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Understanding the mechanisms governing the structure and dynamics of flexible polymers like
chromosomes, especially, the signatures of motor-driven active processes is of great interest in genome
biology. We study chromosomes as a coarse-grained polymer model where microscopic motor activ-
ity is captured via an additive temporally persistent noise. The active steady state is characterized
by two parameters: active force, controlling the persistent-noise amplitude, and correlation time,
the decay time of active noise. We find that activity drives correlated motion over long distances
and a regime of dynamic compaction into a globally collapsed entangled globule. Diminished topo-
logical constraints destabilize the entangled globule, and the active segments trapped in the globule
move toward the periphery, resulting in an enriched active monomer density near the periphery.
We also show that heterogeneous activity leads to the segregation of the highly dynamic species
from the less dynamic one, suggesting a role of activity in chromosome compartmental segrega-
tion. Adding activity to experimental-data-derived structures, we find active loci may mechanically
perturb and switch compartments established via epigenetics-driven passive self-association. The
key distinguishing signatures of activity are enhanced apparent diffusivity, exploration of all the
dynamic regimes (sub-diffusion, effective diffusion, and super-diffusion) at various lag times, and a
broadened distribution of observables like the dynamic exponents.

I. INTRODUCTION

Active processes, driven by molecular motors that
consume energy (ATP) and exert persistent forces on
biopolymers, are ubiquitous and crucial for sustaining
cellular life. While motor-driven phenomena like network
contractility [1–3] and motility [4–7] are well studied for
stiff cytoskeletal polymer networks, the mechanical con-
sequences of activity remain poorly explored for flexible
polymers in the context of genome organization.

Folded chromosomes occupy mutually exclusive terri-
tories [8–10], where specific pairs of segments are more
likely to be three-dimensional neighbors than others
[11–15]. Chromatin bearing distinct epigenetic mark-
ers of transcriptional activity (euchromatin and hete-
rochromatin) preferentially interact among themselves,
forming A and B compartments [11, 16]. A characteris-
tic structural feature is the organization of B compart-
ments inside, and A compartments towards the periph-
ery of chromosome territories [9, 17, 18]. Data-driven
effective-equilibrium polymer models, via optimizing the
inter-monomer-interaction energies, generate ensembles
of folded structures consistent with experimental obser-
vations like contact frequencies [18–27]. These models,
however, lack a direct connection to physical driving and
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are insufficient to explore the motor-driven aspects of
chromosome structure and dynamics.
Chromosome dynamics is typically sub-diffusive at

short time scales (seconds), as expected for a polymer
[28–31]. However, there is significant heterogeneity in loci
dynamics, reflected in altered mobility subgroups within
the distribution of apparent diffusion constants [32–36].
In the effective-equilibrium approach, the altered mo-
bility has been reasoned to arise from local confine-
ment and/or the local compaction state [33, 37]. These
structure-centric approaches are limited to only reducing
the apparent diffusivity as compared to a free Brown-
ian particle. The possibility of motor-activity-driven en-
hancement of dynamics is beyond such approaches. Note-
worthy, some chromatin loci have been observed to move
super-diffusively at intermediate time scales [35, 38, 39],
which is at odds with any effective-equilibrium or passive
approach. Active polymer models with motor-induced
persistent forces have indeed shown the emergence of
super-diffusive dynamics [40–44]. However, active con-
trol of chromatin structure is poorly understood.
We propose an active chromosome model where motor-

generated forces within a coarse-grained locus contribute
to its mobility. Within the active paradigm, coarse-
grained motor activity contributes an additive noise that
is temporally correlated (see Eq. (1) below). This con-
trasts active polymer systems constructed with different
temperature particles, where the noise is temporally un-
correlated [45–49]. Active dynamics span sub-diffusion,
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effective diffusion, and super-diffusion. The apparent dif-
fusion of a locus at long lag times is enhanced proportion-
ally to the activity at the locus. Notably, activity not
only introduces dynamical heterogeneity, but also affects
the chromosome structure. Processes like transcription
[50, 51], chromatin remodeling [52, 53], and loop extru-
sion [54, 55], that rely on ATP-consuming motors and
exert forces on chromatin, are the hypothesized sources
of activity.

A simplified model of a chromosome as a confined ac-
tive polymer with soft self-avoidance shows that highly
persistent or correlated motor activity typically expands
the polymer and increases accumulation at the confine-
ment boundaries. However, if the active kicks are not
strong enough to overcome the entanglement constraints
presented by chain connectivity and soft repulsion, the
highly correlated active kicks lead to a collapsed globule
state stabilized by the polymer entanglements. While
the swelling and enrichment of polymer at the bound-
aries have been observed in active systems with differ-
ent temperature particles [45, 46], the entangled glob-
ule is specific to long temporal correlations of the active
noise, resembling the Motility-Induced Phase-Separated
(MIPS) state observed in active colloids [56, 57]. Within
the presented active model, these biologically relevant
structural characteristics are dynamics-driven emergent
properties, which we dissect further for mechanistic un-
derstanding. On the contrary, in effective-equilibrium
models, these structures result from passive potentials
like inter-monomer interactions [18, 19, 23–26, 58–60].
Interestingly, information on the steady-state structure
alone cannot distinguish between active and passive mod-
els. The active steady-state polymer conformations may
look identical to the passive ones of a completely unre-
lated system. Such as the collapsed globule of a purely
self-avoiding active polymer may structurally disguise as
a passive polymer with strong inter-monomer attractions.
This highlights a potential ambiguity in deciphering the
underlying mechanism from structural ensembles alone.
However, signatures of enhanced dynamics, like super-
diffusion or high apparent diffusivity, and correlated mo-
tion over long spatiotemporal scales unambiguously point
towards an active system. While passive physical poten-
tials have successfully recapitulated structures of chro-
mosome compartments[18, 19, 23–26, 60], the presented
model suggests that persistent motorized forces are a
source of dynamic regulation of compartmentalization.
We hope this work will lead to new experiments investi-
gating the motor-driven dynamic aspects of chromosome
compartments.

The layout of the article is as follows. We first describe
the active polymer model (Fig. 1), then investigate the
steady state of a confined, active homopolymer (Fig. 2).
We explain the mechanisms of active regulation of the
active structure and dynamics. To understand the conse-
quences of heterogeneous activity, we simulate an active-
passive block copolymer, uncovering features like phase
segregation of active and passive monomers (Fig. 3).
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FIG. 1. Schematic active polymer model. Microscopic
motors exerting forces on the polymer are depicted as small
red arrows. Each coarse-grained monomer containing dis-
tributed point forces experiences an active noise with ampli-
tude F , such that the net active force on the polymer vanishes.
At each time step, every monomer experiences three kinds of
forces (Eq. (1)): temporally uncorrelated thermal noise ξ,
passive forces derived from the polymer potential −∇U , and
the active force F . The active kicks are correlated over a
time scale τ , the correlation time. When averaged over long
lag times (t ≫ τ), the correlation of the active kicks vanishes
(Eq. (2))

Building upon the intuition from the homopolymer and
the block copolymer models, we discuss the model’s rele-
vance to chromosomes. By adding active loci to a passive
chromosome model (MiChroM [19, 61]), we explore ac-
tive perturbation to the effective-equilibrium structures
(Fig. 4). Finally, we conclude with an overview and
discussion.

II. ACTIVE POLYMER MODEL

The active polymer model hypothesizes the activity
of molecular motors as point forces [41, 43, 44, 62–66].
As these are internally generated and not external body
forces, they must be balanced, with no net force. We
ensure this in our coarse-grained model with multiple ac-
tive point forces that are randomly oriented (Fig. 1)
and average to zero both on larger network scales and
when averaged over long times. However, the motor bind-
ing kinetics makes the active force correlated over short
time scales, set by the motor-residence time. This re-
sults in noise-like active kicks that are temporally corre-
lated. The temporal decay of correlations is determined
by the distribution of residence times of the motors. If
motor (un)binding events are independent, the residence
times follow a Poisson distribution giving an exponen-
tially correlated noise. Following previous approaches
[41, 43, 64, 66, 67], we assume that the active force cor-
relation decays exponentially, characterized by a single
time scale τ , the correlation time.
The overdamped equation of motion of the n-th active

monomer in a thermal bath at temperature T reads as
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follows.

γ
drn
dt

= −∇nU + ξn(t) + fn(t) (1)

Here, γ is the drag coefficient, and −∇nU represents the
passive forces derived from the polymer potential, like
the harmonic bonds between nearest neighbors. Random
forces from thermal fluctuations, represented by ξn, are
uncorrelated: ⟨ξn(t)ξm(t′)⟩ = 2γkBTδ(t − t′)δmn, where
kB is the Boltzmann constant. The active noise fn, unlike
thermal fluctuations, is correlated.

⟨fn(t)fm(t′)⟩ = F 2 exp(−|t− t′|/τ)δmn (2)

The amplitude of active noise F , a free parameter in the
model, is expected to scale with the number of motors
within the monomer. Note, we assume that the active
forces of the neighboring coarse-grained monomers are
uncorrelated. We ignore explicit correlations of the active
force along the coarse-grained polymer contour, which
may be of biological interest [48], and is left for future
work. Including the effect of torque-inducing motors is
yet another biologically relevant future possibility [68].

The technique of representing activity as a correlated
noise has been discussed both in the context of motor
activity in the cytoskeleton [62, 64, 67, 69, 70], as well
as for active colloidal solutions, where the term Active
Ornstein-Uhlenbeck Particles (AOUPs) is used [57, 71].
The steady state of AOUPs shows remarkable features
such as inhomogeneous density profiles in confinement
and Motility-Induced Phase Separation (MIPS): self-
avoiding AOUPs segregate into a dense phase, mimicking
effective attractive interactions [56]. The AOUP model
has also been adopted to study Active Rouse polymers
[41, 43, 72]. These polymer models focus on dynamics,
while structural features, such as the analog of MIPS,
remain largely unexplored.

1. Mean persistent path and the active steady state

The steady state of the active polymer is governed
by a competition between the active (F, τ) and passive
(T ) parameters. A metric of activity is the emergent
length: λa ≡ Fτ/γ, which we call the mean persistent
path of an active monomer. This is the average distance
an active monomer moves persistently before changing
direction. In the presence of thermal fluctuations of
strength T , the active features dominate only when the
active temperature-like quantity θa = Fλa is dominant:
θa > T . We generally refer to the parameter regime
with θa > T as the active steady state and θa < T as the
thermal-dominated passive-like steady state (Figs. 2A,
3B).

III. RESULTS

A. Self-avoiding active homopolymer in
confinement

The physics underlying the active model (Eq. (1)) has
been explored in the context of Rouse chains [41, 43, 72],
which is in agreement with our model (see Appendix
and Fig. A1). Here, we study the behavior of an ac-
tive homopolymer with biologically relevant constraints:
self-avoidance and confinement (see Appendix A for de-
tails of the potentials). Fig. 2 shows the results for a
self-avoiding polymer with N = 2000 monomers that is
confined within a sphere of radius Rc = 16σ, such that
the volume fraction: ϕ ≡ Nσ3/(2Rc)

3 ≈ 6%, is in the
physiological regime for confined chromatin [73]. Since
we simulate single chromosome polymer, the confinement
effectively mimics the confines of the chromosome terri-
tory. Here, σ is the monomer diameter used as a unit of
distance, the unit of energy is ϵ, and the unit of time is
τsim (see Appendix for details).

1. Activity drives dynamic compaction in self-avoiding
polymers

A prominent signature of the active steady state is
the compaction of a self-avoiding polymer into a denser
globule with a lower radius of gyration than the passive
case (Fig. 2A). The compact state emerges when the
mean persistent path λa exceeds the average spacing be-
tween monomers, given by the concentration-dependent
distance: λcoll ≈ σ/ϕ1/3. In this regime (λa > λcoll), ac-
tive monomers even after colliding with each other main-
tain their active noise direction, resulting in them getting
trapped in a dynamically driven dense state. The com-
pact state is characterized by dense clusters that coexist
with less dense regions, where the correlation time dic-
tates the stability of the compact clusters.

2. Activity correlated over long times establishes a
collapsed, entangled globule

Activity with a long correlation time traps the poly-
mer into a globally collapsed globule (Fig. 2A). The
collapsed globule is stabilized by topological entangle-
ments, making the globule a long-lived state. Topo-
logical or polymer entanglements refer to the hindrance
of the polymer segments to pass through each other due
to the combined effect of the soft self-avoidance between
monomers and the polymer connectivity. The polymer
segments on the periphery of the globule may reorient
their average active noise direction to escape the col-
lapsed state. This leads to some segments coexisting in
a less dense state with the entangled collapsed globule
(Fig. 2D). Such segments, however, after momentarily
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FIG. 2. Self-avoiding active polymer in spherical confinement. (A) Active regime diagram spanned by the active force
F (ϵ/σ units) and the correlation time τ (τsim units). The colors depict radius of gyration (Rg) of the polymer (σ units). The
active steady state (θa > T ) shows compaction when the mean persistent path λa ≡ Fτ/γ, is longer than the mean collision

distance between the monomers λcoll = σ/ϕ1/3, where ϕ is the confinement volume fraction. This compaction is characterized
by short-lived (dynamic) locally collapsed clusters. Long correlation times lead to a globally collapsed, entangled globule state.
When λa is greater than the confinement dimension Rc, the monomers have a tendency to get trapped at the boundary wall.
However, release of entanglements is necessary to destabilize the competing entangled-globule state in order to enrich the
boundaries. Hence only when the bonds are stretched by the active force (mean bond distance ⟨xbond⟩ > 1.25σ), leading to
entanglement release, does the boundary-enriched state appear. Representative parameter sets for the four regimes are shown
in colored circles for which various observables are plotted: thermal dominated (F = 0.5, τ = 0.3, cyan), entangled globule
(F = 1, τ = 100, blue), dynamic compaction (F = 6, τ = 1, yellow), and boundary enriched (F = 6, τ = 100, red). We
used kBT = 0.2ϵ for all simulations. (B) Radial profile of the monomer number density n(r). (C) Radial distribution function
g(r) shows a peak at 1σ corresponding to self-avoidance. Only the entangled globule state shows prominent successive peaks
reflecting the collapsed state and an increased solid-like behavior. (D) Representative simulation snapshots where the dotted
line represents the spherical confinement with radius Rc. Note that the collapsed structures may appear as a passive polymer
with self-adhesion, while the boundary-enriched state might resemble a passive polymer with boundary adhesion. This refers to
the ambiguity in deciphering the underlying mechanism from structural ensembles alone. (E) Bond length distribution showing
the increase in the mean bond length ⟨xbond⟩ for higher active force F . (F) Mean-squared displacement (MSD), normalized
by the confinement dimensions, versus lag time t (τsim units), where the scaling exponents 0.5, 1.0, and 1.5 are drawn for
comparison. The dynamic exponent α, and the apparent diffusivity Dapp, are plotted in the subpanels below. Active steady
states span sub-diffusion, effective diffusion, and super-diffusion. The exponent α goes to zero at long lag times due to the
confinement-induced saturation of MSD. (G) Correlation of monomer displacements measured over ∆t, plotted as a function
of the distance between the monomers ∆r. Active steady states show enhanced correlated motion.

exploring the less dense space outside the globule, re-
encounter the dense state, thus keeping the globule from
dissociating. The compact structures driven by activity
are liquid-like, however, the entangled globule exhibits
an enhanced solid-like packing and mechanical integrity
(Fig. 2C). The collapsed globule state is destabilized
when the active force amplitude is smaller than the ther-
mal fluctuations, F < kBT/σ, since thermal fluctuations
destroy the correlated motion driving this state.

The collapsed globule is reminiscent of the segregated

state in active colloids exhibiting MIPS [56, 57]. The col-
lapsed state occurs at a lower density in active polymers
(ϕ ∼ 0.05) compared to AOUPs (ϕ ∼ 0.5) [57, 74]. This
stems from polymer entanglements stabilizing the dense
phase. Enhancement of active signatures for polymers
compared to colloids with the same activity has been ob-
served in simulations [46]. Semiflexible polymers without
self-avoidance show activity-driven compaction because
activity enhances transverse fluctuations that lead to a
lower end-to-end distance [75]. However, this compaction
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mechanism differs from the self-avoidance and polymer
connectivity-driven collapse into the entangled globule.

3. Large active noise amplitudes destabilize the collapsed
globule via stretching bonds and reducing entanglements

The collapsed, entangled globule gradually disappears
as the active noise amplitude F is increased (Fig. 2A).
Increasing the active force F increases the fraction of the
polymer that coexists in the less dense space outside the
globule, eventually leading to the complete destabiliza-
tion of the dense state. This destabilization is due to the
stretching of the bonds of the polymer by strong active
kicks, which diminishes the topological constraints. Two
non-neighboring segments with stretched bonds are more
likely to pass through each other than get trapped in a
dense state. We find that ≈ 25% increase in the average
bond length is enough to destabilize the collapsed state
(Fig. 2A, E).

Following our rationale, increasing the bond stiffness,
which decreases the bond length and reinforces the en-
tanglement constraints, stabilizes the collapsed state for
higher active noise amplitudes (Figs. A4). The stability
of the entangled globule state for low active noise am-
plitudes is governed by the thermal temperature. When
F < kBT/σ, uncorrelated thermal noise dominates the
correlated active noise, leading to destabilization of the
collapsed, entangled state (Figs. 2A, A5). Note, al-
though, the thermal noise domination makes the struc-
ture appear equilibrium-like, the dynamics at long corre-
lation times can still show signatures of activity.

4. Competition between mean persistent path and
confinement dimension leads to boundary enriched polymer

A boundary-enriched state emerges for high active
force and high correlation times, where the monomer den-
sity peaks at the boundary, is depleted at the center, and
the polymer is expanded such that the radius of gyra-
tion assumes the size of the box (Fig. 2A, B). When the
mean persistent path is longer than the confinement di-
mension, i.e., λa > Rc, the active monomers collapse on
the boundary wall. The active monomers with long cor-
relation times keep pushing against the wall, while upon
reorientation of their active force direction, they move in
a correlated fashion until encountering the other side of
the boundary. However, this state only appears when the
entanglement-driven constraints are sufficiently weaker
so that the polymer does not get trapped in the entangled
globule state. Hence, the two criteria for the appearance
of this state are the high force, necessary for the release of
entanglements, and a high enough mean persistent path,
necessary for getting trapped at the boundary (Fig. 2A).
Boundary enrichment comes about from a competition

between monomer activity and confinement, hence, self-
avoidance and polymer connectivity are not necessary for

establishing this state. As a result, active Rouse chains
and active gas or colloidal particles particles (AOUPs)
both exhibit emergence of boundary enrichment with ap-
propriate mean persistent path (Figs. A2 and A3).

5. Structural ensembles are insufficient to distinguish
between effective-equilibrium and actively driven phenomena

The conformations of the active steady state may ap-
pear to belong to a completely unrelated passive system.
For example, the collapsed state might look like a poly-
mer with self-adhesive interactions (Fig. 2D). Or, the
boundary-enriched structures may appear as though the
monomers have attractive interactions with the confine-
ment wall (Fig. 2D). This clearly suggests that structural
ensembles are not enough to distinguish between the un-
derlying active and passive mechanisms. However, the
dynamics may hold key distinguishing features.

6. Regimes of polymer dynamics

The dynamics in viscoelastic media is often character-
ized by anomalous diffusion, with the mean-squared dis-
placement (MSD) given by ⟨(rn(s+ t)− rn(s))

2⟩ = Dtα,
where the dynamical exponent of the lag time t classi-
fies distinct dynamic regimes: diffusion for α = 1, sub-
diffusion for α < 1 and super-diffusion for α > 1. The
coefficient D is an apparent diffusivity parameter. A free
passive particle executes diffusion, where D is the diffu-
sion constant proportional to the thermal temperature:
Dfree = kBT/γ.
Polymer relaxation spans multiple time scales that

arise because fluctuations with longer wavelengths de-
cay slower. The shortest wavelength fluctuations, corre-
sponding to bond fluctuations, relax at short time scales
τbond ∼ γ/k, where k is the bond stiffness. On the other
end of the spectrum, τRse ≈ N2γ/(kπ2) corresponds to
the relaxation time of the longest wavelength [76] (see
Appendix B; for Figs. 2 and 3, τbond ≈ 0.1τsim and
τRse ≈ 104τsim). The third important time scale is the ac-
tive correlation time τ . An interplay of these time scales
determines the dynamic signatures.
For lag times shorter than the bond relaxation time

(t ≪ τbond < τ), passive polymer dynamics resembles
free-particle diffusion (Fig. 2F). For lag times larger than
the bond relaxation but smaller than the longest poly-
mer relaxation time (τbond < t < τRse), passive dynamics
exhibits sub-diffusion (α < 1) (Fig. 2F) [76]. This orig-
inates from each monomer having to drag a portion of
the chain with it. Within this regime, active polymers
may have substantially different signatures (Figs. 2F,
3F, A1). At lag times longer than τRse, passive motion
returns to diffusion, corresponding to the polymer center-
of-mass motion [76]. For chromosomes, τRse is typically
very long and experimentally inaccessible. For this rea-
son, we have not included this regime in Figs. 2F and
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3F. In the case of confined polymers, this may not be ob-
served because MSD at such long lag times may be sat-
urated due to the confinement. The dynamic regimes of
the active self-avoiding polymer are similar to that of the
active Rouse chain (see Appendix and Fig. A1) [41, 43],
since all the dynamic signatures originate from a com-
petition between the monomer activity and the nearest
neighbor bonds in the polymer potential.

7. Super-diffusion in active polymers

The leading order active contribution to MSD scales
as quadratic in time ∼ (t/τ)2, driving a super-diffusive
regime [41, 43] (Appendix B). Whereas, at the short time
scales (t ≪ τbond), the thermal contribution is linear in
lag time. This results in the MSD asymptotically ap-
proaching the diffusive (linear) regime near zero lag times
irrespective of activity (Fig. 2F).

The activity-driven super diffusion in the MSD curves
appears when the ∼ t2 active contribution exceeds the
passive forces. The dominance of the active forces leads
to a super-diffusive exponent when the lag time is compa-
rable to the correlation time (Fig. 2F). For short correla-
tion times (τ ≈ τbond), the active polymer shows super-
diffusion at the time scales of free-monomer dynamics
(Fig. 2F).

For correlation times that are longer than the bond re-
laxation time (τbond < τ < τRse), the dynamics show a
sub-diffusive regime at intermediate lag times: τbond <
t < τ (Fig. 2F). This sub-diffusion is a result of com-
pensation of the persistent active drive by the polymer
potential [41]. Interestingly, the entangled globule shows
an extended sub-diffusive regime due to the suppression
of dynamics in a crowded environment (Fig. 2F).
Active polymer dynamics restores to sub-diffusion at

lag times longer than the correlation time (Fig. 2F).
Within our model, at these long lag times, the active
noise becomes indistinguishable in its time dependence
from thermal noise. However, the motion is enhanced in
amplitude due to the active noise contribution, reflected
in an increased apparent diffusivity.

8. Activity typically enhances the apparent diffusivity

We compute an apparent diffusivity from the simu-
lated MSD curves: Dapp ≡ MSD/tα, where the exponent
α ≡ ∂(lnMSD)/∂(ln t). Note that the apparent diffu-
sivity is a lag-time dependent coefficient that is equal
to the diffusion constant when α = 1. For lag times
shorter than the bond relaxation time τbond, the appar-
ent diffusivity for a passive polymer is set by the free-
particle diffusion constant: Dapp ≈ kBT/γ (Fig. 2F).
While at lag times longer than the polymer relaxation
time t > τRse > τ , the passive apparent diffusivity is
again a constant: Dapp ≈ kBT/(Nγ), and is lower due
to the center-of-mass motion [76].

The apparent diffusivity for active polymers shows en-
hancement over the corresponding passive behavior only
for lag times longer than the correlation time (Fig. 2F).
Interestingly, the active apparent diffusivity may also
show suppression, such as in the entangled globule state.
Competition between the active noise and the passive
polymer potential underlies this suppression.
While super-diffusion is a unique characteristic of the

active steady-state, investigating the dynamics at the ap-
propriate lag time is essential to observe this. When lag
times are longer than the active correlation time, the
dynamics appear passive with a higher effective temper-
ature (Fig. 2F). While lag times smaller than the corre-
lation time may show suppressed dynamics akin to lower
effective temperatures. Hence, observations of passive-
like dynamic exponents do not rule out active forces,
the apparent diffusivity and MSD exponents should be
scrutinized at various lag times to investigate an active
component.
Active dynamics bear another key signature: cor-

related motion of the monomers over long distances.
Activity-driven compact clusters exhibit correlated mo-
tion, reflected in a shallower decay of the two-point
displacement correlation function for the active steady
states (Fig. 2G).

B. Phase segregation of active and passive blocks
of a confined self-avoiding polymer

To explore the effect of heterogeneity in activity along
a polymer, we study a block copolymer with alternat-
ing active (A) and passive (P ) blocks (Fig. 3A). The
polymer has N = 2000 monomers and each alternating
active and passive block of size n = 200 monomers. We
use the same self-avoidance and confinement conditions
(ϕ = 0.06) as before (see Appendix A). In the passive-
like regime (T > θa), the A and P blocks mix due to
entropy and the dynamics is equilibrium-like (Fig. 3F).
The active steady states (T < θa) tend to show phase
segregation of A and P blocks. Spatial separation of two
species with different dynamics underlies this segrega-
tion. Highly dynamic active monomers occupy a larger
share of the confinement volume, relegating the passive
monomers into a compact segregated state. Interestingly,
the spatial organization of the segregated phases is gov-
erned by active correlation time (Fig. 3B, C, E).
Activity-driven phase separation between the active

and passive blocks is observed only when the active force
is large enough to release entanglements (Fig. 3B). Phase
separation is measured via the coefficient µ, defined as
the ratio of homotypic to heterotypic pairwise contacts
between inter-block monomers. A pairwise contact is de-
fined when the inter-monomer distance is less than 1.5σ
(Appendix A). When µ > 1 the active and passive blocks
segregate, whereas µ < 1 denotes the mixed state.
The entangled globule state shows an overall collapse of

the entire polymer, where the active and passive blocks
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FIG. 3. Phase separation of active and passive blocks of a confined self-avoiding polymer. (A) Schematic of the
confined block copolymer with active (A) and passive (P ) blocks with orange and green colors respectively. (B) Active regime
diagram, where colors represent the phase separation coefficient µ, defined as the abundance of homotypic (A−A and P − P )
over heterotypic (A − P ) contacts. When µ > 1 (pink), there is segregation of the A and P blocks, while µ < 1 (purple)
signifies a mixed state. The active steady state generally shows a tendency to segregate the active and passive blocks due their
altered dynamics. However, the entangled globule state is only marginally segregated due to topological constraints. Given the
active force is strong enough to release entanglements, activity with λa > Rc segregates the active and passive blocks radially.
Otherwise, the passive blocks are segregated to a pole of the confinement. The four colored circles depict parameter sets for the
four distinct regimes: thermal dominated (F = 0.5, τ = 0.3, cyan), entangled globule (F = 1, τ = 100, blue), polar segregation
(F = 6, τ = 1, yellow), and radial segregation (F = 6, τ = 100, red). We used kBT = 0.2ϵ for all simulations. (C) Radial
profile of monomer density n(r) for active (orange, solid lines), passive (green dashed lines), and all monomers (grey solid
lines). (D) Radius of gyration of the active (orange), passive (green), and all monomers (grey). (E) Representative simulation
snapshots with A and P monomers colored in orange and green respectively. (F) Mean-squared displacement (MSD), the
dynamic exponent (α), and apparent diffusivity (Dapp) versus lag time, for active and passive monomers corresponding to the
four regimes. The dynamics of the active monomers are the same as described before (Fig. 2C). The passive monomers deviate
from a purely passive behavior due to their polymer connectivity with the highly dynamic active monomers.

are not well segregated (Fig. 3B-E). The regime cor-
responding to boundary enrichment of the active blocks
(high F and high τ), shows strong phase separation (Fig.
3B, C). In this regime, the passive blocks are highly com-
pacted and reside at the center, while the active blocks
spread over the boundary wall (Fig. 3E). Phase separa-
tion is also observed in the regime of low mean persistent
path (high F and low τ). This state is characterized by
compact passive domains and expanded, highly dynamic
active blocks that are segregated without any radial pref-
erence, in a polar fashion (Fig. 3B-E). Increasing the
thermal temperature releases entanglements for passive
blocks and leads to a boundary enrichment of passive
monomers (Fig. A9).

The dynamics of the active monomers in the block

copolymer basically resemble the regimes explored in the
active homopolymer case (Figs. 2F and 3F). Interest-
ingly, the dynamics of the passive blocks show deviation
from passive behavior (Fig. 3F). The bonded interac-
tions with the active monomers make the passive blocks
more dynamic.
Phase separation of passive block copolymers is typi-

cally modeled using the Flory-Huggins approach, where
blocks are assigned self and mutual interactions. The
active phase separation presented here is fundamentally
different, as it is dynamically driven. Mutually repulsive
active monomers segregate from the passive monomers
creating regions of high and low dynamics. Although the
structural ensembles of a Flory-Huggins polymer may
appear similar to the active phase segregated system,
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the dynamics are more heterogeneous and span multi-
ple regimes for the activity-driven structures. The dy-
namic segregation within an active-passive mixture has
been observed in other polymer models [47, 77].

C. Implications for chromosomes

Chromosomes are active matter, where motorized pro-
cesses like transcription, loop extrusion, and chromatin
remodeling are continually driving the structure and dy-
namics. Our understanding of chromosome folding and
the underlying mechanics has consolidated thanks to the
emulsification of experimental data like Hi-C contact
maps [11–13] and polymer models [18–27]. However, the
existing chromosome models are predominantly effective-
equilibrium, lacking direct signatures of activity like su-
perdiffusive chromatin loci [35, 38, 39].

Here we use the presented active model to study chro-
mosomes. The amplitude of the active noise is set by the
typical stretching elasticity of chromatin: F ≈ 1 − 10
pN [78, 79]. The active correlation time τ is a mea-
sure of the motor-residence time. While chromatin re-
modellers typically show fast, sub-second dynamics [53],
persistent bursts of gene activity, corresponding to RNA
polymerases moving processively, may last for many min-
utes [80]. Loop extruding enzymes (SMC complexes) typ-
ically extrude a 50 kb DNA loop in tens of seconds [55].
Note, extrusion activity of loops shorter than a monomer
size (≈ 50 kb) may be considered within this approach,
whereas large loops spanning multiple monomers should
be incorporated explicitly as large force dipoles. Hence,
we argue that the physiological range for the correla-
tion time is τ ≈ 1 − 102 seconds, where the higher
(lower) end of the spectrum is associated with transcrip-
tion (chromatin remodeling and extrusion of short loops).
Consequently, at experimentally realizable time scales
(1-100 seconds), we expect chromatin regions housing
highly transcribed genes to show super-diffusive signa-
tures, whereas, loci containing loop extruders or chro-
matin remodellers are expected to show sub-diffusion
with an enhanced apparent diffusivity.

The eukaryotic genome is typically confined within the
nucleus with a volume fraction ≈ 1 − 10% [73]. The hi-
erarchical organization of the genome may introduce ef-
fective confinement with a similar volume fraction but at
a smaller dimension. Such as the chromosome territo-
ries, which are about an order of magnitude smaller than
the nuclear dimension, may effectively confine chromo-
somal loci, like genes or centromeres [10]. Hence there
are multiple confinement lengthscales that may compete
with the mean persistent path of an active chromosome
locus.

1. Activity-driven phase separation as a mechanism of
chromosome compartmentalization

Compartmentalization is an important feature of chro-
mosome folding in the interphase chromosomes of eu-
karya [11, 13, 16]. Compartments are globules formed
by colocalization of sequentially distant genomic ele-
ments, reflected in the off-diagonal plaid-like patterns
of the Hi-C maps. Hi-C-defined (sub)compartments are
structural classes obtained via dimensionality reduction,
e.g., Principal Component Analysis (PCA) of the pair-
wise genomic-interaction patterns [11, 13]. These com-
partments are correlated to the cellular gene expression
profile and show tissue- or cell-type-specific variability
[12, 81–83]. However, the mechanics governing the rela-
tionship between structurally annotated compartments
and gene expression is not understood.

The active model suggests phase-segregated structures,
akin to A/B compartmentalization may arise from al-
tered activity between A and B segments. The distin-
guishing characteristics of active compartments are their
enhanced dynamics, elevated apparent diffusivities, and
the possibility of a super-diffusive dynamic regime (Figs.
2C-E and 3F). Polymer-entanglement-based constraints
stabilize these motor-driven compartments. Hence, in-
creased activity of enzymes like type-II DNA topoiso-
merase, releasing topological constraints, is expected to
destabilize these compartments.

A passive mechanism for compartmentalization, that
has been widely explored, is short-range attractive in-
teractions originating from the chromatin loci’s chemical
nature (epigenetics) [18–27, 60]. Globules established via
motor activity may act as a nucleation site for the three-
dimensional spreading of epigenetic marks [84, 85]. This
will lead to robust compartments that persist even when
the motor activity ceases. Alternately, compartments es-
tablished via passive attraction may be disrupted or per-
turbed by altered activity.

To investigate how passive compartments may respond
to activity, such as increased transcription, we simulate
active loci within the passive MiChroM model [19, 61].
Briefly, the optimized MiChroM potential contains fa-
vorable inter-monomer interactions that may be divided
into two categories: first, the phase separation term that
drives compartmentalization, and second, the ideal chro-
mosome term that drives lengthwise compaction [19, 58].
We simulate chromosome 10 of Human GM12878 cell at
50 kb resolution (N = 2712) using Eq. (1), where the
passive forces (−∇U) originate from the MiChroM po-
tential (see Appendix C and Fig. A10). Additionally, we
introduce seven active loci (five in B compartments and
two in A compartments) that model increased motor ac-
tivity at those sites (Appendix C). We then studied how
the structural ensembles change when the active loci cor-
respond to three distinct regimes: passive (F = 0); active
with short mean persistent path (F = 5, τ = 1); and ac-
tive with long mean persistent path (F = 3, τ = 30)
(Fig. 4).
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FIG. 4. Activity expands passive compartments and
contributes to heterogeneity in dynamics. (A) Simu-
lated contact maps showing a 30 Mb segment (50 - 80 Mb)
of the GM12878 chromosome 10. The lower triangle corre-
sponds to the passive structure (F = 0), while the upper
triangle corresponds to the active steady state with F = 5
and τ = 1. The thermal temperature is kBT = 1.0ϵ. (B)
Same as (A) with activity corresponding to a longer mean
persistent time F = 3 and τ = 30. The bars on the top and
left of the contact maps show the A (red) and B (blue) type
beads that drive A/B compartments via passive phase sepa-
ration. The yellow circles denote the two active sites in the
segment. The principal eigenvectors (EV1) are shown in the
subpanel below, where the passive (active) EV1 is colored in
cyan (magenta). (C) Number density of active loci (including
all the seven loci) plotted against radial position (σ units).
(D) Radius of gyration (σ units) of the 30 Mb segment plot-
ted in the contact maps above. (E) Simulation snapshots of
the 30 Mb segment containing two active loci shown as yellow
spheres. The A-type (B-type) regions are shown in red (blue).
(F) The distribution of MSD exponents α for chromosome 10
simulated with passive MiChroM (F = 0) measured over lag
times 1-100τsim. (G) Same as (F) but with active A compart-
ments (F = 1.5ϵ/σ, τ = 10τsim). The black line with points
(plotted on the right y-axis) corresponds to experiments in
Human U2OS cells [35].

2. Localized activity may expand compact passive
compartments, induce compartment switching, and displace

the active loci to chromosome periphery

Active loci exhibit enhanced dynamics, and the result-
ing agitation perturbs the compact compartments har-
boring the active loci. Active agitation opened up the
compartments leading to a higher radius of gyration (Fig.
4D). The simulated Hi-C maps show local loss of contacts
(Fig. 4A-B). Structural perturbation via active loci also
reflects in a change in the principal eigenvector of the
correlation matrix (EV1) (Fig. 4A-B).
Active loci with long mean persistent paths extend out

of the compartment and tend to move towards the chro-
mosome periphery (Figs. 4C, D, and A11). This leads to
a light stripe in the simulated contact map, as the periph-
erally located active loci have limited interaction with the
rest of the chromosome (Fig. 4B). Highly correlated ac-
tivity may diminish the passive-compartment strength or
altogether flip the compartment signature (EV1) at the
active site (Fig. 4A, B). The Hi-C signature resembles
the “jet”-like protrusions observed in experiments at lo-
calized loading sites of loop extruders (SMC complexes)
[86].
Activity with a long mean persistent time may arise

from persistent bursts of transcription lasting for many
seconds to minutes. Positioning of transcriptionally ac-
tive segments to the periphery of chromosome territo-
ries is experimentally well-documented [15, 59, 87–90].
Additionally, high transcriptional activity is correlated
with long genes looping out of the chromosome territo-
ries [59]. The peripheral positioning of highly expressed
genes leads to loss of contact with the rest of the chro-
mosome, which has also been observed recently [91]. Ac-
tivating transcription within a repressive compartment
may drive compartment switching, which may ultimately
lead to cell-fate transitions [12, 82]. The active model ar-
gues that the motorized mechanics of the transcription
process directly contribute to all these phenomena. Mod-
eling motor activity as higher temperature also shows the
structural relocation of active monomers to the periphery
[45, 92], which may be compared with the low correlation
time activity (Fig.4A, C). However, the effect is stronger
for activity with higher correlation times (Fig.4B, C).

3. Activity increases the heterogeneity in chromatin
dynamics

Passive MiChroM is useful for reconstructing the struc-
ture from Hi-C maps but the heterogeneity in chromatin
dynamics is somewhat underrepresented (Fig. 4F). In
fact, any passive model is incapable of recapitulating
super-diffusive chromatin loci, represented by α > 1 in
experimental data (Fig. 4F, G) [35, 39]. Adding activ-
ity to the A-compartments of passive MiChroM led to a
substantial widening of the MSD exponent distribution,
better recapitulating the experimental observations (Fig.
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4G). Active simulations also exhibit the super-diffusive
fraction, which is a feature of the active A compartments.
Our model suggests that motor-driven active forces are
an essential component in modeling the dynamics of chro-
mosomes. While an important aspect of chromosome
dynamics is derived just from its polymer nature, mo-
tor activity is the additional ingredient necessary to fully
capture chromosome dynamics.

IV. DISCUSSION

We have studied a coarse-grained polymer model of
chromosomes that, in addition to the uncorrelated ther-
mal noise, experiences a temporally correlated active
noise (Eqs. (1) and (2)). This active noise models the
effect of microscopic motors exerting forces inside the
coarse-grained monomer (Fig. 1). Being internal, these
forces must be balanced, with no net forces on the center
of mass. At the molecular scale, one can think of such
activity as point-like dipolar forces. We only consider
network degrees of freedom in our model and not fluid
stress propagation. In such an over-damped, Brownian
dynamics model, forces must balance within the network.
This balance, however, may only occur at scales of the
order of the distance between entanglements or points
of contact between non-neighboring segments in the net-
work. Moreover, at such entanglement points, forces can
branch, resulting in more complex multi-polar forces on
coarse-grained scales, although with still vanishing net
force on the center of mass. Thus, although the pre-
sented model allows for unbalanced active force at each
monomer, the model does ensure that the net force on
larger network scales is balanced, due to the large num-
ber of randomly oriented active force monopoles. Hence,
there is no net momentum of the polymer center of mass
in our model. We additionally verified the momentum
conservation of the polymer network by implementing
a variation of the model where the active noise of each
monomer is modified such that the polymer center of
mass is suppressed (Figs. A6, A7, A8). All the qualities
of our results remain unchanged except for an enhanced
suppression of the apparent diffusion constant of the cen-
ter of mass of the active polymer in certain regimes.

We have presented a simplified characterization of the
steady state of the active polymer using two parame-
ters: the force F depicting the active noise amplitude
and the correlation time τ controlling the temporal per-
sistence of the active noise (Figs. 2A and 3B). The
model exhibits diverse structural and dynamic proper-
ties. Active-polymer dynamics span sub-diffusion, effec-
tive diffusion, and super-diffusion, where the correlated
active kicks underlie the super-diffusive regime (Figs. 2F
and 3F). Importantly, non-equilibrium activity can result
not only in enhanced monomer dynamics (e.g., super-
diffusion) but also in structure formation that arises from
stochastic active forces. Contrasting features like poly-
mer swelling/collapse and radial phase segregation with

higher monomer density towards the center/periphery,
are some of the actively controlled structural aspects
(Figs. 2B-D and 3C-E). The active steady-state struc-
tures may look similar to that of a passive system with
attractive or repulsive interactions between monomers,
however, the underlying mechanisms are completely dif-
ferent (Figs. 2D and 3E) the dynamics is essential to
distinguish between active and passive mechanisms.

We propose motor-driven collapse as a mechanism
of chromosome compartmentalization. These compart-
ments are steric-hindrance and entanglement driven,
such that they can be destabilized via enzymes like
type-II DNA topoisomerases that release entanglements.
Upon entanglement release, the segments with correlated
activity, such as highly transcribed genes, move toward
the periphery of chromosomes. This posits that the mo-
torized mechanics of transcription may be contributing to
the relocation of the highly transcribed genes to chromo-
some territory edges. We also found that phase-separated
compartments established by passive attractive forces are
destabilized by activity due to the enhanced local dynam-
ics (Fig. 4). Recent modeling has proposed that activity
correlated along the polymer chain may drive compart-
mentalization [48]. Our model shows that compartment-
like compaction can also arise from an interplay of en-
tanglements and temporally correlated activity. As men-
tioned before, the distinction between the active and pas-
sive mechanisms can be made based on measurements of
dynamics [48].

Cell-type-specific variations in the genome architecture
are reflected in the compartment structure [12, 81–83].
These observations posit a conundrum: do compartments
drive gene expression or vice-versa? While it is conceiv-
able that the distinct chemical microenvironments within
compartments help recruit transcription machinery thus
aiding gene expression, our results suggest there is a pos-
sible mechanical feedback wherein a highly transcribed
locus may alter the compartment structure surround-
ing the locus. Investigating the causality between com-
partments and gene expression is key to deciphering the
genome structure-to-function relationship.

Chromatin loci typically show sub-diffusion, which
may be either passive or active in nature [28–31, 93, 94].
Interestingly, experiments have confirmed the presence
of a wide distribution of dynamic exponents, including
super-diffusion [35, 38, 39], which must be active in na-
ture. We found that the passive chromosome model bet-
ter recapitulated dynamic exponents when motor activity
was added to the A compartments (Fig. 4G), suggesting
motor activity as a driver of heterogeneity in dynam-
ics. However, activity perturbed the structure to worsen
agreement with Hi-C maps. This necessitates that the
passive interactions be recalibrated in the presence of
dynamics-satisfying motor activity, which is left for fu-
ture work.

Our work is motivated in part by a large body of
prior work on nonequilibrium aspects of cytoskeletal net-
works driven by molecular motor activity[1–3, 62, 64,
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67, 70, 95]. Persistent active noise has been argued to
effectively capture stochastic binding and force genera-
tion by microscopic motors in polymer networks, giving
rise to organization, mechanics, and dynamics on various
time scales [64, 67]. Models based on explicit motor-
induced correlated forces upon stochastic binding have
also been shown to recapitulate network contractility [3].
The present work builds on the prior approaches without
explicit motor binding dynamics, where the motor bind-
ing/unbinding time scale is effectively captured by the
active correlation time.

More recently, attention has turned to similar active
matter aspects in chromosomes [40–43, 45, 46, 48, 49, 66,
96]. One class of active polymers corresponds to models
with multiple temperatures. In this approach, monomers
experience instantaneous thermal kicks, but there are at
least two different types of monomers based on their ef-
fective temperature, i.e., “hot” and “cold” particles [45–
47, 77, 92, 97]. These models show structural features like
phase segregation, polymer enrichment at confinement
boundaries, and dynamics aspects like a broad apparent
diffusivity. However, the possibility of a superdiffusive
dynamic regime is beyond such an approach.

Active polymer models that explicitly model active
force dipoles constitute the second class of active mod-
els [49, 98]. These models, utilizing instantaneous force
dipoles, have shown a paradigm of structure and dynam-
ics regulation by the dipolar strength. However, the dy-
namics lack any super-diffusive component as well. Im-
portant contributions have been made by studies incorpo-
rating hydrodynamic aspects along with dipolar activity
that argue active stresses originating from the dipoles as
the driver of convective flows in the chromatin [96, 99].

The treatment of activity as a temporally persistent
noise, as done in the present work, has been explored in
other models of flexible, Rouse-like polymers [41, 43, 72].
These models explain the origin of a super-diffusive dy-
namics component due to the active correlation time,
where a longer correlation time, resembling longer mo-
tor residence times, drives a more prominent super-
diffusive regime. This agrees with the explicit modeling
of stochastic binding and force generation between mo-
tors and polymers, which shows an enhanced superdiffu-
sive regime with higher motor concentrations and longer
motor residence times [42]. The present work, however,
goes beyond dynamics and has identified for the first time
an entangled globule organization reminiscent of MIPS
due to the combination of activity and repulsive inter-
actions missing in prior Rouse-based models. One prior
work [100] has studied self-avoidance and correlated ac-
tive noise together in polymers but does not identify the
novel structural and dynamic phases emerging in various
activity regimes presented here, including the entangled
globule phase.

Through mechanistic explanations of various active,
steady states, the present work puts into perspective the
observations of previous works like multiple-temperature
activity as a special case of high force and low correla-

tion time and thus widens the scope of possible structure
and dynamic features of polymers driven by persistent
activity. We hope this work will lead to many new non-
equilibrium models of chromosomes, and aid in the de-
sign of future experiments investigating the signatures of
motor activity in chromosomes.
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Appendix A: Methods

1. Equation of motion

The overdamped equation of motion for the n-th
monomer is given by Eq. (1). The active force fn(t)
denotes the temporally correlated active noise. The tem-
poral evolution of the active force for the n-th monomer
is given as follows.

τ
∂fn
∂t

= −fn(t) +
√
2γθaηn(t) (A1)

Here, τ is the correlation time of the active force, and
θa ≡ F 2τ/γ is the temperature-like quantity associated
with activity. The amplitude of the active noise is de-
noted by F . Finally, ηn(t) is a delta-correlated station-
ary Gaussian process with zero mean: ⟨η(t)⟩ = 0, and
⟨ηn(t)ηm(t′)⟩ = δ(t− t′)δmn.

Solving the equation of motion of the active force (Eq.
(A1)), we get the following autocorrelation.

⟨fn(t)fm(t′)⟩ = F 2e−(|t−t′|/τ)δmn (A2)

The active force between different monomers are always
uncorrelated. At short lag times (t ≲ τ) the motor-
induced noise for a monomer is correlated, leading to
persistent dynamics. While at longer lag times (t ≫ τ),
the correlation vanishes exponentially.
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2. Brownian Dynamics Simulations

We use Brownian Dynamics simulations where the po-
sitions are updated at each time step based on forces and
positions of the previous time step. We integrate the
overdamped Langevin equation of motion of a monomer
(Eq. (1)) using the following two steps:

1. Compute the net force. Active forces at time t are
computed from Eq. (A1):

fn(t) = fn(t− dt)e−dt/τ + F
√
1− e−2dt/τN (0, 1) (A3)

where N (0, 1) is a random variable drawn from a
Normal distribution with zero mean and unit stan-
dard deviation. Note, the active force does not de-
pend on particle positions.

The net force hn(t) also has a passive contribution.
The passive force is computed from the interaction
potential using monomer positions {x(t)}:

hn(t) = − ∂

∂x

∑
m

U(|xn(t)− xm(t)|) + fn(t) (A4)

2. Update positions. Then, the monomer positions at
time t+ dt are obtained according to Eq. (1):

xn(t+ dt) = xn(t) +
hn(t)

γ
dt+

√
2T

γ
dtN (0, 1) (A5)

We simulate the equation of motion for each particle (Eq.
(1)) using a custom integrator within the OpenMiChroM
simulation package [61], which is built on top of OpenMM
[101].

3. Simulation and physical units

The unit of distance is set by the monomer diameter
σ. The simulation unit of energy is ϵ, such that forces
are measured in ϵ/σ. The simulation unit of time is τsim.
We use a drag coefficient of γ = 1.0 ϵτsim/σ2.
To calibrate with physical units, we use ϵ = kBT .

The monomer diameter corresponding to about 50 kb
chromatin is σ ≈ 100 nm. The apparent diffusion con-
stant can be written as Dapp = kBT/γ = σ2/τsim. This
equated with the experimentally observed apparent dif-
fusion constant 0.01 µm2/s, we get τsim ∼ 1 second.

A different approach to calibration is to use an ap-
parent viscosity of the nucleoplasm. Using the viscosity
of water η = 0.001 Pa-s, which is definitely an under-
estimate, we can write the drag coefficient: γ = 6πησ.
Equating this with the previously mentioned definition of
γ, we get the underestimated value τsim ∼ 0.01 second.
Combining both these approaches, we use an order of

magnitude calibration: τsim = 0.1 seconds.

4. Polymer potential

The polymer potential constitutes of two terms: bond-
ing between nearest neighbors and a short-range inter-
monomer repulsion to simulate self-avoidance. The near-
est neighbors along the polymer chain are bonded using a
linear spring: Unn = (k/2)(r− d)2, where k is the spring
constant and d is the unperturbed bond length. We use
k = 30ϵ/σ2 unless otherwise mentioned. Here ϵ is the
reduced unit of energy. For Rouse chains we used d = 0
while for all else we set d = 1σ.

Self avoidance is modeled using a pairwise soft-core
repulsive potential of the form: Usa(r) = (E0/2)(1 +
tanh(1− ksa(r− dsa))), where ksa = 20ϵ/σ2 encodes the
steepness of the repulsion, dsa = 1σ is typical distance
below which repulsion kicks in, and E0 = 5ϵ is the max-
imum repulsive energy.

Finally, there is the spherical-confinement potential.
We use a flat-bottom harmonic or half-harmonic restraint
for the confinement: Uconf = (kconf/2)(r − Rc)

2Θ(r −
Rc), where Θ(r − Rc) is the Heavy-side theta function
that is zero when r < Rc and one when r ≥ Rc. We use
kconf = 30ϵ/σ2 throughout this work.

a. Chromosome potential. For the chromosome po-
tential We utilize the optimized MiChroM parameters
[19, 61] to simulate the passive forces within our Brow-
nian dynamics scheme (Eq. 1). We chose chromosome
10 of Human GM12878 cell line, which has N = 2711
beads with each bead representing 50 kb DNA. The ac-
tive loci were selected to be at the monomer indices:
99,376,740,1100,1432,1860,2340. We then studied the ef-
fect on the passive structure as the activity was turned
on for the active loci.

5. Simulation trajectory analysis

Starting from random configurations, the polymer is
equilibrated at temperature T . We used kBT = 0.2ϵ for
simulations unless otherwise mentioned. Then, activity
with a fixed F and τ is turned on for every monomer,
and simulations are run for 106 time steps with integra-
tion step dt = 10−3τsim to establish the active steady
state. We also used the analytical calculations of the
Rouse polymer as a verification step for our simulations
(Supplementary Materials). Steady-state simulation for
each parameter set was run for 104τsim, saving the par-
ticle coordinates every 0.1τsim. We simulated multiple
replicas for each parameter for statistical analyses. All
reported quantities, like the radius of gyration, monomer
density, and MSD, were computed from the steady-state
trajectories. These quantities are also averaged over the
ensemble.

a. Monomer density. The monomer density n(r) is
computed by counting the number of monomers in con-

centric shells, such that:
∫ Rc

0
4πr2n(r)dr = N , where N

is the total number of monomers.
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b. Radial distribution function. The radial distribu-
tion function is computed from the standard definition:
g(r) = dnrσ

3/(4πr2drϕ), where dnr is the number of
monomers within distance r and r + dr from the center.
c. Displacement correlation between particles. The

spatial correlation of displacements between particles
was computed using the formula: Cx(∆r,∆t) =〈

1
n

∑
n

d⃗i(r,∆t)·d⃗j(r+∆r,∆t)√
d2
i (r,∆t) d2

j (r+∆r,∆t)

〉
, where di(r,∆t) is the dis-

placement of the i-th particle located at r over a lag time
∆t and dj is the corresponding displacement of the j-th
particle that is located a distance ∆r away from the i-the
particle. The displacement correlation is summed over
for all the n particles that lie within a sphere of radius
∆r, and the angular bracket denotes averaging over the
trajectories.

d. Phase-separation coefficient. The phase-
separation coefficient µ is defined as: µ ≡
(⟨nAA⟩ + ⟨nPP ⟩)/⟨2nAP ⟩. Here, nAA is the num-
ber of pairwise contacts between A blocks (homotypic
contacts), and nPP (homotypic) and nAP (heterotypic)
are similarly defined. Two monomers are defined to be
in contact when the distance between them is less than
1.5σ. Contacts between monomers of the same block
are ignored to enhance the inter-block phase separation
signal.

e. Active regime diagrams. Steady-state trajecto-
ries were generated for a logarithmically spaced grid with
F varying between 0 − 15ϵ/σ and τ varying between
0.1−300τsim. The observables, like the radius of gyration,
were computed for the above-mentioned grid and then
interpolated into a finer grid to plot the active regime
diagrams (Figs. 2A, 3B).
f. Contact maps. The contact maps were generated

using the procedure described in Refs. [19, 61]. The
pairwise distance between monomers rij is converted to
probability using the previously optimized sigmoid func-
tion fcontact(rij) = 0.5 ∗ (1 + tanh(3.22 ∗ (1.78 − rij)))
[19, 61].

A tutorial on how to run the active simulations can
be found at https://github.com/s-brahmachari/
ActiveOpenMiChroM/tree/main/Tutorials/Active_
Chromosome_Dynamics. The simulation snapshots were
generated using the Visual Molecular Dynamics (VMD)
software http://www.ks.uiuc.edu/Research/vmd/.

Appendix B: Active Rouse polymer

Rouse chains, both because of their simplicity and an-
alytical tractability, are a paradigm for studying poly-
mer structure and dynamics. Considering a chain of N
monomers, the equation of motion for the n-hth Rouse
monomer reads as follows [41, 43].

γ
∂Rn

∂t
= k

∂2Rn

∂n2
+ fn + ξn (A1)

where k is the spring constant associated with the har-
monic bonds connecting the neighboring monomers.

1. Motor activity characterizes the relaxation
spectrum of Rouse modes

Defining the p-th normal mode of the Rouse chain,
representing the dynamics in a subchain of size N/p, as
follows.

Xp(t) =
1

N

∫ N

0

dnRn(t) cos(pπn/N) (A2)

We obtain the autocorrelation between the Rouse modes
for active chains [41]:

⟨Xp(s)Xp(s+ t)⟩ = τp
2Nγ

(
T +

θa
1− τ2/τ2p

)
e−t/τp

− θaτ

2Nγ(1− τ2/τ2p )
e−t/τ

(A3)

where τp = N2γ/(kπ2p2) is the equilibrium relaxation
time of the p-th mode. The longest Rouse relaxation
time is given by τRse = N2γ/(kπ2).
Figure A1A-B shows the autocorrelation of Rouse

modes of the active and passive chains from simulations
and theory (Eq. (A3)). The Rouse mode p with an
equilibrium relaxation time τp that is longer than the
active correlation time (τp ≫ τ), appears equilibrium-
like, i.e., the autocorrelation decays exponentially with a
time-constant ≈ τp (Fig. A1B). However, activity raises
the effective temperature associated with the modes to
T + θa. On the other hand, when the equilibrium relax-
ation time of the Rouse mode p is shorter than the activ-
ity persistent time (τp ≪ τ), the mode autocorrelation
relaxes exponentially with a time constant dominated by
the active correlation time τ . This leads to crowding of
the relaxation curves near the active correlation time in
Fig. A1B.

2. Motor-induced persistent activity leads to
diverse dynamic regimes

The scaling of mean-squared displacement (MSD) with
time (t): ∼ tα, defines the dynamic regime of the beads,
such as diffusion (α = 1), sub-diffusion (α < 1), and
super-diffusion (α > 1) which includes ballistic mo-
tion (α = 2). The MSD for the center-of-mass (CM)
of a chain, governed by the zero wavenumber mode:
R2

CM (t) ≡ ⟨(X0(s+ t)−X0(s))
2⟩, is given by,

R2
CM (t) = 2d

[
(T + θa)

Nγ
t+

θaτ

Nγ
(1− e−t/τ )

]
(A4)

where d = 3 is the dimension of space coordinates. The
first term within brackets, proportional to t, is the diffu-
sive term that dominates at long times (t ≫ τ). Note,
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FIG. A1. Free Rouse chain. Rouse chain of size N = 500 and spring constant k = 30ϵ/σ2 simulated at kBT = 1.
Autocorrelation of Rouse modes for (A) Passive and (B) active chains. The different colors represent different wavemodes
as shown in the legend. Note that for active chains the modes that relax at times longer than the correlation time τ = 30
show equilibrium-like behavior. While the modes with characteristic relaxation time smaller than the correlation time have
a prolonged relaxation under the active noise. The dashed lines show analytical results from Eq. (A3). Mean-squared
displacements for (C) center-of-mass motion and (D) monomer motion for Rouse chains. The longest Rouse relaxation time
for this polymer is τ1 ≈ 850. The dashed lines show theoretical expectations from Eqs. (A4) and (A5). (E) Radius of gyration
of Rouse polymer for various values of F and τ . Increasing activity θa leads to a higher radius of gyration. (F) Distributions of
asphericity of the polymer configurations, derived from the eigenvalues of the gyration tensor, show anisotropic and spheroidal
structures with increasing activity.
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at long times, the diffusion constant-like coefficient as-
sociated with the active polymer CM motion is DCM

a ≡
(T +θa)/(Nγ). Hence, at long times, the CM motion ap-
pears diffusive with an effective temperature T + θa and
the expected drag coefficient of a Rouse polymer Nγ.
While at shorter times, there is a leading order super-
diffusive (ballistic) term (∼ t2) that dominates thermal
diffusion: R2

CM (t ≪ τ) ≈ 2d[Tt/(Nγ) + F 2t2/(Nγ2)]
(Fig. A1C).

On the other hand, the MSD for the n-th monomer is
given by a sum over all the Rouse modes p:

R2
n(t) = R2

CM (t)

+ 8d
∞∑
p=1

[
τp

2Nγ

(
T +

θa
1− τ2/τ2p

)
(1− e−t/τp)

− θaτ

2Nγ(1− τ2/τ2p )
(1− e−t/τ )

]
cos2(pπn/N)

(A5)

where R2
CM (t) is defined in Eq. (A4), and d = 3 is the

space dimension. Firstly, note that at very long times,
when all the Rouse modes have relaxed (t ≫ τp and t ≫
τ), monomer dynamics is governed by the CM motion,
given by Eq. (A4). This transition occurs at lag times
longer than the longest Rouse time τ1 (Fig. A1D).
Interesting dynamic behaviors are observed at times

comparable to the activity persistent time (τ) and τRse.
In absence of activity, i.e., a passive system (θa = 0),
monomer MSD shows subdiffusion in the regime of lag
times smaller than τRse, while it shows diffusion corre-
sponding to CM motion for lag times larger than τRse

(Fig. A1). For an active system, there is super-diffusive
(near ballistic) signatures in the monomer MSD at times
smaller or comparable to the active persistent time τ .
This is a direct consequence of correlated noise, that
consistently propels the particles in a specific direction
before changing the direction at lag times comparable
to the persistent time. For lag times beyond the active
persistent time but smaller than the Rouse time (τRse),
the monomers move subdiffusively, albeit with a higher
effective temperature (Fig. A1).

3. Motor activity drives swelling of Rouse polymer

Motor activity not only influences the dynamics, it
is consequential for the conformations as well. Motor-

generated persistent forces stretch the polymer, leading
to swollen conformations that exhibit a larger radius of
gyration (Fig. A1E). The temperature-like quantity as-
sociated with activity: θa ≡ F 2τ/γ, when dominates
the thermal temperature T < θa, there is activity-driven
swelling of the polymer. The swollen active polymers are
spheroidal, where asphericity increases with the active
temperature θa (Fig. A1F).

4. Confined Rouse polymer

Rouse chain in confinement does not show the struc-
tural regime corresponding to collapse at the center (Fig.
A2). This is because self-avoidance is a necessary in-
gredient for center collapse. The monotonically increas-
ing radius of gyration for Rouse polymers leads to only
boundary enrichment when the mean persistent path is
longer than the confinement dimension.

Appendix C: Chromosome model

We use the optimized MiChroM chromosome potential
as described in Refs. [19, 61] to simulate chromosome 10
of the Human GM12878 lymphoblastoid cell using a 50
kb resolution model (N = 2712). MiChroM uses struc-
tural annotations to assign A and B-type beads to the
chromosome polymer and then the interaction profiles
between the monomer types lead to the plaid-like pat-
terns of interactions as seen in the Hi-C maps. There is
an additional ideal chromosome term that drives length-
wise compaction or crumpling of the polymer along the
contour, which is a feature of SMC-driven compaction.
The simulated MiChroM contact maps and the corre-
sponding experimental hic maps [13] are shown in Fig.
A10.

We added seven active loci along the chromosome at
monomer indices (99,376,740,1100,1432,1860,2340) and
varied the activity in those loci to observe the corre-
sponding change in the structure. The contact maps and
representative structures for the passive case (F = 0)
and active steady state with (F = 3, τ = 30) and
(F = 5, τ = 1), simulated at kBT = 1, are shown in
Fig. A11. Long correlation times representing persistent
transcription activity drive the active loci to the periph-
ery of chromosome territories.
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FIG. A4. Effect of spring constant on the entangled globule state. Self-avoiding polymer of size N = 2000 in spherical
confinement with radius R0 = 16σ with various values of the spring constant k. (A)-(C) Active regime diagrams plotting the
radius of gyration show the enhanced stability of the entangled globule state for higher spring constants k. Note the shift
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force and correlation time for various spring constants. When the bond length is higher than 1.25σ the topological constraints
are diminished leading to entanglement release and destabilization of the entangled globule state.
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FIG. A5. Effect of temperature in destabilizing the entangled globule state. Self-avoiding polymer of size N = 2000
in spherical confinement with radius R0 = 16σ simulated at various temperatures T . (A)-(C) Active regime diagrams plotting
the radius of gyration show the enhanced stability of the entangled globule state for lower temperatures. Note the shift of the
thermal amplitude line kBT/σ. (D)-(F) Radial profile of monomer density for various spring constants. When the thermal
noise amplitude dominates the active noise, F < kBT/σ the active correlations are destroyed and the entangled globule state
is destabilized.

Center of mass motion removed
Rg

A
B

FIG. A6. Effect of the explicit center of mass motion correction on the active polymer regimes. (A) The
radius of gyration of the active polymer for various active forces and correlation times is calculated in simulations where the
active noise for each monomer is corrected so that the net center of mass motion is reduced. We implemented this using the
CMMotionRemover scheme in OpenMM [101]. (B) Monomer radial density for the various regimes shown in the panel (A). As
can be noted by comparison with Figs. 2A-B, the center of mass motion correction does not affect the active polymer regimes.
This is a consequence of the active forces being balanced due to their random orientation (see Discussion).

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 18, 2024. ; https://doi.org/10.1101/2023.04.23.528410doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.23.528410
http://creativecommons.org/licenses/by/4.0/


20

A B

FIG. A7. Effect of the explicit center of mass motion correction on the center of mass mean-squared displace-
ment. (A) MSD of the center of mass (COM) of the active polymer without any motion correction for the center of mass.
The subsequent panels show the apparent MSD exponent and the apparent diffusion constant. These simulations correspond
to the ones shown in Fig. 2. (B) Same as in (A) but with COM motion correction implemented. Note, as expected, that the
MSD and the apparent COM diffusion constant are suppressed upon COM motion removal.

A B

FIG. A8. Effect of the explicit center of mass motion correction on the monomer mean-squared displacement.
Average MSD of a monomer, the MSD exponent, and the apparent diffusion constant, without (A) and with (B) COM motion
correction. Panel (A) is the same as in Fig. 2F. Note that the monomer MSDs are unchanged upon COM motion removal,
which again is a direct consequence of the active forces already being balanced due to their random orientation (see Discussion).
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FIG. A9. Confined active-passive block copolymer at higher thermal temperature. (A) Active regime diagram of
block copolymer in confinement at thermal temperature kBT = 1.0ϵ. Higher temperatures destabilize the entangled globule
leading to better segregation of active and passive blocks. Representative regions are selected on the F − τ phase space to
show in the corresponding subfigures. (B) Radial monomer density of active and passive blocks showing radial segregation.
(C) MSD versus lag time. MSD exponent and apparent diffusivity are shown in subpanels. (D) Simulation snapshots of the
block copolymer.

FIG. A10. Comparison with experiments Comparing Hi-C maps from Rao et al. [13] with the base MiChroM model
[19, 61], obtained by setting activity to zero (F = 0) and kBT = 1.0ϵ. The upper triangle shows experimental data and the
lower triangle is the simulation result for chromosome 10 of the Human GM12878 cell line at 50 kb resolution.
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FIG. A11. Active perturbations to GM12878 chromosome 10. Simulation contact maps and snapshots of the
GM12878 chromosome 10 for the passive and active cases. In the snapshots, A type and B type beads are colored in red and
blue respectively. In the active scenario, 7 discrete loci, shown as yellow spheres, have active noise while all the rest just have
MiChroM potential. Active loci are more dynamic that perturb the compartments locally. Active loci with a long correlation
time move to the periphery of the chromosome territory. The overall effect on the contact maps is minimal due to the low
density of active loci, which only perturbs the effective-equilibrium structure locally.
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