helical order induced by condensin II.

We note that a key difference between the configurations gener-
ated without condensin I and those generated using both condensins
is the presence of a large number of topological knots that would form
in the absence of condensin I, approximately 1000. Even with topoi-
somerase leading to only a small barrier for chain crossing, the system
is now unable to avoid entanglements during rapid collapse. To illus-
trate the crucial role of condensin I in the disentanglement of chains,
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Fig. 3 | The effect of condensin 1 during mitosis. A A representative structure of
the condensin II-depletion simulations, where only condensin Il is active (k,= O and
ky=15). The color bars indicate the color (left panel) and local chirality (right panel)
variations along the genomic sequence. A weak, short-range attraction is included
here. B The Fourier transform of the representative structure’s orientational order
parameter along the genomic position. C Relaxation of the random cylinder’s

topology is measured with the number of knot invariants and the apparent
accessible surface area A (¢) normalized by the initial value Ay(0) as a function of
time. Here, the condensin I is opened at ¢ = 0, and the topoisomerases are suffi-
ciently active. (Insets) The initial and final chromosomal conformations. With the
assistance of topoisomerases, condensin I can partially untangle chromatin chains,
thereby enhancing their accessibility.

starting from this highly entangled configuration, we activated con-
densin I at time zero. Figure 3C shows the relaxation of the knot
invariants in the structure. Our simulations have weak excluded
volume interactions, and the presence of a soft-core potential allows
chain crossings to mimic the effects of topoisomerases. Using the
timescale from ref. 75, we find that under conditions with sufficient
topoisomerase activity (low barrier), the highly entangled RC resolves
its topological knots within a simulation time corresponding to the
prometaphase duration observed in DT40 cells, approximately 8 min
in laboratory conditions. When the topoisomerase barrier is increased,
however, as would happen in the topoisomerase depletion
experiment™, the system only partially disentangles within the cell
cycle time, resulting in final configurations having about 200-300
knots. The details have been outlined in SMs. Our results suggest that
condensin I is critical for maintaining an unknotted metaphase chro-
mosome. We see that, with the assistance of topoisomerase, condensin
I untangles knots on the chromosome, naturally forming the con-
tinuous arrangement of local helicity reported by Gibcus et al.”. Our
conclusions align with the experimental observations' that suggest
topoisomerase Il alleviates supercoiling stress by cutting and untan-
gling double-stranded DNA, and interacts with the condensin complex,
facilitating chromosomal remodeling and segregation. Experimental
evidence also indicates that condensin I colocalizes more effectively
with topoisomerases”®"*°. The loops formed by these complexes bring
chromatin into closer alignment, increasing the number of topological

contacts and thereby enhancing Topo Il-mediated decatenation
efficiency'. This is analogous to the local activity-driven cooperative
loop relaxation and supercoil disentanglement observed in
polymers'°. The number of topological knots for different grappling
rates is represented in SMs (Fig. S12), showing the robustness of our
results.

The assistance of condensin I in untangling facilitates chromatin
relaxation, making the chromatin structure more open and thereby
increasing chromatin accessibility. To quantitatively illustrate this,
Fig. 3C shows the changes in the apparent accessible surface area A of
the chromosome during the untangling process described in the pre-
vious paragraph. We observe that A; initially decreases right after
condensin | is activated, due to motor-driven compaction. Subse-
quently, as knots become untangled, A; increases rapidly. The final
steady-state configuration has a greater A than the initial random
cylindrical configuration. Our results suggest that the synergistic
actions of condensin | and topoisomerase maintain an open chromatin
state, which helps facilitate the binding of transcriptional
regulators*,

As a comparison, we simulated the systems without attractive
contact interactions, where the resulting configuration can still be
viewed as an RC (Fig. S3). The peak width in the Ogp spectrum is
narrower compared to Fig. 3B, as the absence of the attractive
potential reduces the competitive frustration in the motor-driven loop
extrusion process. The results for the chirality order parameter
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Fig. 4 | The organized structure of the mitotic chromosome. A The fitted hier-
archical fiber structure (left panel) and its comparison with the simulated mitotic
structure (right panel). The fitting structure is shown in purple and the simulated
structure is shown in white. (Table) The parameters are extracted from the fitting
by using the hierarchical fiber as a referenced structure. B The pair distribution
functions g(r,) and g(r,) for both the simulated and fitted structures. C The

averaged mean squared displacement (MSD) of particles in the structure along the
x,y, and zdirections. The MSDs in the x and y directions, MSD,,,, quantify vibrations
within the primary plane, while the z-direction MSD quantifies fluctuations along
the main axis. The MSDs are averaged over beads and reach plateau values for large
t. (Insets) The squared displacements of the single locus.

indicate that the structure however still lacks global chiral symmetry
breaking.

Structure of the mitotic chromosome

The mitotic chromosome structure shown in Fig. 1 can be considered
as a “fiber of fibers”, exhibiting both fractal and liquid crystal phase
characteristics. The idea that mitotic chromosomes exhibit a hier-
archical helical structure can be traced back to Crick and coworkers'*“.
If sufficiently specific, we could say the structure is crystalline. Here we
used a single hierarchical fiber model to fit this structure, with fitting
parameters including the global helix radius R, pitch P,, local helix
radius r;, and the turn numbers of the local and global helices, n;and N
(see Fig. 4A and Methods).

In Fig. 4A, we compare the simulated structure and the fitted
structure, along with the resulting values of the fitting structural
parameters. The ratio of the global helix radius to the local helix radius
is approximately 2.0, slightly smaller than the ratio obtained from the
information theoretical energy landscape simulations based on Hi-C
data-driven interactions (around 2.8)°5.

The hierarchical fiber structure can be described in cylindrical
coordinates (r;, 6, r;), where r, is the radial distance in the plane
perpendicular to the main axis (the primary plane), 6 is the rotational
angle within this plane, and r = z represents the main axis coordinate.

In a perfect hierarchical fiber, isotropy is maintained along the 6-
direction, and we can use the pair distribution functions g(r,) and g(r;))
to characterize the structure in the primary plane and along the main
axis. In Fig. 4B, we plot g(r ) and g(r;) for both the simulated and fitted
structures. We observe that their pair distribution function curves
almost collapse, indicating that the mitotic chromosome structure has
a hierarchically layered organization. The local peaks in the pair dis-
tribution function, which would appear in a perfect hierarchical fiber,
become smaller and more diffuse in the simulated structure, as fluc-
tuations blur the local structures.

Next, we quantified deviations from the perfect crystal struc-
ture using the averaged mean squared displacement (MSD) of par-
ticles in the structure along the x, y, and z directions (ensuring that
the main axis of the structure is aligned perpendicular to the z-axis).
The MSDs in the x and y directions, MSD,,, quantify vibrations
within the primary plane, while the z-direction MSD quantifies fluc-
tuations along the main axis. The MSDs, which are averaged over
beads, reach plateau values, with x- and y-direction vibrations being
nearly identical, supporting isotropy along the 8-direction. The z-
direction fluctuations are weaker than particle motions within the
layer (Fig. 4C). We also plotted the squared displacements of the
single locus, all of which reach a plateau over long timescales
(Fig. 4C, inset). The plateau values of the single locus exhibit a broad
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distribution, reflecting the dynamic heterogeneity caused by the
structural anisotropy.

We computed the effective spring constants a; and a; at fiducial
locations in a perfect hierarchical fiber structure (Methods). Using the
plateau behavior of the averaged MSDs at long times, we calculated
the Lindemann ratio as @, "/* /a ~ 0.32 and &'/ /a ~ 0.25, where a is
the mean lattice spacing. Both & and a, are non-zero positive values,
but they do not satisfy the usual Lindemann ratio criterion of around
0.1. Nevertheless, this structure with liquid crystalline characteristics
can still be considered as a rather soft crystal, whose dynamics are
vibrations around a single reference state'* ™%

Defects in structure

In the structures we have obtained, the most easily seen prominent
defect is the so-called “perversion”. A “perversion” is a region where
the chirality of the helical structure changes from one handedness to
another. Such defects may arise from external conditions, such as
changes in temperature, pressure, or the application of external fields,
or be relics of the formation process™®'*’, Defects can also result from
local variations mechanical heterogeneity, material nonlinearity, geo-
metric asymmetry, or intrinsic curvature.

Perversions belong to a broader class of fundamental defects in
systems with discrete symmetry and can be analyzed in relation to
other defects in symmetry-breaking structures:

(i) Dislocation: dislocations are line defects in crystalline structures
caused by extra or missing atomic planes. In liquid crystals,
dislocations cause local misalignment in molecular arrange-
ments. Perversion regions must contain some dislocations, as
changes in chirality require spatial rearrangement of molecules.

(ii) Disinclination: this defect is unique to liquid crystals and
involves angular changes in molecular orientation without the
addition or removal of material. Perversions can be viewed as a
special type of disinclination, where continuous molecular
reorientation leads to a reversal in chirality.

In our simulations, we have noticed that perversions can be
resolved through the combined action of the two condensins, distin-
guishing these perversions from true topological solitons. During the
simulations, the perversions that initially form at the ends of the chain
are readily resolved. In contrast, perversions found in the middle of the
chain emerge during the formation of the overall ordered structure
and exhibit longer lifetimes. Furthermore, we analyzed whether there
is a correlation between the locations of perversions and knots. We
measured the distance between knots and their nearest perversion
across numerous configurations. The distribution shows no prominent
peaks at short distances, indicating a weak correlation between their
positions (see Fig. S5).

The distinct compartmental characteristics of chromosomes in
their initial interphase naturally lead to spatial heterogeneity in
condensin activity°™2, Experimental observations show that con-
densins are more active in B compartments when mitosis
commences”. We investigated the impact of heterogeneous
motorization on chromosome structure, particularly on the forma-
tion of perversions.

We first simulated a heterogeneous motorized chain with high
and low condensin Il activity, which can be viewed as a type of diblock
copolymer. We found that perversions more often form at the junc-
tions between different compartments, typically on the low-activity
side (Fig. 5C). Observing the perversion formation process is reminis-
cent of the mechanism for knot formation in flexible-rigid diblock
polymer ring models, where knots tend to form at the interface
between rigid and flexible segments and are compressed within the
flexible segment'. In our case, the high-activity regions in the chro-
mosome form an overall helical structure much earlier than the low-
activity regions and they thus exhibit greater rigidity. In contrast, the

low-activity regions, with more flexible chain ends, initiate the for-
mation of the global helix earlier. As a result, the part of the chain near
the junction on the low-activity side forms its helical structure last and
experiences elastic constraints from both sides during helix formation.
The stress constraint between the two regions leads to perversion
formation on the low-activity side of the junction. This mechanism also
resembles perversion formation in heterogeneous elastic strips™*.

To explore this idea, we simulated a heterogeneous motorized
chain model with multiple compartments (Fig. 5A, B). The results show
an increased occurrence of perversions, all forming near the junctions
between compartments. This greater number of perversions seems
consistent with observations in mammalian mitotic chromosomes'**'?",
We should also note that, as mentioned earlier, the increased number of
perversions may also result from attractive contact interactions. As
previously found in the information theoretical energy landscape
models of the mitotic chromosome, sequence-specific interactions tend
to disrupt global chirality"”.

The pathway for mitotic chromosome formation

During mitosis, condensin II typically binds during prophase to form
the scaffold, followed by condensin I binding in prometaphase to
regulate the loop array’. In Fig. 6, we fitted our model-predicted
orientational order parameter Ogp to the Hi-C inversion data reported
in ref. 18. The best-fit x; and k; values at 2.5, 7.5, and 15 min after the
onset of the cell cycle are highlighted in red on the phase diagram. We
illustrate the mitotic chromosome pathway: first, condensin Il activity
increases, driving the interphase chromosome configuration to form
an “RC” with a rigid scaffold, already exhibiting a rod-like cylindrical
structure with topological knots, as observed experimentally®®',
Next, as condensin | activity increases, chromosomes partially untan-
gle, forming a hierarchical fiber-like structure with consecutive loops.
Results from the simulations having increased topoisomerase barriers
indicate that depleting topoisomerase prolongs the prophase phase,
potentially causing cells to exit mitosis without chromosome segre-
gation. This is also consistent with what is seen in the laboratory. The
simulation results also reasonably predict that excessively high con-
densin activity leads to a fully collapsed state of the chromo-
some chain.

Discussion

Several prior polymer-modeling studies have applied the loop-
extrusion concept to mitotic chromosomes. For example, Golo-
borodko et al. used a lattice-based, rule-driven loop-extrusion
model to recapitulate loop distributions?, and Dey et al. combined
condensin kinetics with Rouse-chain dynamics to study loop-size
distributions’®. Compared with these prior works, our model
implements motors as acting explicitly, through nonequilibrium
chemical “reaction” events—force-sensitive grappling—that con-
tinuously couple to off-lattice polymer moves. This tight coupling,
together with the incorporation of the crucially small condensin
stall-force susceptibility, drives the broken symmetry to a helical
conformation unique to mitotic chromosomes. Unlike our previous
analytical study of interphase folding (which lacks global helical
order)*’, here we address the far-from-equilibrium, force-mediated
symmetry-breaking characteristic of mitotic chromosomes. Our
explicit nonequilibrium motor-driven model can reproduce many
features that were seen to occur in quasi-equilibrium models based
on an information theoretical energy landscape picture. The struc-
tural details correlate with biological knowledge of how distinct
motors are introduced at different stages of mitosis and how knots
are removed by topoisomerase activity. It will be interesting to
perform an information theoretical inversion analysis of the present
nonequilibrium simulated structures to see whether the additional
ordering that appears here would encode correlations that can be
detected in the laboratory.
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geneous motorized model consists of multiple compartments. We assume that
motor activity is uniform within each compartment, while the condensin I activity
differs between adjacent compartments separated by a junction. A five compart-
ments, four junctions; B ten compartments, nine junctions. C The position dis-
tribution of perversions in a diblock copolymer model with heterogeneous

750 1000 1250

Bead Index

motorization. The probability density of perversion positions is displayed in his-
togram and curve forms. The junction is located at the midpoint of the chain (gray
star), with the left segment corresponding to a high condensin Il activity region
(green rectangle) and the right segment corresponding to a low condensin Il
activity region (blue rectangle). Condensin I activity is uniformly distributed
throughout the chain. The perversion position distribution exhibits a peak near the
junction, specifically on the side corresponding to the low-activity region.

The formation of motor-driven mitotic structures is an inherently
non-equilibrium process. The condensation-mediated loop extrusion
process is ATP-dependent. The grappling motor mechanism we
developed operates out of equilibrium, breaking detailed balance and
leading to non-zero entropy production™®. The degree of non-
equilibrium in the system can be probed through the breakdown of
fluctuation-response relations™’¢° and the presence of non-zero curl
flux in the order parameter space'*®%, These explicit nonequilibrium
aspects will be explored elsewhere.

Methods

Simulation methods

We carried out hybrid Brownian-Gillespie simulations of the polymer
dynamics for the motorized chromosome model: https://github.com/
CaOaC/Mitosis. The discrete grappling events described by the Master
equation are implemented using the Gillespie algorithm’®, while the
relaxation and thermal diffusion of the chromosome under the
homopolymer potential are simulated via the Langevin equation. The
motor head binds to the chromatin fiber and, via a hinge mechanism,
captures another segment. At this point, the motor bridges the two loci

and pulls them together by a distance /. Once the pulling is complete,
the motor dissociates. We treat this entire process as a single compo-
site event, whose apparent rate is given by Egs. (1) and (2). At each time
step, we compute this rate, dependent on the polymer configuration,
to determine whether any bead pair undergoes a grappling-motor-
induced pulling event. Additionally, due to the large system size and
high number of particles involved in chemical reactions, we use the 7-
leap method to accelerate the simulation speed of the Gillespie
algorithm”. The explicit motor processivity with long residence time
appears as a large effective grappling rate, or equivalently a larger
grappling distance in our coarse-grained simulations. We simulate for
sufficiently long until the contact maps reach stable. When condensin |
is switched on only after condensin Il has equilibrated, the system
reaches the same final architecture as in the simultaneous-activation
protocol, and does so within several minutes of laboratory time. This
rapid convergence indicates that loop-extrusion and topo-mediated
relaxation sufficiently erase any memory of the initial compaction stage
in the present model. Our program allows running on Cuda to use GPU
hardware acceleration. Our database includes sample trajectories that
can be viewed in OVITO 3.13.1'". Unless otherwise specified, all
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Fig. 6 | The pathway for mitotic chromosome formation. Condensin Il binds
during prophase, mediating the formation of a highly entangled random cylinder
from interphase chromosomes. Condensin I binds during prometaphase and folds
the mitotic chromosome in conjunction with condensin Il. Excessive condensin
activity can lead to the complete collapse of the chromosome chain. We fitted our
model-predicted orientational order parameter Ogp to the Hi-C inversion data
reported in ref. 18. The best-fit k; and k;, values at 2.5, 7.5, and 15 min after the onset
of the cell cycle are highlighted in red on the phase diagram.

simulations start from an interphase chromosome configuration. This
is obtained by allowing the structure to relax over time in the absence
of motors. This configuration is more relaxed than the typical inter-
phase structure observed in experiments, as cohesin effects are
neglected. However, this approach clearly does not affect the applic-
ability of our conclusions. The knot properties of the simulated
structures were analyzed using the PyKnot plugin'® based on PyMOL
3.0.4"°, while the apparent accessible surface area was computed using
the FreeSASA plugin'®’. Compared to experimental observations, small
differences in structures may stem from the modeling of topoisome-
rase Il. Previous studies emphasize that topoisomerase Il and con-
densin both serve as major static scaffold elements’'*s, Our model
treats topoisomerase Il implicitly via soft excluded-volume interactions
and knot resolution. Including explicit topoisomerase Il binding pat-
terns (e.g., at supercoiled junctions) and the topo Il-condensin
colocalization® may fine-tune the loop architecture and hence
slightly shift the statistics.

The hierarchical fiber structure

Here, we introduce our method to describe the hierarchical fiber
structure. We define the radius R; and pitch P, of the global helicity.
The length of each turn of the global helicity and its angular frequency
can be obtained as:

Ly=\/2uR)*+ P2, Ky=2m/L,. )

We then define the radius of the local helicity r; and the local turns per
overall turn n, The angular frequency and the pitch p, of the local
helicity can be calculated as:

ki ~Kgny, py~Pg/n. “4)

The curve for the hierarchical fiber along the contour coordinate in the
Cartesian coordinate system can be written as:

X(8)=[Rg +r,cos(k;s)] cos(K,S)
V() =[R, +r cos(k;s)] sin(K,s) )

z(s)= f—ikgs +r;sin(k;s),

where s € [0, S;ad. The parameter s,,,4, controls the number of turns of
the global chirality N, which is set to be 10 in our analysis (DT40 cells™).

The turn numbers were obtained through statistical averaging of
the structure, while other parameters were determined by iteratively
minimizing the Kullback-Leibler divergence between the pair dis-
tribution function g(ry, r,).

The MSDs and effective spring constants

The diffusion of a single particle is described by the MSD. Although the
first-stage compaction process occurs within 10min before prometa-
phase in vivo, we simulate for extended times to assess the post-
compaction dynamics (see Fig. 4C in the main text). We compute the
bead MSD to determine whether the fully folded chromosome exhibits
liquid-like mobility or becomes dynamically arrested. A plateau in the
MSD indicates that beads are confined to small vibrations around fixed
“fiducial” positions—akin to a crystalline lattice—rather than diffusing
freely. This behavior is biologically relevant because a mechanically
stable chromosome scaffold is essential for faithful segregation; glassy
or soft-crystalline dynamics provide rigidity against thermal and
mechanical perturbations.

The diffusion in the structure shows anisotropy along the main
axis and within the primary plane while being approximately isotropic
within the primary plane itself. Thus, we can assume that the steady-
state probability distribution of the system can be written as a product
of localized Gaussians as

1 2 2 2
P(r)= = e*ai[(rf,x*Ri,x) +(ryy—Ry )], (1 ,—R; ;) i
0-31] ©)

which often serves as a starting point for the self-consistent phonon
analysis"”'”°. Here, a; and a, are the parallel and perpendicular
effective spring constants. Z is the normalization constant and
R; = (Rix, Riy, R;,) represents the fiducial coordinate for the i-th bead
in the corresponding perfect hierarchical fiber structure.

For a Gaussian distribution, the variance along each axis is inver-
sely related to the localization parameters. In the xy-plane (x and y
directions), we have o2=02=((r, —R)*)=((r,—R)*)=1/a,).
Along the z axis, we have o2 =((r, — RZ)Z) =1/(2ay). In confined sys-
tems, the long-time MSD along each axis will reach a plateau at long
times due to the finite variance of particle positions as MSD;(co) = 20}
forj € {x, y, z}. Then, we can obtain that

1 1 1
" MSD,(00) - MSD,(00)’ 17 MSD, (c0)’ @)

a,

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The simulation data generated in this study have been deposited in the
Github repository'”: https://github.com/Ca0OaC/Mitosis.

Code availability
Codes and example output files have been deposited in the Github
repository': https://github.com/CaOaC/Mitosis.
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