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ABSTRACT

The cell cycle is a process and function of a cell with different phases essential for cell growth, proliferation, and replication. It depends on
the structure and dynamics of the underlying DNA molecule, which underpins the genome function. A microscopic structural-level
understanding of how a genome or its functional module chromosome performs the cell cycle in terms of large-scale conformational
transformation between different phases, such as the interphase and the mitotic phase, is still challenging. Here, we develop a non-
equilibrium, excitation-relaxation energy landscape-switching model to quantify the underlying chromosome conformational transitions
through (de-)condensation for a complete microscopic understanding of the cell cycle. We show that the chromosome conformational
transition mechanism from the interphase to the mitotic phase follows a two-stage scenario, in good agreement with the experiments. In
contrast, the mitotic exit pathways show the existence of an over-expanded chromosome that recapitulates the chromosome in the experi-
mentally identified intermediate state at the telophase. We find the conformational pathways are heterogeneous and irreversible as a result
of the non-equilibrium dynamics of the cell cycle from both structural and kinetic perspectives. We suggest that the irreversibility is
mainly due to the distinct participation of the ATP-dependent structural maintenance of chromosomal protein complexes during the cell
cycle. Our findings provide crucial insights into the microscopic molecular structural and dynamical physical mechanism for the cell cycle
beyond the previous more macroscopic descriptions. Our non-equilibrium landscape framework is general and applicable to study diverse
non-equilibrium physical and biological processes such as active matter, differentiation/development, and cancer.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0007316

I. INTRODUCTION

The fundamental structure-function paradigm in biology is
preserved for a broad range of molecules, from elementary single-
molecule units such as proteins to highly complex biopolymer assem-
blies such as the genome.' The functional 3D genome organization
facilitates gene regulation by engaging two distal enhancer and pro-
moter sequences to physical proximity.” The details of the connections
between the structure and the function at the genomic level are far
from clear. The recently developed chromosome conformation cap-
ture techniques’ and the derivative Hi-C method”* measure the spatial
proximity between genomic loci and provide static pictures of chro-
mosomal organization at an unprecedented resolution. However,
chromosome dynamics, which is closely related to the activation of
transcription and gene regulation, ® remains poorly understood.

The cell cycle is a vital function of a cell, as it is crucial for cell
growth, proliferation, and replication.”” The cell cycle proceeds
through a few phases, notably the interphase (I phase) and the mitotic

phase (M phase). The function of a cell depends on its underlying
chromosomal structure and dynamics. However, gaining an under-
standing of the structural chromosomal transformations between the
cell-cycle phases is still challenging. Hi-C data for the I phase show
that a chromosome is hierarchically organized into topologically asso-
ciating domains (TADs)” '* and compartments.”"” As the fundamen-
tal chromosomal structural units,'*'> TADs are characterized by
having more frequent contact within these megabase-sized domains
than with neighboring regions. TADs are critical for genome function
at the I phase through the modulation of DNA replication'® and the
regulation of transcript:ion.I7 At a higher level (> 5 Mb), the compart-
ments promote the genome function by spatially segregating the gene-
rich euchromatin and gene-poor heterochromatin into a plaid Hi-C
pattern at the I phase.”'” Recent Hi-C experiments on the cell-cycle
process show that TADs and compartments vanish during mitosis.'*"”
In addition, the experiments have indicated that there is a significant
global reshaping of a chromosome from a crumpled fractal globule at
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the I phase™ to a condensed quiescent cell-type-independent cylinder
at the M phase.”’ A compressed mitotic chromosome suppresses tran-
scription by limiting the accessibility of the promoter regions to tran-
scription factors.”” On the other hand, a condensed cylinder-like
chromosome favors the movement and the separation of the chromo-
some during cytokinesis. These features are a manifestation of the
chromosomal structure-function regulation at different cell-cycle
phases.

A precise description of chromosomal reorganization during the
cell cycle is a prerequisite for understanding cellular function. Many
studies have harnessed the power of Hi-C to measure chromosome
structures at different phases during the cell cycle.”"”** However,
these experiments were performed for a minimal number of cell-cycle
phases, so they do not give a continuous picture of cell-cycle chromo-
some dynamics. Recently, time-series Hi-C experiments that measured
the chromosomal reorganization at a high temporal resolution were
developed and applied to the cell cycle.'”***” However, the measure-
ments are inevitably affected by the temporal heterogeneity of different
cells, so that the Hi-C data at a particular time may be from a mix of
cells at different cell-cycle phases. This is a serious issue when trying to
determine the contact map for a specific cell-cycle phase from time-
course Hi-C data. Therefore, there is still a need for a reliable approach
that can fully cover the cell-cycle spatial-temporal scale and precisely
characterize chromosomal structure and dynamics during the cell
cycle.

The cell cycle has high bistability in the phase transition.”**’
Cells at the I and M phases have distinct phenotypes and can be easily
characterized in experiments. Targeted Hi-C experiments on sepa-
rately arrested cells at the I and M phases can provide relatively accu-
rate descriptions of the chromosome structures in these two phases.
The chromosome dynamics at either the I or M phase is constantly
influenced by the non-equilibrium effects of the surrounding cellular
environment. Nevertheless, an effective equilibrium landscape can
describe the non-equilibrium dynamics within each individual phase
of the cell cycle in some circumstances.”””' The minimally biased
energy landscapes based on experimental Hi-C data using the maxi-
mum entropy principle have been successful in quantifying the spatial
organization of chromosomes in the I phase’” and M phase.” This
suggests that the cell cycle can be approximately described by a com-
bined process of intra-landscape dynamics at the individual I and M
phases and inter-landscape hopping between these two phases.

However, determining the pathways and kinetics for the phase
transition without sufficient time-dependent data is quite challenging.
A recent computational study using a Markovian dynamics model
successfully predicted the transition pathways and rates for several
equilibrium and quasi-equilibrium systems. Only a few points on the
transition paths were known beforehand.” When only two stable
states or landscapes are available, as an extreme example, an equilib-
rium two-basin energy landscape can be developed. The concept was
initially introduced in studies of large-scale protein conformational
switching,”>* In practice, the landscape was constructed by inheriting
properties from the individual landscapes with enforced connections
at the intersections. The double-basin landscape leads to an effective
intra-landscape, barrier-crossing framework for the state-transition
process. However, applying such methods to the cell cycle may be
inaccurate. The chromosomal phase transformation during the cell
cycle is driven by the extensive participation of ATP-dependent
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structural maintenance of chromosomes (SMC) complexes in chemi-
cal reactions.”’ This indicates that the cell cycle is a far-from-equilib-
rium process. Thus, using an equilibrium approach may be
problematic. Recently, a general approach with an optimal-transport
analysis was developed for learning the continuous reprogramming
trajectory from discrete, time-course, single-cell RNA sequencing
data.”' The analysis focused on delineating the time evolution of out-
of-equilibrium systems by capturing the time-varying probability dis-
tribution of the cells. This approach seems quite promising for investi-
gating the chromosome dynamics of the cell cycle, since single-cell Hi-
C experiments are progressing rapidly.'>** However, note that the con-
tact maps produced by single-cell Hi-C are sparse, leading to concerns
about in-depth data interpretation and further structural modeling,*’

We aim to develop a model that can simulate cell-cycle chromo-
some dynamics. The model should capture the non-equilibrium
essence of the cell cycle while being consistent with the experimental
evidence. As stated elsewhere,”""” non-equilibrium dynamics can be
either adiabatic or non-adiabatic, and these are associated with distinct
mechanisms and kinematics. In an adiabatic regime, a non-
equilibrium bistable state system has faster inter-landscape dynamics
than the intra-landscape motion. The fast inter-landscape dynamics
can be averaged, so the process can then be simplified so that it is
effectively equivalent to a classic intra-landscape, barrier-crossing
model of a single effective landscape,”* and so, analogous to equilib-
rium (adiabatic) dynamics. In contrast, in the non-adiabatic case, the
waiting time for inter-landscape hopping is much longer than the typi-
cal timescale for intra-molecular motion. Note that the waiting time
for dwelling on the intra-landscape in non-adiabatic dynamics is also
much longer than the time interval of the actual inter-landscape jump.
Chromosomes in the I and M phases have significantly different Hi-C
patterns, so a spontaneous phase transition is highly improbable.
Furthermore, the SMC complexes drive the cell-cycle chromosomal
reorganization through the energy supply from ATP hydrolysis.*’ This
combination of features leads to a non-adiabatic (relatively slower
inter-landscape dynamics compared to the intra-landscape dynamics)
and non-equilibrium (energy supply) approximation to the cell-cycle
chromosome dynamics. Notably, the process is analogous to the
single-molecule motor activation associated with the large-scale con-
formational transition driven by the energy from ATP hydrolysis,”
and it is not always easy to realize adiabaticity.**"’

Another interesting feature of the cell cycle is the abrupt phase
transformation, which occurs like a switch.” A cell-cycle phase transi-
tion is governed by the underlying biochemical regulatory network,
which consists of cell-cycle activators and inhibitors.”’ Therefore, the
model should include the effects on chromosome structural dynamics
of the rapid change of the gene regulatory network when triggering
the cell-cycle phase switch.

Here, we simulate the cell-cycle phase transition using a
landscape-switching model (Fig. 1). Each transition is regarded as a
combined process. There is a dwelling process in the energy landscape
of one phase, and then an instantaneous energy excitation that results
in landscape switching, followed by a relaxation process in the land-
scape of the new phase. The energy gained from SMC complexes by
the chromosome during the cell cycle is implemented as an energy
excitation and ensures the chromosome can successfully switch from
one energy landscape to the other. The switching originates from the
energy pump of the ATP, and it breaks the detailed balance of the
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Excitation

I phase

M phase

FIG. 1. Energy landscape-switching model for simulating chromosome conforma-
tional transition dynamics during the cell cycle. There are two energy landscapes,
each with a prominent basin, representing a chromosome in the | and M phase,
respectively. Within each basin, there are many potential-energy minima corre-
sponding to different metastable chromosome states. The simulation starts with the
chromosome structure in the | or M phase and runs for a period of time. Then, a
sudden excitation due to switching the energy landscape to the M or | phase is
implemented. Finally, the system relaxes to the new basin in the post-switching
energy landscape.

system, resulting in a non-adiabatic, non-equilibrium process. The
instantaneous energy excitation, which is regarded as a sudden stimu-
lus that triggers the phase transition, is also consistent with the abrupt
cell-cycle phase-switch concept. Therefore, the landscape-switching
model captures the main characteristics of the cell cycle process and is
promising, for it should result in reliable predictions. In our previ-
ous work, we demonstrated that the non-equilibrium cell-cycle
dynamics is determined by both the potential landscape and
the curl probability flux.”””” Whereas the landscape stabilizes the
states along the cell cycle, the non-zero flux, which reflects the
degree of the detailed balance breaking or non-equilibrium,”
drives the stable cell-cycle oscillations. The non-equilibrium effects
in the landscape-switching model are the driving forces for the
cell-cycle progression and are reminiscent of the curl flux in our
previous theoretical studies.

Using this landscape-switching model, we identified a statistically
significant number of pathways for the chromosome that are depen-
dent on cell-cycle dynamics. These are irreversible and highly hetero-
geneous, though not random. Our results are in good agreement with
the experimental characterization of the mechanisms for mitosis and
the mitotic exit process at the chromosomal level.'*'**"** We found
that the formation of SMC complex-mediated loops is irreversible dur-
ing the cell cycle, giving rise to a biological explanation for the irrevers-
ibility from a structural perspective. From a physical perspective, the
irreversibility uncovered by our model is controlled by the broken
detailed balance of the underlying non-equilibrium process, often in
the form of extended ATP hydrolysis for energy pumping. The physi-
cal mechanism we obtained provides a quantitative basis for decipher-
ing the dynamic regulation of the chromosome structure-function
relation during the cell cycle. The model has potential applications
for a wide range of biological processes, which are mostly non-
equilibrium.

ARTICLE scitation.org/journal/are

Il. METHODS
A. Hi-C data processing

The Hi-C data for the I and M phases for HeLa cells were
downloaded from the ArrayExpress database with the accession
number E-MTAB-1948."" The Hi-C data of different sub-stages
within the I phase display quite similar patterns at both short- and
long-range pairwise contact regions and are highly correlated.”’
Therefore, we used mid-G; Hi-C data to represent approximately
the entire I phase. On the other hand, we used metaphase Hi-C
data to represent the M phase. Two replicas of the Hi-C data from
each phase were combined together, and the analysis proceeded
routinely using the HiC-Pro software.””> We normalized the pair-
wise contact frequencies into contact probabilities, which are easier
to implement in the following polymer simulations, based on the
reasonable assumption that neighboring beads are always in con-
tact with a probability P;;=; = 1.0.”” All the Hi-C matrices had
100-kb resolution, which is high enough to monitor the chromo-
some dynamics. We focused on a long segment on chromosome 5
from 80 to 161.1 Mb, which eventually gave 812 beads in the sys-
tem in the following polymer simulations.

B. Coarse-grained chromosome model

A generic bead-spring polymer model was used as the basis
and background to simulate the chromosome dynamics.”® The
potential of the generic polymer model Upolymer Was constituted
from the traditional bond, angle, and non-bonded interaction
potentials, as explained in the following. Neighboring beads
(i,i+ 1) were connected by pseudo-bonds through the finitely
extensible nonlinear elastic (FENE) potential.”” To avoid any
numerical instability due to divergence of the FENE potential at
~Ry, we use a method proposed by Tokuda et al.,”® in which the
bond potential Vpongs switches from the FENE potential to a
power-law function near Ry:

2
Tiir1
—0.5K,R2 In [1 - (%) }, riiv1 < Ro —yo, 1)
Kp(rii1/Ro)’,

To avoid an unrealistic overlap between neighboring bonded
beads, a hard-core repulsive potential, derived from the Lennard-Jones
potential, was added:

o \ 12 o \6
4¢ —
Vie = Tii+1 Tii+1

07 Tijit1 > 0'21/6.

VBonds =
Tiit1 > Ro — 0.

+e& 1 < a2V,

2

The angle potential was added for every three adjacent beads
(i—1,ii+1)"

VAngles = Ka[l — Cos (91 - 90)] (3)

The effects of topoisomerases, which help to relieve the formation

of knots, were mimicked by allowing chain-crossing in the model.”’

This was done by implementing a soft-core repulsive potential
between all the non-bonded pairs (i, j) 2
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2V (rij
0.5Ecut (1 -+ tanh {% - 1]), r < ro,

cut

Vee = Vi (rij), ro < rij < a2'/6,
0, rij > a2'/6,
4)
where
Viy(rij) = 48[(6) - (6)6 +e ©)
Tij Tij

A spherical confinement with the potential Vi, which has a semi-
harmonic potential, was used to mimic the volume fraction of the
chromosome:

RSRCV

07
Ve {KC(R —R¢)’, R>Re. ©
Any of the beads in the polymer are pulled back if their distance to the
center of the simulation box is more than R.

The simulations were performed by Gromacs (version 4.5.7
with the PLUMED plugin (version 2.5.0).°" Reduced units were used.
The energy unit was ¢ = 1.0. The bond length ¢ was set to be the
length unit. The parameters used for the FENE potential in the simula-
tions have been widely used elsewhere.”*” Ry = 1.55 allows the
bonds to stretch flexibly and K, = 30.0/6?. The power-law potential
in Vgonds has K, = 100.0 and y = 0.125 to ensure there is a smooth
connection near R, (for both the potential and the force). The angle
potential has a strength of K, = 2.0 and an angle of 0y = 7.”” In the
soft-core potential, E.y = 4.0, we set

)()(l

@)

(1 +v2)/2)V

s0 Vij(ry) = 0.5Eq; = 2.0.”> To ensure the volume fraction of the
chromosome at 10% was the same as used previously,”””” we set
Kc =100.0/¢% and Rc = 9.0¢ in the confinement potential. The
temperature in all simulations was set to 1.0 in energy units by multi-
plying by the Boltzmann constant. Langevin stochastic dynamics was
applied with a time step of 0.0017 and a friction coefficient of 1.077!,

where 7 is the reduced time unit.

C. Chromosome simulations guided by maximum
entropy principle

The chromosome ensembles in the I and M phases were pro-
duced using the maximum entropy principle approach by practically
incorporating the experimental Hi-C data into the generic polymer
simulations. Based on the experimental data (i.e., Hi-C data), a new
energy function can be written:

U= UPolymer + UHi-C7 (8)

where Upolymer is the generic polymer potential described above and
has the following expression:

UPolymer = VBonds + Vi + VAngles + Ve + Ve (9)

scitation.org/journal/are

Here, Upi-c is the experimental Hi-C restraint potential and
should have a specific functional form that is linear for the pairwise
contact probabilities, following the maximum entropy principle.””
Also, Ugi-c is the sum of the pairwise non-bonded contact probabili-
ties, which corresponds directly to the Hi-C data map:

1
Uni-c = E ;P = Zzaz] [1 + tanh(u(Ry — riJ))], (10)
ij ij

where the step function P;; represents the contact probability between
the genomic locus i and j. o;;; is iteratively adjusted to match P;; to the
experimental Hi-C data fj; via the maximum entropy principle
approach. We set 1 = 3.0/c in the expression for P;;. The details of
the iteration procedure can be found in Refs. 32 and 33.

The main outcome of the maximum entropy approach is that it
generates an ensemble of chromosome structures that collectively recon-
struct the experimental Hi-C data while remaining as close as possible to
the prior distribution from the generic polymer simulations through
maximizing the relative entropy.”” More importantly, the maximum
entropy principle can give rise to an interaction potential energy function
(i.e., force field) for simulations that are rationally restrained by the exper-
imental ensemble-averaged Hi-C data, and this eventually leads to a min-
imally biased energy landscape.” Such an effective energy landscape not
only can give an accurate description of chromosome thermodynamic
distributions inferred from the Hi-C data-based contact probabilities, but
it can also provide the details of the kinetics within one phase during the
simulations (Fig. S6). Therefore, simulations based on the maximum
entropy principle eventually lead to two potentials, U(r|I) and U(r|M),
which, respectively, describe the chromosome conformational dynamics
for the I and M phases. Here r is the coordinate of the system. Note that
the only difference between U(r|I) and U(r|M) is the non-bonded
experimental Hi-C restraint term Uy ¢, in particular at o; ;.

D. Cell-cycle dynamics revealed by energy
landscape-switching model

We developed an energy landscape-switching model to simulate
the chromosome transformation during the cell cycle. The model goes
beyond the previous studies based on allosteric protein dynamics.””"*
The cell-cycle process has been simplified to two transitions: I — M
and M — I. The simulation algorithm had the following three steps.
First, the chromosome in the I or M phase was simulated by the corre-
sponding potential energy landscape U(r|I) or U(r|M), obtained
from the maximum entropy simulation for a duration of 5 x 10°t.
Then, the potential landscape was switched from U(r|I) to U(r|M)
for the I — M transition or from U(r|M) to U(r|I) for the M — I
transition. This is reminiscent of the energy excitation process due to
the chemical reactions of the SMC complexes pumped by the underly-
ing extended forms of ATP hydrolysis in real cells.”’ This implementa-
tion represents the energy pump through ATP hydrolysis that breaks
the detailed balance of the system, resulting in a non-equilibrium pro-
cess. Finally, the simulations under the new energy landscape of the M
phase with U(r|M) or the I phase with U(r|I) were run for 1 x 10*z.
For each trajectory, the waiting time for dwelling at one phase was
5 x 1037, which corresponds to the time of an inter-landscape hop-
ping event. We calculated the decay of the autocorrelation function of
the chromosome order parameter”” and estimated the timescale for
intra-landscape dynamics at one phase (Fig. S1). As illustrated in Fig.
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S1, although the actual inter-landscape excitation is instantaneous, the
inter-landscape hopping event occurs over a much longer timescale
than that for the intra-landscape dynamics. These features lead to the
non-adiabatic non-equilibrium dynamics, which we simulated.

In practice, the simulations were initialized from the structures
obtained after clustering the trajectories of the maximum entropy
principle for the I or M phase, and only the clusters with populations
higher than 1% were selected. There were 52 and 56 clusters for the I
and M phase chromosome ensembles, respectively. For each cluster,
the five structures closest to the cluster center were chosen. Therefore,
we accumulated 260 transitions from the I to the M phase, and 280
transitions from the M to the I phase.

lll. RESULTS

A. Cell-cycle chromosome conformational dynamics
triggered by energy landscape switching

We use a generic polymer model restrained by the Hi-C data
through the maximum entropy principle to simulate the chromosome
conformational dynamics in the I and M phases individually (Sec. II).
The models successfully reproduced the experimental Hi-C data for
the I and M phases (Figs. S2 and S3). Besides, we observed formations
of crumpled fractal globular chromosomes in the I phase and con-
densed cylindrical chromosomes in the M phase (Figs. S4 and S5).
These results confirm the validity of our approach to modeling the
chromosome structural ensemble using Hi-C data. Furthermore, we
investigated the spatiotemporal chromosome dynamics in the I phase
by calculating the mean squared displacement of the chromosomal
loci (Fig. S6). We observed that there was sub-diffusion with scaling
factor f = 0.45 in mean squared displacement ~t” in the I phase, like
that found in the experiments (f = 0.39-0.44).°° Therefore, the
potentials that represent effective energy landscapes can successfully
capture the correct thermodynamics and kinetics of the chromosome
dynamics in the individual phases. These results provided the basis for
the following landscape-switching simulations.

The cell-cycle process in the simulations is divided into the
I—M and M —1 phase-to-phase transitions. We simulated each
phase transition by a combined process based on the initial dwelling
dynamics at the I (M) phase, then instantaneous landscape switching,
and finally the relaxation dynamics at the M (I) phase (Fig. 1; Sec. II).
We observed significant chromosome conformational changes during
the cell-cycle simulations. The circle at the center of Fig. 2 illustrates
the apparent cyclic change of the contact probability P; for the geno-
mic distance s during the cell cycle.”’ P, characterizes the chromosome
conformational transition between the fast decrease s ! in the I phase
and the slow decrease s in the M phase (Fig. S10). As the chromo-
somes may be trapped in multiple disconnected metastable states for a
remarkably long time in either the I or M phase (Figs. S6 and S7),"
the energy landscape-switching simulation has efficiently activated the
cell-cycle dynamics. Therefore, the simulations require only reasonable
computational costs.

The evolution of the contact probability map shows that the
chromosome conformational transition for the I— M transition
(M — I transition) proceeds with condensation (de-condensation) fol-
lowed by the loss (formation) of the TADs and the compartments
(Fig. 2; see the supplementary information for the details of the calcu-
lation of the TAD signal and the compartment profile). During the
transition from the I to M phase, the chromosomes initially at t = 0t

scitation.org/journal/are

exhibit the characteristics of the I phase. After a very short time lag
to t = I, there are notable widespread changes in the contacts
(Fig. S15), leading to deviations of the TAD and compartment pro-
files from those in the I phase. Further progression of the cell cycle
continuously increases the extent of condensation of the chromo-
some along with the gradual loss of the TADs and the compart-
ments. The TADs and the compartments have almost disappeared
at t = 1007. Further analysis of the kinetics of the TAD signals
showed that there was a very fast deformation of the TADs (Fig.
S11). Such a rapid and acute reorganization of the chromosome
structure during phase switching was also found experimentally
when G, cells enter the prophase.'”

In the M — I transition, we observed that the TADs rapidly form
very early at t = 2t (Fig. S11). On the other hand, the compartment
profile at ¢ = 107 is still very different from that in the I phase (Fig.
S$13). Therefore, the compartments form more slowly than the TADs.
The asynchronous establishment of the TADs and the compartments
was observed experimentally in the time series Hi-C data measured
for the mitotic exit process.”” The experimental analysis concluded
that the TADs rapidly form before the entry into the G, phase, while
compartmentalization is slow and still proceeds after the G, phase.”®
Note that more contacts can be lost at ¢ = 17 than at the final destined
I phase (Fig. S14). This observation implies that a chromosome
may have an over-expanded conformation around ¢ = 17 during the
M — I transition.

Overall, we showed that a chromosome undergoes condensation
and de-condensation associated with the deforming and forming of
the TADs and compartments during the cell cycle. The chromosome
conformational transitions in both the I — M and M — I processes
occur very quickly. This may be due to the instantaneous switching
model, which produced strong driving forces to guide the motion of
the system in the post-switching landscape. There is recent and
increasing experimental evidence to show that the chromosome
undergoes rapid structural reorganization during the cell-cycle phase
transition,'”***”? which occurs abruptly in cells. A sudden change of
the external environment during phase switching can dramatically
induce strong conformational strains on the chromosome, so this
requires a fast structural reorganization.

B. Chromosome conformational evolution during
the cell cycle

To quantify the chromosome conformational transition path-
ways, we collected all the trajectories and projected them onto several
order parameters (Figs. 3 and 4). The phase-transition trajectories
readily reached the destined phase during the simulations, confirming
that our simulations had converged (Figs. S16 and S17). First, we
focused on the global shape change of the chromosome conformation
by examining the lengths along the principal axes (PAs),” aspherical
shape parameter (A),”” and radius of gyration (Ry) (see the supple-
mentary material for definitions).

Once energy landscape-switching has been triggered for the
I — M phase transition, the chromosome starts to become compacted.
The longest principal axis (PA1) and shortest principal axis (PA3)
then decrease [Fig. 3(a)]. The individual pathways are highly heteroge-
neous, and no dominant path can be defined. Nevertheless, all the sto-
chastic pathways follow particular routes for condensation. We can
readily see that most of the chromosomes are more compact in terms
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FIG. 2. Chromosome conformational transitions during the cell cycle. The circle at the center represents the contact probability Ps for the genomic distance s, which evolves
during the clockwise cell cycle. The radial and angular coordinates of the circle are, respectively, the genomic distance s and cell-cycle processing time ¢, both shown in loga-
rithmic scale. The upper and lower semicircles describe the transition from the | to the M phase and from the M to the | phase, respectively. At particular time points
t = Oz, 17, and 1007, the corresponding Hi-C contact map, compartment profile, TAD signal, and short-range contact map for the 40-50 Mb region are shown. At the far left,
the green and blue lines in the compartment profile and TAD signal plots are the values calculated from the Hi-C data for the | and M phases, respectively. The shaded region
in the compartment profile indicates the chromosome segment (40-50 Mb) for the TAD signal and short-range contact map plots.

of PA3 than PAL in the early stage. Shortening of PA1 becomes more
significant for most trajectories in the late stage. Further projecting the
pathways onto R, and A gives a consistent and complementary expla-
nation for the transition [Fig. 3(d)]. In the beginning, R, and A
decrease and increase, respectively, and nearly synchronously, result-
ing in an anisotropic compaction of the chromosome conformation. A
decrease in R, along with no change or even a slight decrease in A
occurs in the late stage, which is consistent with the idea that the lon-
gest PA1 shortens to form the mitotic conformation at the end of the
transition. The typical structures extracted from one particular trajec-
tory, which was close to the average pathway, clearly show how the
chromosome evolved into a condensed cylinder [Fig. 3(g)]. This is in
good agreement with the two-stage mitotic chromosome condensation
hypothesis based on experimental findings, in which the interphase
chromosome linearly compacts into consecutive loops followed by
axial compression.”’

Interestingly, the M — I transition uses a different mechanism
for chromosome de-condensation, as it is not a simple reversal of the
chromosome condensation in the I — M transition. As shown in the
trajectories projected onto the PAs [Fig. 3(b)], the chromosomes
expand rapidly and isotropically in the early stage. Then the chromo-
somes preferentially reach a distinct set of conformations that have an
even longer PA1 than in the I phase. This can also be seen by looking
at the pathways projected onto R, and A [Fig. 3(e)]. R, continues to
increase in the early stage until it is bigger than in the I phase [Fig.
3(e)]. This indicates that the conformation over-expands, primarily
along its longest axis. The most significant chromosome conforma-
tional expansion occurred at ~2t, when P; was decreasing rapidly as
s7! [Fig. S10(c)], as in the I phase. The quenching from the over-
expanded chromosome conformation to that at the I phase requires
compaction of the PA1 dimension, resulting in condensation to the
globule-like shape. This is seen as a simultaneous decrease in both R,

Appl. Phys. Rev. 7, 031403 (2020); doi: 10.1063/5.0007316
Published under license by AIP Publishing

7, 031403-6


https://scitation.org/journal/are

Applied Physics Reviews

-y
N
-y
N

ARTICLE scitation.org/journal/are

. 1 . 1.2 -
10* (a) (b) 1 (c)

@ 11t Ve 1t 4 o 14t
< < <
o 102 o 1o
Sos {208 Sos
s 100 s y A s
[} ' ) 4 ~ Ave [} |
= 06 -2 R&xa&)n Time 158 o8] e phase o = 06

0.4 L2 (unitpolo 0.4 Mphase O o4 —

04 06 08 1 1.2 04 06 08 1 1.2 04 06 08 1 1.2
Relative PA1 Relative PA1 Relative PA1

()

FIG. 3. Shape changes of the chromosome during the cell cycle. (a) The pathways projected onto the first and third principal axes (PAs) during the transition from the | to the
M phase. The first and third PAs are defined to be the longest and shortest in the chromosome conformation, respectively. The PA lengths are relative to the mean values of
those at the | phase. Thus, the transition approximately starts from (1, 1) and decreases during the condensation process to the M phase. All the transition trajectories are
shown and colored by time in a logarithmic scale. The green and blue dots represent the mean values for the | and M phases. The error bars correspond to the standard devi-
ations. The pathway averaged by all trajectories is shown with the cyan line. (b) Like (a) but for the transition from the M to the | phase. (c) The average pathways colored
using a logarithmic timescale for the two directional transitions. (d) The pathways projected onto the aspherical parameter A and radius of gyration R, during the transition
from the | to the M phase. A is in the range 0-1. For perfect spheres, A =0. (e) Like (d) but for the transition from the M to the | phase. (f) The average pathways for the two
directional transitions. (g) Typical chromosome structures extracted from the transition trajectories. Upper: | — M transition. Lower: M — | transition. The pathways for the
selected structures are shown in (a), (b), (d), and (e) by gray lines with dots corresponding to the positions of the structures. The chromosome structures are colored from red
to green based on the genomic distance. The black arrows for the chromosome structures illustrate the major shape changes expected in the next step.

and A. Finally, the average pathways for the two directional transitions
connecting the I and M phases are completely different [Figs. 3(c) and
3(f)]. These observations indicate that the cell-cycle dynamics of chro-
mosome conformational switching is stochastic and irreversible.

We then used the parameters related to contact formation to
project the pathways (Fig. 4). In the I — M transition [Figs. 4(a)
and 4(d)], we see that local and non-local chromosome conforma-
tions have an asynchronous step in conformational switching. This
can be observed by retrieving the pathways projected onto the local

and non-local contact probabilities [Fig. 4(g)]. The local contacts
tend to form before the non-local ones in the transition from the I
to M phase. On the other hand, formation of a local contact pro-
ceeds along completely different pathways during the M — I tran-
sition. We observe that Qg{z b decreases considerably until it is
even lower than in the final I phase. Such over-expansion can also
be observed for the non-local contacts [Fig. 4(¢)] and by the path-
ways projected onto the contact probabilities [Fig. 4(h)].
Therefore, we have shown that the over-expansion of the
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FIG. 4. Contact changes of the chromosome during the cell cycle. (a—c) The pathways projected onto the local conformational order parameters. Qme is the fraction of con-
tacts formed by the pairwise loci that are in the genomic distance from 0 to 2 Mb, with superscript | and M, respectively, corresponding to the references chosen from the | and
M phases. The references are the average pairwise distances of the | or M phase ensembles (Figs. S4 and S5). Pathways for (a) the | — M transition, (b) the M — | transition,
as well as (c) the average for the two directional transitions. (d-f), (g-i) As (a—c) but projected onto the non-local conformational order parameter Q" ,, and contact proba-
bility P at the short (0-2 Mb) and long-range genomic distances (20-40 Mb), respectively.

chromosome conformation in the M — I transition occurs univer-
sally throughout the genomic sequence.

The irreversibility of the cell-cycle dynamics of the chromosome
conformational transition is clearly shown by the average pathways for
the two directional transitions [Figs. 4(c), 4(f), and 4(i)]. The forma-
tion of local contacts is along two completely separate non-
overlapping pathways for the two transitions that constitute the cell
cycle. When the range of the genomic distance of the pairwise contact
increases until it becomes non-local, the pathways tend to coincide, in
particular in the stage close to the M phase [Figs. 4(f) and S18]. Note
that the TADs form at the local range (~2 Mb) (Fig. S12), so that the
formation and deformation of the TADs during the cell cycle follow
totally irreversible pathways.

C. Heterogeneity of TAD conformational transition
during the cell cycle

To see how TADs evolve during the cell cycle, we first detected
40 TADs on the chromosome that we were investigating using the

software HiCseg."’ Then we calculated R, for each TAD for all the tra-
jectories, and we monitored the average pathways during the transi-
tions. In the I — M transition, most of the TADs condensed, though
already abundant contacts had formed within the TADs.'” There were
roughly two classes of R, evolution: one in which R, decreases mono-
tonically to that at the M phase and the other in which R, increases at
first and then decreases [Fig. 5(a)]. The latter resembles the results
from the recent single-cell Hi-C experiments, in which some TADs
underwent de-condensation from the early G; to the S phase before
the completion of the I phase.'® For each class, two typical TADs were
chosen. For both TADs, the variances of the pathways were large, indi-
cating that even one TAD can follow highly heterogeneous pathways
to realize the transition.

On the other hand, in the M — [ transition, almost all the TADs
undergo de-condensation before the final condensation. However, the
magnitude of the increase in R, was different. The initial de-
condensation may be attributed to the over-expansion, as can be
observed in Figs. 3 and 4. The de-condensation for all TADs reached a
peak at around 27, when the chromosomes formed the over-expanded
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FIG. 5. Conformational dynamics of the TADs during the cell cycle. The pathways for the radius of gyration R of the TADs for the (a) | — M and (b) M — | transitions. R, rel-
ative to the mean value in the | phase for all 40 TADs is shown as gray lines. TADS5 (fifth TAD, orange, the same notation used thereafter) and TAD36 (blue) are selected for
illustration. The shaded regions are the corresponding variances. Representative structures of the selected TADs are shown and colored from red to green based on genomic
distance. The pathways for the distance of the center of mass (dc,m) between neighboring TADs for the (c) | — M and (d) M — | transitions. d.om relative to the mean value in
the | phase for all 40 TADs is shown as gray lines. The distance between TAD17 and TAD18 (TAD17-TAD18) is selected for illustration. The shaded regions are the variances.

The representative structures TAD17 and TAD18 are colored red and green, respectively.

conformations. These results imply that the conformational dynamics
of the TADs are cooperative processes in the M — I transition.

One of the prominent characteristics of the M phase is the loss of
the TAD signals, as there is no TAD boundary due to the high con-
densation.”" The strength of the TAD signal can be measured by the
amount of insulation at the TAD boundary,”’ which is defined
through the degree of the contact depletion crossing the TAD bor-
ders."® The structural evolution of the TAD boundary was monitored
by calculating the spatial distance d.om between two neighboring
TAD:s during the transitions [Figs. 5(c) and 5(d)]. A short (long) deom
corresponds to weak (strong) TAD insulation and weak (strong) for-
mation of the TAD boundary. Although there were still highly hetero-
geneous pathways for one single inter-TAD distance evolution, the
spatial distances of the average pathways all monotonically decrease to
those at the M phase in the I — M transition. On the other hand, the
over-expansion in the transition from the M to the I phase appears to
be minor, and most of the spatial distances of the pathways increase

monotonically until they reach a plateau. Therefore, the inter-TAD
distance evolves more cooperatively than the intra-TAD does, and it
may share the same routes in the two directional transitions.

D. Chromosome conformational kinetics during
the cell cycle

We monitored the evolution of the contact probability at each
locus as it interacted with others at different genomic distances and
calculated the half-lives during the two directional transitions of the
cell cycle (Fig. 6). In the I — M transition, the highly heterogeneous
evolution of the short-range contact is shown as the extent of pathway
heterogeneity weakening as the genomic distance increases [Figs. 6(a),
6(b), and S21(a)]. There is a positive monotonic relation between the
mean 7, /, and the genomic distance [Fig. 6(c)]. In particular, the local
(0-2 Mb) conformations form much faster than the other non-local
ones do. However, by carefully examining the second-order
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movements of 7, /,, we observe a significant fluctuation of 7, , at the
local genomic distance of 0-2 Mb. This strongly suggests that the con-
formational kinetics for each locus is a non-Poisson process. The
quantity 7, is not self-averaging,”” as the distribution has a long tail
far from the mean value [Fig. S21(b)]. Since the formation of the
TADs occurs for a genomic distance of ~2Mb (Fig. S12), we suggest
that the TAD conformational dynamics in the I — M transition is
highly heterogeneous for an individual locus. Thus, the TADs may
form quite late, though the average conformational transition path-
ways appear to be efficient. When the genomic distance increases from
0-2Mb to 2-5Mb, the second-order movement of 7/, decreases
sharply to near 2 and keeps decreasing smoothly for longer genomic
distances. This indicates that at genomic distances longer than the
TAD range, chromosome conformational switching is highly coopera-
tive among each locus and proceeds more slowly than at the TADs.
On the other hand, there appears to be little difference in the confor-
mational evolution of an individual locus at various genomic distances
during the transition from the M to the I phase [Figs. 6(d)-6(f) and
S$21(c)]. For different contacting ranges, the mean 7/, has very similar
small values, and the second-order movements of 7, /, are relatively close
to 1, resulting in similar 7, , distributions [Fig. S21(d)]. These observa-
tions suggest that each individual chromosomal locus acts cooperatively
in the conformational switching from the M to the I phase. The kinetic
rates in the M — I transition are much faster than those in the I — M
transition, underlining the kinetic irreversibility of the cell-cycle dynamics.

E. Identification of bimodal structural transition state
ensemble

Precisely characterizing the transition state (TS) ensemble has
always been challenging in molecular dynamics simulations. It is

expected to be even more difficult in a landscape-switching simulation,
as the dynamics is non-adiabatic. Nevertheless, a simulation can be
performed approximately using the structural reaction coordinates
and assuming the TS structurally forms halfway during the transi-
tion.”* This assumption resembles the widely used kinetic TS defini-
tion in conventional molecular dynamics, in which the TS has an
equal probability of reaching the reactants and the products.””
Although this definition of a structural TS is not accurate, it is an illu-
minating way of extracting critical structures during the transition. In
practice, we assume that the structural TS occurs when the d,, values
for the T and M phases are the same.”* d,s is the root-mean-squared
deviation of the pairwise distance (see the supplementary material for
a definition).

There are two structural TS ensembles, one for each of the two
directional transitions during the cell cycle. Overall, both TS ensembles
have broad distributions. However, they are distinctly different from a
structural perspective (Fig. 7). These findings are in contrast with those
for the equilibrium process, since the TSs should be the same for the
forward and backward reactions if the same condition is applied. For
both TS ensembles, there was a slight decrease in PA1 relative to the I
phase, unlike PA3 [Fig. 7(a)]. The global structural order parameter R,
is similar for the two TS ensembles and has quite a narrow distribu-
tion. Moreover, A for the TS ensembles has a much broader distribu-
tion and a higher cylindrical-like value in the I — M than in the M —
I transition [Fig. 7(b)]. These findings indicate that the chromosomes
in the two structural TS ensembles condense to a similar extent of
compaction but have very different aspherical shapes.

From a contact perspective, the formation of the short-range
interaction occurs closer to the final destined M phase than to the ini-
tial T phase in the structural TS ensembles of the I — M transition
[Fig. 7(c)]. However, an over-stabilized effect is observed at Qg{ 2 Mb-
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Moreover, the short-range contacts of the TS ensembles in the M — 1
transition are entirely distorted compared to those in the M phase and
remain until nearly halfway through the transition to the I phase. In
contrast, the long-range contacts in both ensembles resemble the for-
mation in the I phase and are similarly located halfway to the M phase
[Fig. 7(d)]. Therefore, we deduced that the structural TS ensembles of
the two directional transitions are mostly different from the interac-
tions within the local TAD-length range and gradually become similar
as the interaction range increases (Figs. S22 and S23).

There are also apparent differences between the two directional
transitions in terms of the kinetic transition time [Fig. 7(e)]. In the

I — M transition, the first passage time to the structural TS ensembles
(trs) has a broader distribution along with a higher most probable
value than in the M — T transition. We attribute the difference to the
formation of the short-range contacts, as they contribute to the signifi-
cant structural differences for the two structural TS ensembles.

F. SMC complex-mediated loop formation during
the cell cycle

The SMC complexes, such as cohesins and condensins, are criti-
cal in the reorganization of the chromosome structure during the cell
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FIG. 8. Changes to the SMC complex-mediated loops during the cell cycle. (a) Logarithmic plot of the contact probability P vs genomic distance s for the Hi-C data for the |
and M phases. Pg has distinct decaying patterns in the | (~ — 1) and M (~ — 0.5) phases within 10 Mb. (b) The slope of Ps(s) ~ s*) has local maxima in the | and M
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~800 kb, which corresponds to the loop formed by condensin.”® Condensin binding can also lead to enhanced contacts at short ranges (~300kb), similar to the range in
which cohesin forms loops in the | phase.”®’ (c) Time evolution of «(s) for the | — M transition. The dashed lines indicate the sizes of the cohesin (green) and condensin
(blue) loops. (d) The change of «(s) for the cohesin and condensin loops extracted from (c) for the | — M transition. (e), (f) As (c) and (d) but for the M — [ transition.

cycle.”’ In the loop extrusion model,” these protein complexes are

associated with the chromosome fiber and subsequently create a loop
by progressively extruding. The process can lead to the accumulation
of contact frequency in the Hi-C maps. The previous experimental
studies used the slope of the logarithmic relation of contact probability

P, vs genomic distance s to infer the formation of cohesion and con-
densin loops.”*”*”® In practice, since P;(s) ~ s*¥), then o(s) was cal-
culated as the slope of the logarithmic Ps(s) vs s. A local maximum of
o(s) in the local ranges (usually < 2Mb) indicates a deviation from
the average decay, implying an enhanced contact probability for the
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SMC complexes. We calculated (o) for the experimental Hi-C data in
the I and M phases [Figs. 8(a) and 8(b)]. The different positions of the
local maximum in the o(s) curve indicate the sizes of the cohesin loop
in the I phase and the condensin loop in the M phase, consistent with
the previous analyses.”””*”® Thus, we were able to delineate the loops
formed from cohesin and condensin, though our model does not
explicitly consider the protein-chromosome interaction.

From the shape of the o(s) profile, we can identify a loss of the
cohesin loop and a gain of the condensin loop in the I — M transition
[Fig. 8(c)]. Further projection of «(s) at the positions of the cohesin
and condensin loops shows how these two complexes act during mito-
sis. As shown in Fig. 8(d), a(s) decreases at the position of the cohesin
loop and increases at the position of the condensin loop at the very
beginning of the I — M transition (up to 0.37). This is related to the
simultaneous unbinding of cohesin and the binding of condensin. The
late synchronous increase in o(s) for the cohesion and condensin
loops is due to the mitotic compression during condensin binding,
which increases the value of o(s) to that in the M phase.

On the other hand, the change of o(s) indicates the evolution of
the formation and breakage of the cohesin and condensin loops for
the M — T transition [Figs. 8(e) and 8(f)]. Interestingly, the trends are
not the reverse of those observed during the I — M transition. «(s) for
both the cohesin and condensin loops decreases abruptly at the begin-
ning of the transition until 27. This suggests the unbinding of conden-
sin occurs without the binding of the cohesin. After 27, o(s) at the
condensin loop has a relatively small change, implying that the con-
densin is entirely dissociated. In contrast, o(s) at the cohesin loop
increases immediately after 27, indicating cohesin loading. In other
words, our results imply that around 27, there is no association
between cohesin and condensin in the chromosome. Notably, a recent
experiment that focused on the mitotic exit process of HelLa cells
detected a similar short-lived intermediate state, which was at the criti-
cal point for the cohesin-to-condensin (all-or-none) transition.”® We
also found that at ~27 in the M — I transition, the chromosome has
an over-expanded conformation. This is in agreement with our intui-
tion that a chromosome in which cohesin and condensin do not bind
can expand even more than in the I phase.

IV. DISCUSSION AND CONCLUSIONS

We developed a landscape-switching model to investigate the
chromosome conformational dynamics of the cell cycle. To capture
the essence of the cell cycle, the model explicitly considers non-
adiabatic non-equilibrium effects. In practice, the instantaneous
energy excitation is used in the simulations, consistent with the evi-
dence that the phase transition during the cell cycle occurs abruptly,
like a switch.”” The rapid chromosome conformational relaxation in
the post-switching landscape observed in simulations is consistent
with experimental findings that the chromosome reorganization is fast
during a phase transition.'””**"% Importantly, we demonstrated the
irreversibility of the chromosome conformational transition pathways
during the cell cycle. Our findings confirm that the cell cycle is irre-
versible and controlled by different regulatory networks at different
phases.”® Furthermore, we found that the significant irreversibility of
the pathway is governed by the formation of local-range contacts
when the transition is close to the I phase. By analyzing the formation
of SMC complex-mediated loops, we provided a molecular-level expla-
nation. The unloading of cohesin and the loading of condensin is
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simultaneous at the beginning of the I — M transition, in contrast to
the pure loading of cohesin at the late stage of the M — I transition.
Therefore, we suggest that the irreversibility of the chromosome con-
formational transition during the cell cycle can be attributed biologi-
cally to the different SMC complexes participating in the deformation
(formation) of the I phase chromosome during the mitotic (exit)
process.

The description of chromosome mitotic folding obtained from
the simulated pathways is consistent with the previous experimentally
proposed two-stage hypothesis."”*" From Fig. 3(a), we can estimate
when the first step of linear compaction ends and the second step of
axial compression begins as when the slope of the average pathway on
the PA extension reaches the half-value (~207). The condensin loop is
90% formed at ~207 in our simulations [Fig. 8(d)]. This description of
concurrent linear compaction and the formation of a condensin loop
is consistent with the experimental observation that linear compaction
is led by the condensin-mediated consecutive chromosomal loop.'””’
At the second stage, the chromosome undergoes axial compression
associated with an increase in the contact probability at a longer range.
Based on our kinetic analysis [Fig. 6(c)], the anisotropic chromosome
condensation from the I to the M phase is likely an outcome of the
asynchronous formation of contacts at various genomic distances, as
the local contacts form much faster than the non-local ones. In addi-
tion, we produced a description of the mitotic exit process that is con-
sistent between the simulations and experiments.”® We found that the
mitotic exit was efficient for the over-expanded chromosome confor-
mation at ~21, when the chromosome is also free of cohesin and con-
densin binding. The transient state at ~27 in our simulations captures
the main characteristics of the experimentally uncovered intermediate
state that dominates the condensin-to-cohesin transition.”®
Topologically, the over-expanded chromosome has more surface
accessible to the SMC complexes, which biologically enhances the sub-
sequent cohesin targeting. Therefore, our structural-level description
suggests that there is a biological role for the aberrant intermediate
state.””

Our investigations of the cyclic structural changes of the intra-
and inter-TADs provide detailed descriptions of TAD condensation
and insulation during the cell cycle. Consistent with the recent single-
cell Hi-C experiments,”® the de-condensed TADs were largely
observed in the I phase, suggesting that open chromatin is functionally
advantageous to gene regulation.'” Additionally, it was experimentally
observed that some TADs can de-condense, although the overall trend
for TAD condensation has a monotonic increase. In our simulations,
we observed such deviations for particular TADs, and we confirmed
the heterogeneity in the TAD transformations. On the other hand, the
insulation of a TAD evolves more cooperatively than TAD (de-)con-
densation does, implying that the spatial proximity of neighboring
TADs is an indicator of cell-cycle progression.'”

It is tempting to match our kinetic simulations to the real cell-
cycle process based on the current experimental findings. For mitosis,
experiments found that TADs disappear in the prophase. By using the
decrease in the TAD signal variance as an indicator for the loss of the
TAD boundary, we deduced that the prophase occurred at ~20t,
when 90% of the TADs are lost (Fig. S11). This is coincidentally the
critical point between the two stages of mitotic folding. This time point
can be used to separate the first stage of condensin-dependent linear
looping in the prophase’® from the second stage of axial compression
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in the prometaphase.”” In our simulations, the further relaxation of
the chromosome from the prometaphase to the metaphase can take
up to 1000t or more, which is consistent with the experimental find-
ings that the prometaphase is long.” On the other hand, experiments
detected the aberrant intermediate state in the telophase during the
mitotic exit process. We determined that the telophase starts at ~27.
Moreover, we observed the establishment of TADs at 27 in our simu-
lations (Fig. S11), in agreement with the experimental analysis that
TAD:s initially form as early as the telophase. In addition, a relatively
small change in the simulation trajectories can be seen after 107 (Fig.
S17), indicating the time of the entry into the I phase. Our observation
of compartmentalization proceeding after 10t (Fig. S13) resonates
with the experiments, which showed that the strengthening of com-
partments can continue for a long time in the I phase.

Overall, our simulations have predicted well the key progression
phases in chromosome morphogenesis during the cell cycle. However,
there are two things worth noting:

1. The underlying kinetics of the system is based on landscape
switching. The timescale estimated in our simulations may not
be directly linked to the real reaction rates.

2. The additional axial compression of the chromosome in the ana-
phase after the metaphase® was not observed in our model.
Making predictions for the anaphase is beyond the scope of this
simulation, as we have roughly assumed that the metaphase
chromosome was the final destined condensed state.

Energy landscape theory has successfully been used to investigate
the folding and function of proteins.”"** The extension of the energy
landscape concept to describe genomic dynamics seems sensible.
However, it depends on the application.”” Beyond the thermodynamic
distributions, our study and other previous studies showed that effec-
tive energy landscapes can correctly characterize the kinetics in chro-
mosome anomalous diffusion.””*" These features suggest the broad
applicability of the effective energy landscape approach for much big-
ger and more complex systems beyond proteins, i.e., chromosomes.
Nevertheless, there are questions. For example, can the effective energy
landscape properly describe the chromosome conformational transi-
tion during the cell cycle? A direct application of the energy landscape
seems to be inappropriate, as the driving forces in the cell cycle origi-
nate mainly from non-equilibrium chemical reactions, such as ATP
hydrolysis. However, the transition process can be approximately rep-
resented as a switch between the two phases, such that the prior and
posterior energy landscapes in each phase are still effective and correct
for describing the chromosome dynamics within the phase. The per-
formance of the energy landscape-switching model between cell-cycle
phases was assessed by comparing the mitotic and mitotic exit chro-
mosome folding results from experiments and our simulations. The
emergent descriptions from our simulations are very consistent with
those observed in experiments, supporting the validity of our model.
The irreversibility of the pathways uncovered in our simulations is an
outcome of the non-equilibrium dynamics,”” and would be absent if
equilibrium dynamics were applied. Therefore, our work suggests that
combining energy landscapes with non-equilibrium effects is effective
at the genomic level.

In summary, we have developed quite a complete physical
description of cell-cycle chromosome dynamics. Our results may aid
the global and quantitative understanding of functional chromosome
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reorganization in cell development and the pathological disorganiza-
tion of cancer cells. Our detailed work on the roles of SMC proteins
elucidates the genome structure and dynamics at the molecular level.
Thus, it may provide useful guidance in practical research on modulat-
ing and controlling the cell cycle, which is key to understanding cancer
and cellular senescence. We anticipate that our model could lead to
new approaches for developing molecular simulations of higher-level
biological processes, which are mostly non-equilibrium.

SUPPLEMENTARY MATERIAL

See the supplementary material for definitions of the order
parameters, the methods for identifying the TADs and calculating the
compartment profile, and additional figures.

ACKNOWLEDGMENTS

We thank the National Science Foundation (Grant Nos. PHY-
76066 and CHE-1808474) and the National Institute of General
Medical Sciences of the National Institutes of Health (Grant No.
RO1GM124177) for their support. The content is solely the
responsibility of the authors and does not necessarily represent the
official views of the National Institutes of Health.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES

'G. Cavalli and T. Misteli, “Functional implications of genome topology,” Nat.
Struct. Mol. Biol. 20, 290 (2013).

2C. Lanctét, T. Cheutin, M. Cremer, G. Cavalli, and T. Cremer, “Dynamic
genome architecture in the nuclear space: Regulation of gene expression in
three dimensions,” Nat. Rev. Genet. 8, 104 (2007).

3]. Dekker, K. Rippe, M. Dekker, and N. Kleckner, “Capturing chromosome
conformation,” Science 295, 1306-1311 (2002).

“E. Lieberman-Aiden, N. L. Van Berkum, L. Williams, M. Imakaev, T. Ragoczy,
A. Telling, I. Amit, B. R. Lajoie, P. J. Sabo, M. O. Dorschner et al,
“Comprehensive mapping of long-range interactions reveals folding principles
of the human genome,” Science 326, 289-293 (2009).

SM. Sasai and P. G. Wolynes, “Stochastic gene expression as a many-body prob-
lem,” Proc. Natl. Acad. Sci. U.S.A. 100, 2374-2379 (2003).

®B. Zhang and P. G. Wolynes, “Stem cell differentiation as a many-body prob-
lem,” Proc. Natl. Acad. Sci. U.S.A. 111, 10185-10190 (2014).

7K. C. Chen, L. Calzone, A. Csikasz-Nagy, F. R. Cross, B. Novak, and J. J.
Tyson, “Integrative analysis of cell cycle control in budding yeast,” Mol. Biol.
Cell 15, 3841-3862 (2004).

8J.J. Tyson and B. Novak, “Temporal organization of the cell cycle,” Curr. Biol.
18, R759-R768 (2008).

9]. R. Dixon, S. Selvaraj, F. Yue, A. Kim, Y. Li, Y. Shen, M. Hu, J. S. Liu, and B.
Ren, “Topological domains in mammalian genomes identified by analysis of
chromatin interactions,” Nature 485, 376 (2012).

10T, Sexton, E. Yaffe, E. Kenigsberg, F. Bantignies, B. Leblanc, M. Hoichman, H.
Parrinello, A. Tanay, and G. Cavalli, “Three-dimensional folding and func-
tional organization principles of the drosophila genome,” Cell 148, 458-472
(2012).

TC. Hou, L. Li, Z. S. Qin, and V. G. Corces, “Gene density, transcription, and
insulators contribute to the partition of the drosophila genome into physical
domains,” Mol. Cell 48, 471-484 (2012).

"2E. P. Nora, B. R. Lajoie, E. G. Schulz, L. Giorgetti, I. Okamoto, N. Servant, T.
Piolot, N. L. van Berkum, J. Meisig, J. Sedat et al., “Spatial partitioning of the
regulatory landscape of the x-inactivation centre,” Nature 485, 381 (2012).

Appl. Phys. Rev. 7, 031403 (2020); doi: 10.1063/5.0007316
Published under license by AIP Publishing

7,031403-14


https://doi.org/10.1063/5.0007316#suppl
https://doi.org/10.1038/nsmb.2474
https://doi.org/10.1038/nsmb.2474
https://doi.org/10.1038/nrg2041
https://doi.org/10.1126/science.1067799
https://doi.org/10.1126/science.1181369
https://doi.org/10.1073/pnas.2627987100
https://doi.org/10.1073/pnas.1408561111
https://doi.org/10.1091/mbc.e03-11-0794
https://doi.org/10.1091/mbc.e03-11-0794
https://doi.org/10.1016/j.cub.2008.07.001
https://doi.org/10.1038/nature11082
https://doi.org/10.1016/j.cell.2012.01.010
https://doi.org/10.1016/j.molcel.2012.08.031
https://doi.org/10.1038/nature11049
https://scitation.org/journal/are

Applied Physics Reviews

135, 8. Rao, M. H. Huntley, N. C. Durand, E. K. Stamenova, I. D. Bochkov, J. T.
Robinson, A. L. Sanborn, I. Machol, A. D. Omer, E. S. Lander et al., “A 3D map
of the human genome at kilobase resolution reveals principles of chromatin
looping,” Cell 159, 1665-1680 (2014).

147, Dekker, “Two ways to fold the genome during the cell cycle: Insights obtained
with chromosome conformation capture,” Epigenet. Chromatin 7, 25 (2014).
'3]. R. Dixon, D. U. Gorkin, and B. Ren, “Chromatin domains: The unit of chro-

mosome organization,” Mol. Cell 62, 668-680 (2016).

'6B. D. Pope, T. Ryba, V. Dileep, F. Yue, W. Wu, O. Denas, D. L. Vera, Y. Wang,
R. S. Hansen, T. K. Canfield et al., “Topologically associating domains are stable
units of replication-timing regulation,” Nature 515, 402 (2014).

D. U. Gorkin, D. Leung, and B. Ren, “The 3D genome in transcriptional regula-
tion and pluripotency,” Cell Stem Cell 14, 762-775 (2014).

8T, Nagano, Y. Lubling, C. Vdrnai, C. Dudley, W. Leung, Y. Baran, N. M.
Cohen, S. Wingett, P. Fraser, and A. Tanay, “Cell-cycle dynamics of chromo-
somal organization at single-cell resolution,” Nature 547, 61 (2017).

'9J. H. Gibcus, K. Samejima, A. Goloborodko, I. Samejima, N. Naumova, J.
Nuebler, M. T. Kanemaki, L. Xie, J. R. Paulson, W. C. Earnshaw et al., “A path-
way for mitotic chromosome formation,” Science 359, eaao6135 (2018).

201, A. Mirny, “The fractal globule as a model of chromatin architecture in the
cell,” Chromosome Res. 19, 37-51 (2011).

2IN. Naumova, M. Imakaev, G. Fudenberg, Y. Zhan, B. R. Lajoie, L. A. Mirny,
and J. Dekker, “Organization of the mitotic chromosome,” Science 342,
948-953 (2013).

22] M. Gottesfeld and D. J. Forbes, “Mitotic repression of the transcriptional
machinery,” Trends Biochem. Sci. 22, 197-202 (1997).

23Y. Kakui, A. Rabinowitz, D. J. Barry, and F. Uhlmann, “Condensin-mediated
remodeling of the mitotic chromatin landscape in fission yeast,” Nat. Genet.
49,1553 (2017).

241, Lazar-Stefanita, V. F. Scolari, G. Mercy, H. Muller, T. M. Guérin, A. Thierry,
J. Mozziconacci, and R. Koszul, “Cohesins and condensins orchestrate the 4D
dynamics of yeast chromosomes during the cell cycle,” EMBO . 36, 2684-2697
(2017).

253, A. Schalbetter, A. Goloborodko, G. Fudenberg, J.-M. Belton, C. Miles, M.
Yu, J. Dekker, L. Mirny, and J. Baxter, “SMC complexes differentially compact
mitotic chromosomes according to genomic context,” Nat. Cell Biol. 19, 1071
(2017).

26K, Abramo, A.-L. Valton, S. V. Venev, H. Ozadam, A. N. Fox, and J. Dekker,
“A chromosome folding intermediate at the condensin-to-cohesin transition
during telophase,” Nat. Cell Biol. 21, 1393-1402 (2019).

27h. Zhang, D. J. Emerson, T. G. Gilgenast, K. R. Titus, Y. Lan, P. Huang, D.
Zhang, H. Wang, C. A. Keller, B. Giardine et al., “Chromatin structure dynam-
ics during the mitosis-to-G; phase transition,” Nature 576, 158-162 (2019).

28B. Novak, J. J. Tyson, B. Gyorffy, and A. Csikasz-Nagy, “Irreversible cell-cycle
transitions are due to systems-level feedback,” Nat. Cell Biol. 9, 724 (2007).

29N. Hégarat, S. Rata, and H. Hochegger, “Bistability of mitotic entry and exit
switches during open mitosis in mammalian cells,” Bioessays 38, 627-643
(2016).

305, Wang and P. G. Wolynes, “Communication: Effective temperature and
glassy dynamics of active matter,” ]. Chem. Phys. 135, 051101-051101 (2011).

31S. Wang and P. Wolynes, “Tensegrity and motor-driven effective interactions
in a model cytoskeleton,” J. Chem. Phys. 136, 145102 (2012).

32B. Zhang and P. G. Wolynes, “Topology, structures, and energy landscapes of
human chromosomes,” Proc. Natl. Acad. Sci. U.S.A. 112, 6062-6067 (2015).

33B. Zhang and P. G. Wolynes, “Shape transitions and chiral symmetry breaking
in the energy landscape of the mitotic chromosome,” Phys. Rev. Lett. 116,
248101 (2016).

34p. Pearce, F. G. Woodhouse, A. Forrow, A. Kelly, H. Kusumaatmaja, and J.
Dunkel, “Learning dynamical information from static protein and sequencing
data,” Nat. Commun. 10, 5368 (2019).

35Q. Lu and J. Wang, “Single molecule conformational dynamics of adenylate
kinase: Energy landscape, structural correlations, and transition state
ensembles,” J. Am. Chem. Soc. 130, 4772-4783 (2008).

36y, Wang, L. Gan, E. Wang, and J. Wang, “Exploring the dynamic functional
landscape of adenylate kinase modulated by substrates,” J. Chem. Theory
Comput. 9, 84-95 (2013).

ARTICLE scitation.org/journal/are

37X. Chu, F. Liu, B. A. Maxwell, Y. Wang, Z. Suo, H. Wang, W. Han, and J.
Wang, “Dynamic conformational change regulates the protein-DNA recogni-
tion: An investigation on binding of a Y-family polymerase to its target DNA,”
PLoS Comput. Biol. 10, e1003804 (2014).

38K-i Okazaki, N. Koga, S. Takada, J. N. Onuchic, and P. G. Wolynes, “Multiple-
basin energy landscapes for large-amplitude conformational motions of pro-
teins: Structure-based molecular dynamics simulations,” Proc. Natl. Acad. Sci.
U.S.A. 103, 11844-11849 (2006).

39p. C. Whitford, O. Miyashita, Y. Levy, and J. N. Onuchic, “Conformational
transitions of adenylate kinase: Switching by cracking,” J. Mol. Biol. 366,
1661-1671 (2007).

4OF Uhlmann, “SMC complexes: From DNA to chromosomes,” Nat. Rev. Mol.
Cell Biol. 17, 399 (2016).

“1G. Schiebinger, J. Shu, M. Tabaka, B. Cleary, V. Subramanian, A. Solomon, J.
Gould, S. Liu, S. Lin, P. Berube et al., “Optimal-transport analysis of single-cell
gene expression identifies developmental trajectories in reprogramming,” Cell
176, 928-943 (2019).

“2T, Nagano, Y. Lubling, T. J. Stevens, S. Schoenfelder, E. Yaffe, W. Dean, E. D.
Laue, A. Tanay, and P. Fraser, “Single-cell Hi-C reveals cell-to-cell variability
in chromosome structure,” Nature 502, 59 (2013).

“3T. Nagano, Y. Lubling, E. Yaffe, S. W. Wingett, W. Dean, A. Tanay, and P.
Fraser, “Single-cell Hi-C for genome-wide detection of chromatin interactions
that occur simultaneously in a single cell,” Nat. Protoc. 10, 1986 (2015).

“%K. Zhang, M. Sasai, and J. Wang, “Eddy current and coupled landscapes for
nonadiabatic and nonequilibrium complex system dynamics,” Proc. Natl,
Acad. Sci. U.S.A. 110, 14930-14935 (2013).

“#5]. Wang, “Landscape and flux theory of non-equilibrium dynamical systems
with application to biology,” Adv. Phys. 64, 1-137 (2015).

“6J. N. Onuchic and P. G. Wolynes, “Classical and quantum pictures of reaction
dynamics in condensed matter: Resonances, dephasing, and all that,” J. Phys.
Chem. 92, 6495-6503 (1988).

“7A. B. Kolomeisky and M. E. Fisher, “Molecular motors: A theorist’s
perspective,” Annu. Rev. Phys. Chem. 58, 675-695 (2007).

“BB, Napitu and J. Thijssen, “Adiabatic and non-adiabatic charge pumping in a
single-level molecular motor,” J. Phys.: Condens. Matter 27, 275301 (2015).

“91. Goychuk, “Molecular machines operating on the nanoscale: From classical to
quantum,” Beilstein ]. Nanotechnol. 7, 328-350 (2016).

SOW. Stallaert, K. M. Kedziora, H. X. Chao, and J. E. Purvis, “Bistable switches as
integrators and actuators during cell cycle progression,” FEBS Lett. 593,
2805-2816 (2019).

S1A. Verdugo, P. Vinod, J. J. Tyson, and B. Novak, “Molecular mechanisms creat-
ing bistable switches at cell cycle transitions,” Open Biol. 3, 120179 (2013).

521 Wang, C. Li, and E. Wang, “Potential and flux landscapes quantify the stabil-
ity and robustness of budding yeast cell cycle network,” Proc. Natl. Acad. Sci.
U.S.A. 107, 8195-8200 (2010).

53C. Li and J. Wang, “Landscape and flux reveal a new global view and physical
quantification of mammalian cell cycle,” Proc. Natl. Acad. Sci. US.A. 111,
14130-14135 (2014).

547. Wang, L. Xu, and E. Wang, “Potential landscape and flux framework of non-
equilibrium networks: Robustness, dissipation, and coherence of biochemical
oscillations,” Proc. Natl. Acad. Sci. U.S.A. 105, 12271-12276 (2008).

55N. Servant, N. Varoquaux, B. R. Lajoie, E. Viara, C.-]. Chen, J.-P. Vert, E.
Heard, J. Dekker, and E. Barillot, “HiC-Pro: An optimized and flexible pipeline
for Hi-C data processing,” Genome Biol. 16, 259 (2015).

56K, Kremer and G. S. Grest, “Dynamics of entangled linear polymer melts: A
molecular-dynamics simulation,” . Chem. Phys. 92, 5057-5086 (1990).

57H. R. Warner, Jr., “Kinetic theory and rheology of dilute suspensions of finitely
extendible dumbbells,” Ind. Eng. Chem 11, 379-387 (1972).

58N. Tokuda, T. P. Terada, and M. Sasai, “Dynamical modeling of three-
dimensional genome organization in interphase budding yeast,” Biophys. J.
102, 296-304 (2012).

59A. Rosa and R. Everaers, “Structure and dynamics of interphase
chromosomes,” PLoS Comput. Biol. 4, €1000153 (2008).

60B. Hess, C. Kutzner, D. Van Der Spoel, and E. Lindahl, “Gromacs 4:
Algorithms for highly efficient, load-balanced, and scalable molecular simu-
lation,” J. Chem. Theory Comput. 4, 435-447 (2008).

Appl. Phys. Rev. 7, 031403 (2020); doi: 10.1063/5.0007316
Published under license by AIP Publishing

7, 031403-15


https://doi.org/10.1016/j.cell.2014.11.021
https://doi.org/10.1186/1756-8935-7-25
https://doi.org/10.1016/j.molcel.2016.05.018
https://doi.org/10.1038/nature13986
https://doi.org/10.1016/j.stem.2014.05.017
https://doi.org/10.1038/nature23001
https://doi.org/10.1126/science.aao6135
https://doi.org/10.1007/s10577-010-9177-0
https://doi.org/10.1126/science.1236083
https://doi.org/10.1016/S0968-0004(97)01045-1
https://doi.org/10.1038/ng.3938
https://doi.org/10.15252/embj.201797342
https://doi.org/10.1038/ncb3594
https://doi.org/10.1038/s41556-019-0406-2
https://doi.org/10.1038/s41586-019-1778-y
https://doi.org/10.1038/ncb0707-724
https://doi.org/10.1002/bies.201600057
https://doi.org/10.1063/1.3624753
https://doi.org/10.1063/1.3702583
https://doi.org/10.1073/pnas.1506257112
https://doi.org/10.1103/PhysRevLett.116.248101
https://doi.org/10.1038/s41467-019-13307-x
https://doi.org/10.1021/ja0780481
https://doi.org/10.1021/ct300720s
https://doi.org/10.1021/ct300720s
https://doi.org/10.1371/journal.pcbi.1003804
https://doi.org/10.1073/pnas.0604375103
https://doi.org/10.1073/pnas.0604375103
https://doi.org/10.1016/j.jmb.2006.11.085
https://doi.org/10.1038/nrm.2016.30
https://doi.org/10.1038/nrm.2016.30
https://doi.org/10.1016/j.cell.2019.01.006
https://doi.org/10.1038/nature12593
https://doi.org/10.1038/nprot.2015.127
https://doi.org/10.1073/pnas.1305604110
https://doi.org/10.1073/pnas.1305604110
https://doi.org/10.1080/00018732.2015.1037068
https://doi.org/10.1021/j100334a007
https://doi.org/10.1021/j100334a007
https://doi.org/10.1146/annurev.physchem.58.032806.104532
https://doi.org/10.1088/0953-8984/27/27/275301
https://doi.org/10.3762/bjnano.7.31
https://doi.org/10.1002/1873-3468.13628
https://doi.org/10.1098/rsob.120179
https://doi.org/10.1073/pnas.0910331107
https://doi.org/10.1073/pnas.0910331107
https://doi.org/10.1073/pnas.1408628111
https://doi.org/10.1073/pnas.0800579105
https://doi.org/10.1186/s13059-015-0831-x
https://doi.org/10.1063/1.458541
https://doi.org/10.1021/i160043a017
https://doi.org/10.1016/j.bpj.2011.12.005
https://doi.org/10.1371/journal.pcbi.1000153
https://doi.org/10.1021/ct700301q
https://scitation.org/journal/are

Applied Physics Reviews

81G. A. Tribello, M. Bonomi, D. Branduardi, C. Camilloni, and G. Bussi, “Plumed
2: New feathers for an old bird,” Comput. Phys. Commun. 185, 604-613
(2014).

82A. Cesari, S. Reifler, and G. Bussi, “Using the maximum entropy principle to
combine simulations and solution experiments,” Computation 6, 15 (2018).

83N. Koga and S. Takada, “Folding-based molecular simulations reveal mecha-
nisms of the rotary motor F;-ATPase,” Proc. Natl. Acad. Sci. U.S.A. 103,
5367-5372 (2006).

64C. Hyeon, G. H. Lorimer, and D. Thirumalai, “Dynamics of allosteric transi-
tions in GroEL,” Proc. Natl. Acad. Sci. U.S.A. 103, 18939-18944 (2006).

65X. Chu and J. Wang, “Position-, disorder-, and salt-dependent diffusion in
binding-coupled-folding of intrinsically disordered proteins,” Phys. Chem.
Chem. Phys. 21, 5634-5645 (2019).

663, Shinkai, T. Nozaki, K. Maeshima, and Y. Togashi, “Dynamic nucleosome
movement provides structural information of topological chromatin domains
in living human cells,” PLoS Comput. Biol. 12, 1005136 (2016).

7L. Liu, G. Shi, D. Thirumalai, and C. Hyeon, “Chain organization of human
interphase chromosome determines the spatiotemporal dynamics of chromatin
loci,” PLoS Comput. Biol. 14, e1006617 (2018).

8y. Dileep, F. Ay, J. Sima, D. L. Vera, W. S. Noble, and D. M. Gilbert,
“Topologically associating domains and their long-range contacts are estab-
lished during early G, coincident with the establishment of the replication-
timing program,” Genome Res. 25, 1104-1113 (2015).

9R. I. Dima and D. Thirumalai, “Asymmetry in the shapes of folded and dena-
tured states of proteins,” J. Phys. Chem. B 108, 6564-6570 (2004).

79C. Lévy-Leduc, M. Delattre, T. Mary-Huard, and S. Robin, “Two-dimensional
segmentation for analyzing Hi-C data,” Bioinformatics 30, 1386-1392 (2014).

7IE. Crane, Q. Bian, R. P. McCord, B. R. Lajoie, B. S. Wheeler, E. J. Ralston, S.
Uzawa, J. Dekker, and B. J. Meyer, “Condensin-driven remodelling of X chro-
mosome topology during dosage compensation,” Nature 523, 240 (2015).

72X. Chu, L. Gan, E. Wang, and ]. Wang, “Quantifying the topography of the
intrinsic energy landscape of flexible biomolecular recognition,” Proc. Natl.
Acad. Sci. U.S.A. 110, E2342-E2351 (2013).

73R. Du, V. S. Pande, A. Y. Grosberg, T. Tanaka, and E. S. Shakhnovich, “On the
transition coordinate for protein folding,” J. Chem. Phys. 108, 334-350 (1998).

ARTICLE scitation.org/journal/are

7"]. Gassler, H. B. Brandao, M. Imakaev, I. M. Flyamer, S. Ladstatter, W. A.
Bickmore, J.-M. Peters, L. A. Mirny, and K. Tachibana, “A mechanism of
cohesin-dependent loop extrusion organizes zygotic genome architecture,”
EMBO J. 36, 3600-3618 (2017).

75G. Fudenberg, M. Imakaev, C. Lu, A. Goloborodko, N. Abdennur, and L. A.
Mirny, “Formation of chromosomal domains by loop extrusion,” Cell Rep. 15,
2038-2049 (2016).

76L. Patel, R. Kang, S. C. Rosenberg, Y. Qiu, R. Raviram, S. Chee, R. Hu, B. Ren,
F. Cole, and K. D. Corbett, “Dynamic reorganization of the genome shapes the
recombination landscape in meiotic prophase,” Nat. Struct. Mol. Biol. 26,

164-174 (2019).

77N. Q. Liu and E. de Wit, “A transient absence of SMC-mediated loops after
mitosis,” Nat. Cell Biol. 21, 1303-1304 (2019).

78N. Kireeva, M. Lakonishok, I. Kireev, T. Hirano, and A. S. Belmont,
“Visualization of early chromosome condensation: A hierarchical folding, axial
glue model of chromosome structure,” J. Cell Biol. 166, 775-785 (2004).

79p. S. Maddox, N. Portier, A. Desai, and K. Oegema, “Molecular analysis of
mitotic chromosome condensation using a quantitative time-resolved fluores-
cence microscopy assay,” Proc. Natl. Acad. Sci. U.S.A. 103, 15097-15102
(2006).

89, Mora-Bermiidez, D. Gerlich, and J. Ellenberg, “Maximal chromosome com-
paction occurs by axial shortening in anaphase and depends on Aurora kin-

ase,” Nat. Cell Biol. 9, 822 (2007).

817, D. Bryngelson, J. N. Onuchic, N. D. Socci, and P. G. Wolynes, “Funnels, path-
ways, and the energy landscape of protein folding: A synthesis,” Proteins
Struct. Funct. Bioinf. 21, 167-195 (1995).

82p_ G. Wolynes, “Recent successes of the energy landscape theory of protein
folding and function,” Q. Rev. Biophys. 38, 405-410 (2005).

858, Zhang and P. G. Wolynes, “Genomic energy landscapes,” Biophys. J. 112,
427-433 (2017).

84M. D. Pierro, D. A. Potoyan, P. G. Wolynes, and J. N. Onuchic, “Anomalous
diffusion, spatial coherence, and viscoelasticity from the energy landscape of
human chromosomes,” Proc. Natl. Acad. Sci. U.S.A. 115, 7753-7758 (2018).

85C. Bustamante, J. Liphardt, and F. Ritort, “The nonequilibrium thermodynam-
ics of small systems,” Phys. Today 58(7), 43-48 (2005).

Appl. Phys. Rev. 7, 031403 (2020); doi: 10.1063/5.0007316
Published under license by AIP Publishing

7, 031403-16


https://doi.org/10.1016/j.cpc.2013.09.018
https://doi.org/10.3390/computation6010015
https://doi.org/10.1073/pnas.0509642103
https://doi.org/10.1073/pnas.0608759103
https://doi.org/10.1039/C8CP06803H
https://doi.org/10.1039/C8CP06803H
https://doi.org/10.1371/journal.pcbi.1005136
https://doi.org/10.1371/journal.pcbi.1006617
https://doi.org/10.1101/gr.183699.114
https://doi.org/10.1021/jp037128y
https://doi.org/10.1093/bioinformatics/btu443
https://doi.org/10.1038/nature14450
https://doi.org/10.1073/pnas.1220699110
https://doi.org/10.1073/pnas.1220699110
https://doi.org/10.1063/1.475393
https://doi.org/10.15252/embj.201798083
https://doi.org/10.1016/j.celrep.2016.04.085
https://doi.org/10.1038/s41594-019-0187-0
https://doi.org/10.1038/s41556-019-0421-3
https://doi.org/10.1083/jcb.200406049
https://doi.org/10.1073/pnas.0606993103
https://doi.org/10.1038/ncb1606
https://doi.org/10.1002/prot.340210302
https://doi.org/10.1002/prot.340210302
https://doi.org/10.1017/S0033583505004075
https://doi.org/10.1016/j.bpj.2016.08.046
https://doi.org/10.1073/pnas.1806297115
https://doi.org/10.1063/1.2012462
https://scitation.org/journal/are

	s1
	s2
	s2A
	s2B
	d1
	d2
	d3
	d4
	f1
	d5
	d6
	d7
	s2C
	d8
	d9
	d10
	s2D
	s3
	s3A
	s3B
	f2
	f3
	s3C
	f4
	s3D
	f5
	s3E
	f6
	s3F
	f7
	f8
	s4
	s5
	l
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45
	c46
	c47
	c48
	c49
	c50
	c51
	c52
	c53
	c54
	c55
	c56
	c57
	c58
	c59
	c60
	c61
	c62
	c63
	c64
	c65
	c66
	c67
	c68
	c69
	c70
	c71
	c72
	c73
	c74
	c75
	c76
	c77
	c78
	c79
	c80
	c81
	c82
	c83
	c84
	c85

