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In mammalian cells, the cohesin protein complex is believed to translocate along chro-
matin during interphase to form dynamic loops through a process called active loop
extrusion. Chromosome conformation capture and imaging experiments have suggested
that chromatin adopts a compact structure with limited interpenetration between chro-
mosomes and between chromosomal sections. We developed a theory demonstrat-
ing that active loop extrusion causes the apparent fractal dimension of chromatin to
cross-over between two and four at contour lengths on the order of 30 kilo-base pairs.
The anomalously high fractal dimension D = 4 is due to the inability of extruded loops
to fully relax during active extrusion. Compaction on longer contour length scales
extends within topologically associated domains (TADs), facilitating gene regulation
by distal elements. Extrusion-induced compaction segregates TADs such that overlaps
between TADs are reduced to less than 35% and increases the entanglement strand of
chromatin by up to a factor of 50 to several Mega-base pairs. Furthermore, active loop
extrusion couples cohesin motion to chromatin conformations formed by previously
extruding cohesins and causes the mean square displacement of chromatin loci during
lag times (A#) longer than tens of minutes to be proportional to Az'/3. We validate
our results with hybrid molecular dynamics—Monte Carlo simulations and show that
our theory is consistent with experimental data. This work provides a theoretical basis
for the compact organization of interphase chromatin, explaining the physical reason
for TAD segregation and suppression of chromatin entanglements which contribute
to efficient gene regulation.

loop extrusion | polymer physics | chromatin organization | active matter

Gene transcription during interphase can be regulated by spatial colocalization of pro-
moters with enhancers or silencers located up to hundreds of kilo-base pairs (kbp) away
(1) (Fig. 1A4). These distal regulatory elements frequently act on genes within the same
topologically associated domain (TAD) (2—4). TADs are continuous sections of chromatin
that preferentially associate in space, identified by squares along the main diagonal of
Hi-C contact maps (5, 6). One model for TAD formation is loop extrusion, in which the
cohesin protein complex threads chromatin into growing loops until stopped by the
CCCTC-binding factor (CTCF) at TAD boundaries (7-10) (Fig. 1B).

We consider active loop extrusion, in which cohesin uses adenosine triphospate (ATP)
to move in biased directions toward domain boundaries (7-9, 11, 12). Active processes
that consume energy are widespread throughout the cell and are known to modify the
conformation and dynamics of different biopolymers, including chromatin. In general,
ATP depletion decreases the diffusion constant of chromosomal loci (13) and eliminates
their coherent dynamics, in which loci displacements correlate with those of other loci in
close spatial proximity (14-16). A well-known example of an active process on chromatin
is transcription, in which RNA Polymerase II (RNAPII) produces mRNA molecules from
a DNA template (17-19) (Fig. 14). In contrast to loop extrusion, RNAPII translocates
at slower rates (0.01 to 0.1 kbp per second) compared to cohesin (0.1 to 1 kbp per second)
and does not hold two chromatin loci together (20-24).

To effectively modulate transcription, promoters and distal regulatory elements such
as enhancers and silencers should frequently come into physical contact. In other words,
the contact probability P(s) must decay slowly with the genomic distance s between them.
Hi-C and Micro-C experiments have shown at least three power law scaling regimes for
contact probabilities (Fig. 2), each characterized by P(s) ~ 577/, where ~ indicates pro-
portionality and the subscript 7 indicates different regimes. The three regimes typically
have1 <y; <1.5,7,%0.75, and 1 <y3 < 1.5 (5, 8, 25-32). The crossovers between
these three regimes vary between experiments and are not well defined in part due to the
ranges in observed scaling exponents. However, the crossover between y, and y, is typically
on the order of 30 to 50 kbp, and the crossover between y, and y 5 is typically on the order
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Fig. 1. Active processes on chromatin. (A) Eukaryotic transcription by RNAPII
regulated by an enhancer-promoter interaction and TFs. (B) Active loop
extrusion by cohesin forms TADs anchored by CTCF proteins.

0f200 to 500 kbp. Within a mean-field approximationy,; = 3/D,,
where D; is the fractal dimension (33). Fractal dimension describes
how the mass 7 of an object grows with its physical size 7 such
that m ~ 7P (34). Mapping y to fractal dimension yields
2 < D; <3 for the first regime, D, & 4 for the second, and
2 < D3 <3 for the third. The second scaling regime occurs on
genomic length scales on the order of a typical TAD (35, 36).
Depleting chromatin-bound cohesins increases y 5, suggesting that
loop extrusion compacts chromatin on the scale of TADs by
increasing its fractal dimension (5, 25, 37). Furthermore, exper-
imental evidence suggests that cohesins assist in efficient target
search by transcription factors (TFs) and regulate transcriptional
bursting probabilities (32, 38, 39), which hints at a connection
between loop extrusion, a window of decreased y, and transcrip-
tional regulation.

Cells must ensure that regulatory elements do not act on
off-target genes, such as those in other TADs. Superresolution
imaging suggests that neighboring TADs are spatially segregated
(39-41). We argue that the increase in fractal dimension due to
active loop extrusion would suppress overlaps between chromatin
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Fig. 2. Contact probabilities in interphase chromatin. (4) Schematic of a contact
between two loci (green circles) separated by genomic distance s (purple
curve). The contact probability between the two green loci P(s) is proportional
to a power law P(s) ~ s77i where the subscript / indicates a specific regime.
vi = 3/D; within a mean-field approximation, where D; is the fractal dimension.
(B) Schematic plot of the average contact probability P(s) for chromatin as a
function of genomic separation s with three scaling regimes on a log-log scale.
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sections, where we define the overlap parameter as the number of
chromatin sections of similar genomic lengths sharing the same
volume (34). The entanglement length is a characteristic scale
along the polymer above which topological constraints that pre-
vent strand crossing dominate dynamic properties (34). An esti-
mate of this entanglement is the strand length for which the
overlap parameter is ~10. If chromatin were to adopt a random
walk conformation with D = 2 between entanglements, the entan-
glement genomic length in the absence of activity and looping

N would be 50 to 100 kbp (33, 42—44). However, this is in

e, passive
contrast to evidence that chromosomes and chromatin compart-
ments do not intermingle extensively (45). We argue that extruded
chromatin loops are not equilibrated and that the kinetics of active
loop extrusion cause an increase of fractal dimension in compact
loops and suppress entanglements by two orders of magnitude.

Several equilibrium polymer models are consistent with fractal
dimensions larger than D ~ 2 (Fig. 3): i) a crumpled polymer with
an exponential distribution of equilibrated loops (CPEL—Fig. 3A4)
(44, 46), ii) the fractal loopy globule (FLG) model for a melt of
nonconcatenated ring polymers (Fig. 3B) (47), and iii) a ring pol-
ymer in an array of fixed topological obstacles, which can be mapped
onto double folded lattice animals (DFLA—Fig. 3C) (48, 49).
In CPEL, looped and unlooped chromatin sections have D = 2
(Fig. 34). Loops shorten the effective contour length between
genomic loci, causing a higher apparent fractal dimension on scales
larger than the average loop length. Additional mass within loops
contributes to entanglement dilution as in bottlebrush polymer
systems (50). The FLG describes a crossover between fractal dimen-
sions of D & 2and D = 3 at the entanglement length smaller than
a single ring such that loopy polymer sections maintain a constant
degree of overlap with each other on all larger length scales (Fig. 3B)
with large overlap parameter ~10. In DFLA, polymers have D ~ 2
on the smallest length scales as well (Fig. 3C). Double folds of ring
polymers caused by their topological interactions with fixed net-
works produce lattice animal structures, resulting in D = 4 above
the scale of the typical fold or loop. This regime extends until
density saturation, above which D =~ 3.

CPEL, FLG, and DFLA are all equilibrium models, while our
model explicitly considers nonequilibrium activity. Our model of
active loop extrusion suggests that a crossover from D &~ 2 to D = 4
occurs on genomic lengths smaller than a typical loop extruded by
a loop extruding protein. We argue that this compaction is a
nonequilibrium process that occurs due to the fast kinetics of loop
extrusion in comparison with loop relaxation. A random walk
conformation of looped sections with D = 2 is recovered above
the length scales of an average loop (Fig. 3D). Compaction by loop
extrusion suppresses entanglements. The range of the applicability
of our model depends on the interplay between the extrusion veloc-
ity and chromatin relaxation rate, which have yet to be resolved
experimentally. As described below, we suggest that active loop
extrusion significantly modifies chromatin conformation given the
observed cohesin extrusion speeds and chromatin dynamics.

The main parameters used to describe active loop extrusion are
processivity and separation. Processivity 4 is the average genomic
length extruded by an unobstructed cohesin. Separation  is the
average genomic length between chromatin-bound cohesins or
the inverse of the linear density of cohesins. Both A and d are
predicted to be on the order of 200 kbp, suggesting limited loop
nesting (7, 11, 51). Extrusion velocity v,, is the average genomic
length extruded per unit time and is equal to the processivity
divided by the average residence time of an unobstructed cohesin
T, U, 1s o0 the order of 0.1 to 1 kbp per second and 7, is on
the order of 20 to 30 min (22-24, 52, 53).
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In this work, we develop a scaling-level theory to describe chro-
matin organization due to active loop extrusion. We first describe
the effect of active extrusion on relaxed chromatin with fractal
dimension D = 2. We test the predictions of our model by hybrid
molecular dynamics—Monte Carlo (MD—MC) simulations of a
single extrusion cycle on relaxed polymer chains in a theta-like sol-
vent. Next, we extend our model to chromatin conformation reg-
ulated by steady-state extrusion (in which cohesins randomly bind
and unbind along the genome) with and without TAD anchors.
We compare our model to simulations of steady-state extrusion on
1 Mbp chromatin sections in a theta-like solvent. We then discuss
how active loop extrusion kinetically suppresses overlaps of neigh-
boring sections of chromatin, dilutes entanglements, and segregates
TADs. Our model also describes how extrusion deforms chromatin
outside of growing loops and the spatial dynamics of actively extrud-
ing cohesins and chromatin loci. We compare our model to exper-
imental data, finding consistency between our predicted contact
probability scaling behavior and P(s) from Micro-C (26, 32) as well
as our predictions of chromatin locus dynamics and live-cell imaging
experiments (54). This model explains the anomalous scaling expo-
nent observed in contact probabilities P(s) ~ 5707
active loop extrusion as a mechanism for segregating TADs, thereby
enhancing contacts between promoters and regulatory elements
within the same TAD while suppressing off-target interactions.

and supports

Results

Model Description. Consider chromatin discretized into loci
each with spatial size & and z base pairs (Fig. 4). If unperturbed
(without loop extrusion), chromatin has fractal dimension D = 2
for genomic lengths longer than z: a section with genomic length
s has mean square size

<) > ~ 25 [1]
Z

Throughout this work, = indicates approximate equivalence
within a factor on the order of unity and ~ indicates proportion-
ality. For definiteness we let each locus represent z = 2 kbp with
b = 50 nm (see SI Appendix for estimate), assuming the persistence
length of chromatin is of equal or smaller size. While the persis-
tence length of chromatin is not known, the principles of our
model still hold for different choices of persistence length and
locus size. In the absence of active forces, loci follow Rouse-like
dynamics on length scales smaller than entanglement length with
mean square displacement (MSD)
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Fig. 3. Polymer models relevant to chromatin or-
ganization consistent with fractal dimensionD > 2.
Dashed circles indicate typical length scales with a
given fractal dimension. (A) CPEL (44, 46). Looped
and unlooped sections of the same polymer chain
are drawn in green and blue, respectively. (B) FLG
(47). Fractal behavior is shown for one polymer ring
of interest (thick blue curve). Thin gray curves rep-
resent other polymers in a melt. (C) DFLA (48, 49).
Fractal behavior is shown for one polymer ring of
interest (thick blue curve). Black circles represent
obstacles created by fixed networks. (D) Active loop
extrusion (this paper). Short, relaxed sections of
chromatin with fractal dimension D ~ 2 (Left) pack
together to form extruded loops with D ~ 4 (center,
where the most recently extruded section of a loop
is shown in blue, the rest of the loop represented by
the thin blue lines in the background, and orange
rings represent cohesin). Extruded loops form a
random walk (dark blue circles in the right-hand
schematic) with D ~ 2 surrounded by other chro-
matin sections (light blue circles). Models (A-C) are
equilibrium, while (D) is nonequilibrium.

1
MSD,, (At) = b* <£ > “for Ar > 7o) 2]

To

where At is the lag time and 7 is the locus diffusion time (34).
The locus diffusion time is the time it takes a locus to move by
thermal motion a distance on the order of its size. The relaxation
time of a section with genomic length s and fractal dimension
D = 2 is approximately

ijr()(i)z, [3]

which is the time it takes for the section with genomic length s to
move by thermal motion a distance on the order of its unperturbed

size (34).
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Fig. 4. Schematic of active loop extrusion model and simulation snapshots.
(A) Chromatin is discretized into loci with size b each representing z base pairs.
Cohesin domains bind to locus j and extrude away from one another with
average curvilinear velocity v,, in units of the number of base pairs per unit time.
Locus iis extruded at the time t; = z|j — i| /Vey . Attime z ([ = i| +5¢; ) / Vex > t;.
locus /is s.; = Ve (t — t;) base pairs away from the cohesin. (B) Snapshots of a
hybrid MD—MC simulation of a single active loop extrusion cycle when a single
cohesin extrudes a single bead-spring polymer chain once. The snapshots are
before extrusion starts with D ~ 2 (Left, blue) and after the cohesin reaches
the chain ends (Right, green). Each bead represents 1 kbp of chromatin (see
Sl Appendix for details). The red beads indicate the cohesin binding site.
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We model cohesin as having two domains that bind to chro-
matin (Fig. 4). Domains extrude independently and in opposite
directions along the chromatin contour with average curvilinear
velocity v, in units of genomic length per unit time. The extrusion
velocity v,, and locus diffusion time 7, define a dimensionless
parameter that we call the “extrusion ratio”

K= yexTOZ_l > [4]

which is the ratio of rates of active and passive dynamics for a
locus of z base pairs, like a Péclet number describing the ratio
between flow and diffusion effects on some length scale. The extru-
sion ratio is the number of loci extruded per diffusion time of a
locus. The genomic length unimpededly extruded during time #
isw,.z. Since the two cohesin domains extrude independently, the
average genomic length of the loop (loop length) at time # is

2Kzt
[ m 20,0 =22 [5]
To
and the cohesin processivity is 4 ~ 2v,,7,,. = 2kz7,,./7(. Recall

that cohesin processivity is defined as the average loop length
extruded by unobstructed cohesin during the average residence
time 7, it is bound to chromatin. In our model, chromatin-bound
cohesins have a probability of unbinding ™" with attempt fre-
quency 7! in units of reciprocal time. 4 k5T is an effective energy
barrier for cohesin unbinding. Both the residence time and pro-
cessivity are exponentially distributed with averages 7, & 7,.¢

and A % 20,,7,,,, respectively (see S/ Appendix for more details).
Although we choose this particular framework for cohesin bind-
ing, we expect the main results of our model to hold for other
mechanisms.

Several experiments have observed chromatin loci with
MSD,, (Ar) = D, /zAtl/ 2 consistent with Rouse-like dynamics
where D /, ranges between %107 pm? s7? and =107 pm* 572
(54-59). This coeflicient is frequently called the “apparent diffu-
sion constant” or “apparent diffusivity” D,,,; however, since it
does not have units of a true diffusion constant (length squared
per time), we prefer to use D, and call it the subdiffusive mobility
coeflicient, where @ is the exponent describing the time depend-
ence. For discretization of z = 2 kbp per locus each with size & =~ 50
nm and v,, & 0.1kbp per second, we estimate the extrusion ratio
for cohesin (Eq. 4) to be on the order of x ~0.003 —0.3

(81 Appendix). Note that the wide range of observed D /, causes

a factor of 100 between the lower and upper estimates of the
extrusion ratio. For definiteness, we use k & 0.2 to make biological
estimates throughout the paper and provide ranges of estimated
parameters in S/ Appendix, Table S2.

To test our theory, we use hybrid MD—MC simulations to
model active loop extrusion on a single bead-spring polymer chain
in a theta-like solvent with each bead representing 1 kbp and Kuhn
length ~ 20/, where 6 is the bead diameter. See Materials and
Methods and SI Appendix for details. Relaxed polymer conforma-
tions in theta-like solvents are random walks with D = 2 on scales
longer than the Kuhn length, like dense solutions or melts of
flexible linear polymers between the correlation and entanglement
length scales, similar to conditions in the nucleus (34). We show
results of three types of simulations in the main text: single active
loop extrusion cycles where one cohesin extrudes an initally
relaxed chain once (Fig. 4B); steady-state active loop extrusion
where many cohesins bind, unbind, and extrude without TAD
anchors; and steady-state active loop extrusion with TAD anchors.

40f 12 https://doi.org/10.1073/pnas.2401494121

Extrusion Forms Compact Chromatin Loops Composed of
Overlapping Relaxed Sections. We start by describing the
conformation of a single loop produced by active loop extrusion
on a relaxed chromatin section with D = 2. The main concept of
our model is that chromatin sections longer than genomic length
Znin = 2/ K relax slower than the time it takes a single cohesin
domain to extrude them. The relaxation time of a chromatin
section with genomic length s is proportional to 52, the square
of its genomic length, while the time it takes to extrude it is
proportional to s (Eqs. 3 and 5 and Fig. 54). The asymptotic
behavior of the mean square size of a loop with genomic length / is

bzzi > é < Emin

2 Z

<R (l) >r ; 1 ; , (6]
2 Ly 1L
b <gmm 222 ) > &min < 2

as plotted in Fig. 5B. This scaling behavior could be impacted by
the spatial mobility of cohesins (SI Appendix). For a short loop
with / <2g,. . the entire loop is relaxed (Eq. 1). Longer loops
cannot relax, so their sizes are determined by subdiffusive
Rouse-like dynamics with < R*(/) > ~ 172 ~ JV/2 These loops
are composed of multiple relaxed sections (Fig. 5C), the smallest
with genomic length g,,;, and the largest with genomic length

Iz % / %
g(/)"’(%) ~<gmin5> > (7]

and mean square size £2(/) ~ b [gminl / (2z2)] 1/z(see SI Appendix
for details). For an extrusion ratio of k & 0.2 and processivity
A=1[=200 kbp, the smallest relaxed chromatin section has
genomic length g, ~ 10 kbpand the largest has genomic length
2(A) ~ 30 kbp.

Consider < 77 (s) >, the mean square distance between any two
loci separated éy a genomic distance s extruded by the same
cohesin domain in a loop with length /. The average is taken over
all loci pairs separated by s within the loop. Like Eq. 6, < 712(5) >

2

crosses over between power laws ~ s and ~ s1/2 because short
genomic sections are relaxed while long sections are not:

Pl s<gll)
zZ
)> =~ 1 > (8]

see Fig. 5D. The crossover between the two power laws occurs at
genomic lengths on the order of g(/) (Eq. 7) because the largest
relaxed sections with the largest number of loci pairs dominate
the mean square distances averaged over all loop loci. Eq. 8 is
consistent with a fractal dimension of D & 4 on genomic and
spatial length scales longer than g(/) and &(/) respectively. Recall
that within a mean-field approach, the contact probability func-
tion P(s) ~ s77i a s73/Di reflects the fractal behavior of the chro-
matin section of interest. Since compact loops transition between
D =2 and D =~ 4, the contact probability P(s) within a single
extruded loop is proportional to

52, sZg()
/
,g(l)<§§§

(YIS

P(s) ~ , [9]

NS

5‘_
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B < R%(D) >

Relaxation time
t = 1(s/2)*

A Time t

2 .
Time needed

for extrusion
t ~ S/UEX

Genomic length
s (kbp)

g

where / /2 is half of the loop length, after which contact probability
increases (Fig. 5E). The results of simulations of a single cohesin
extruding a loop on an initially relaxed chain are consistent with
Egs. 8 and 9 (Fig. 6).

How can chromatin loops have a fractal dimension of four in
three-dimensional space? Analogous to randomly branched ideal
polymers, the fractal dimension below spatial dimension 3 on small
length scales creates enough space within a loop’s pervaded volume
for more compact structures with fractal dimension above 3 for a
finite interval of larger length scales (34). Fig. 5F sketches the vol-
ume fraction ¢, i for a section with genomic length s within its
pervaded volume, where the section is part of a loop with genomic
length /. We define volume fraction as the physical volume of
chromatin (nucleosomes and linker DNA) of a genomic section
with genomic length s divided by the approximately spherical vol-
ume spanned by the section (87 Appendix). Smaller loop sections
with s < g(/) are relaxed and therefore ideal with D = 2. The vol-
ume fraction ¢, within these small sections initially decreases
with section genomic length s because the genomic length of a
section grows slower than its pervaded volume ~ s3/2, When
D ~ 4, ¢, increases because the genomic length s and physical
volume of the section grows faster than its pervaded volume ~ s3/4,
The volume fraction within a loop with genomic length / reaches
bop 2¢, [lzzg(l)_S/Z] 1/4. @, is the volume fraction of chroma-
tin 'within one locus, which we estimate to be =0.1 for z = 2 kbp
(81 Appendix). Fork = 0.2and z = 2 kbp, ¢, within a loop with
a typical genomic length / =~ A = 200 kbp approaches =~ 0.06,
which is much smaller than unity. As such, a fractal dimension of
four is possible for a wide range of genomic lengths.

Steady-State Active Loop Extrusion without TAD Anchors
Compacts Chromatin on Scales Smaller than Processivity. We
now consider many cohesins that actively extrude in a steady state
with average processivity A and separation 4 without including
TAD anchors. Four regimes of processivity and separation dictate
chromatin compaction and loop nesting on genomic length scales

PNAS 2024 Vol.121 No.21 2401494121

Half-loop length

Fig. 5. Structure of an actively extruded loop. All schematic
plots are on log-log scales. (A) Schematic plot comparing the
relaxation time (black) and time needed for a single cohesin
domain to extrude a chromatin section with genomic length s
(red). (B) Schematic plot of the mean square size of a loop
with genomic length /. The red line segment indicates the
regime consistent with D =4. The dotted line shows the
mean square size of a chromatin section with genomic
length //2 without extrusion. (C) Relaxed sections (green
circles) in a growing loop overlap in space forming a fractal
with dimensionality D=4. The smallest relaxed section
has the genomic length g,,;, = z/x. The genomic length of
each relaxed section (green circles) grows from g,,;,, next to
the cohesin to g(/) ~ (g,,,,,,l/2)1/2 ~ [lz/(2;c)]w/2 next to the
cohesin binding site (red circle). (D) Mean square distance
between two loci separated by a genomic distance s within
a loop of genomic length / (Eq. 8). The average is taken over
all loci pairs within the loop extruded by the same cohesin
domain. The red line segment indicates the regime consistent
with D = 4. The dotted line shows the mean square distance
without extrusion. () Average contact probability between
loci separated by genomic length s within an extruded loop of
length /. The red line segment indicates the regime consistent
with D = 4. (F) Volume fraction Dself of a chromatin section of
length s within its own pervaded volume where the section
is part of a loop with length /. The red line segment indicates
the regime consistent with D = 4.

1/2 (kbp)

1/2

shorter than the genomic entanglement length with activity
N, yesive (see Fig. 74 and SI Appendix for details).

Fig. 7 B-D show schematic plots of contact probabilities P(s)
for each regime up to the entanglement genomic length. For all
regimes, P(s) ~ s3/2 (r1 & 3/2) on short genomic length scales.
In Regime I, the average processivity A < 2¢,,.. &~ 2z/k is small
enough for entire loops to relax during their extrusion process. In
Regime II, loops are long enough to be compact, but have time
to fully relax before another cohesin binds withd > A(1 + 2k 1/z).
The system is heterogeneous with compact and relaxed sections;
however, the average chromatin conformation is relaxed.

In Regime I11, a loop extruded by cohesin only partially relaxes
before another cohesin binds to this unrelaxed section with
M1+ 2x4/z) > d > A.In asteady state, cohesin separation con-
trols the largest chromatin section that relaxes such that

1 1
dz? 2 d\?
() = ()

where d /(2v,,) is the average time between two cohesins binding
within a chromatin section of length A. g() is the longest genomic
length that relaxes between cohesin binding events in steady-state
extrusion. Chromatin sections with shorter genomic lengths can
fully relax before perturbation by another cohesin; chromatin
sections with longer genomic lengths do not have enough time to
relax. There is no loop nesting, but extrusion compacts the section
from D~ 2 to D~ 4 such that y, = 3/4 for g(d) <s < Cj4,
where Cj is a constant on the order of unity. Extruding cohesins
rarely simultaneously bind loci separated by much longer than 4;
thus, for longer genomic lengths, chromatin is a random walk
with D & 2 of compact, extruded sections each of which has D ~ 4
such that y; = 3/2 (Fig. 2B and 6B).

In Regime IV, A > 4 indicates significant loop nesting and the
genomic section compacts into a globule with almost constant
P(s) for g(d) < s < CyA. On longer genomic length scales, chro-
matin could either be a random walk of compact sections as in
Regime IIT or elongate due to excluded volume interactions

(10]
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Fig. 6. Internal structure of actively extruded loops from hybrid MD—MC
simulations with v,, ~ 0.6 kbp per 74 (x ~ 0.3) starting from a relaxed polymer
chain with unperturbed fractal dimension D ~ 2. (A) Mean square distance
between two loci extruded by the same cohesin domain separated by genomic
distance s within a loop of genomic length / (Eq. 8). Each blue curve corresponds
to a different loop length / = 40, 80, 120, ..., 600 kbp. The red lines show the
predicted scaling behavior. The abscissa and ordinate are scaled by 1.1g(/)and
1.1£2(1), respectively. g(/)and & (/) were obtained from a simulation of relaxed
chromatin without extrusion (see Inset and S/ Appendix for details). The factor
of 1.1 shifts the crossover between scaling behaviors to s/[1.1¢(/)] = 1and
< r,z(s) > /[1.182(1)] = 1(dashed black lines). (B) Average contact probability
between loci separated by genomic length s within an extruded loop, averaged
over loop lengths 800 < / < 1,000 kbp. The dashed vertical line indicates the
crossover to P(s) ~ s~3/4, which is approximately g(1,000 kbp) ~ 60 kbp. The
red lines show the predicted scaling behavior.

between compact sections, which depends on whether cohesins
can traverse each other. This regime can produce bottlebrush-like
structures relevant to mitotic chromosomes formed by condensins
and will be explored in a future work.

There are too few cohesins per genomic length in Regimes I
and II to compact chromatin. In Regime IV, chromatin adopts a
nested structure that could form a bottlebrush not observed in
interphase. Without entering the bottlebrush regime, chromatin
compaction in Regime III is maximized when cohesin processivity
and separation are approximately equal (by minimizing ¢(d) in
Eq. 10 and maintaining A < ). Indeed, cohesin processivity and
separation in mammalian cells are both predicted to be on the
order of 200 kbp with limited nesting (7, 11, 51). The remainder
of this work focuses on Regime III.

TAD Anchors Can Limit the Range of Extrusion-Induced
Compaction. Compaction can also be limited by TAD anchors;
since CTCEF stops active loop extrusion, cohesins cannot directly
bridge two loci in different TADs separated by lengths much

larger than average TAD genomic length N4p in the genomic
section of interest. In this case, chromatin resembles a random
walk of compact TADs with contact probabilities returning to
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P(s) ~ 573/ for C,Ny,4;, <5< N, whereC, is a constant on the
order of unity. We note that if the rate of cohesin binding within
aTAD with genomic length comparable to A is on the order of or
greater than the rate of cohesins unbinding from TAD anchors,
we predict the first crossover between y; & 3/2 and y, = 3/4 to
remain at s & ¢g(d) (Eq. 10).

We simulate steady-state active loop extrusion on a 1 Mega-base
pair (Mbp) chromatin section with and without TAD anchors
with A~ d ~ 200 kbp and v,, % 0.3 kbp per 7, (x =~ 0.15).
CTCEF sites were placed such that there were five consecutive
TADs each with a genomic length of 200 kbp (Fig. 84). The
simulated P(s) curves (Fig. 8B) are consistent with the expected
scaling behavior depicted for Regime III in Fig. 7C. Without
TADs, the crossover between y, ~ 3/4 and y; = 3/2 occurs at
approximately s & 400 kbp, suggesting that the constant C; in
Fig. 7C is approximately 2. With TAD anchors, the crossover

occurs at the average TAD length N74p =200 kbp. The peaks
at s =200 kbp and s =400 kbp are due to the periodicity intro-
duced by consecutive TADs.

Experimental Data Are Consistent with the Predicted Contact
Probability Scaling. Next, we compare our theory with publicly
available Micro-C data. We expect P(s) to follow Regime III
in Fig. 7C with crossovers between y; ~3/2 and y, & 3/4 at
s~ g(d) and between y, % 3/4 and y3 = 3/2 at s® C,Nyyp.
Recall that the first crossover is determined by the longest genomic
section that can relax between cohesin binding events, which is
related to separation 4. As discussed in the “Model Description” and
SI Appendix, we choose an extrusion ratio of k & 0.2, indicating
fast extrusion relative to chromatin relaxation within the range
of observed chromatin loci mobilities. We reason that using
genome-wide Micro-C data smooths out local variations in the
lengths and genomic locations in TADs. To predict genome-wide
P(s5) in mammalian cells, we use 30 kbp as the crossover location
between y, and y, and 400 kbp as the crossover location between
7, and y5 (using C, = C; = 2). In Fig. 8C we plot this predicted
P(s) scaling (solid black lines) and two examples of genome-wide
contact probabilities from Micro-C data in HFF and mESC
[blue and green open circles, respectively (26, 32)]. We do not
expect experimental Micro-C data to exactly follow the predicted
asymptotic scaling; differences between single cells, genomic
regions, and CTCF binding smooth the sharp transitions between
regimes. Different experiments and cell types can also produce
deviations between P(s) curves, as seen by the difference between
the HFF and mESC Micro-C data. Thus, we fit each Micro-C
dataset to a crossover function between the three predicted power
laws (blue and green solid curves, see ST Appendix for details). The
crossover genomic lengths between scaling regimes for both HFF
and mESC are close to our predicted values of 30 kbp and 400
kbp (81 Appendix, Table S4). We also fit the two Micro-C datasets
simultaneously and achieve similar results (S/ Appendix, Fig. S13).
The error between the data, fits, and asymprotic scaling are smaller
than the difference between the HFF and mESC datasets between
5 kbp and 1 Mbp, suggesting that our theory is consistent with
P(s) in these mammalian cells within experimental and cell type
variation (SI Appendix, Table S4). We quantify error as the rmsd
between the natural logarithms of two P(s) curves. We note that
the fits to individual Micro-C datasets perform better than both
the simultaneous fit and the asymptotic scaling, indicating that the
detailed shape of P(s) depends on organism and cell type. Fig. 8D
shows that the slopes on a log—log scale of the two experimental
datasets are consistent with our model, suggesting that our choice
of k & 0.2 is reasonable. This scaling behavior is also consistent
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Fig. 7. Four regimes of chromatin compaction and nesting. (A) Diagram
indicating the four regimes of chromatin compaction and nesting as functions
of cohesin processivity and separation. (B-D) Schematic contact probabilities
on log-log scales for the different regimes. In (D), genomic separations of
C14 <S < Nggeiie May have P(s) ~ s73/2 or P(s) ~ s=3 depending on whether
cohesins can traverse each other.

with other Hi-C and Micro-C experiments (5, 8, 25-27, 29-32).
We note that specific genomic sections may have different average
TAD lengths N7p, which could shift the crossover between y,
and y3.

Active Loop Extrusion Kinetically Suppresses Overlaps and

Dilutes Entanglements. Another consequence of chromatin
compaction due to active extrusion is the reduction of overlap

B

between neighboring chromatin sections and entanglement
dilution. We define the overlap parameter O(s) as the number of
chromatin sections with genomic length s with the same mean
square spatial size < 72(s) > that share the same approximately
spherical volume with diameter & < r%(s) >1/2

06~ ¢ 2= < 2(5)>3, [11]

where ¢ ~ 0.06 — 0.4 is the average chromatin volume fraction
in the nucleus and v is the physical volume occupied by a locus,
which for z~2 kbp we estimate to be = 7.5x10 nm’
(SI Appendix). If a chromatin section with genomic length s has
a fractal dimension of D between length scales 4 and < #2(s) >1/2,
the overlap parameter is O(s) ~ [zrb3 / (61/)] (s/z)° /b=, Entang-
lements occur above a critical overlap parameter Oy on the order
of 10 to 20 as conjectured by Kavassalis and Noolandi (60). If
chromatin has D & 2 without loop extrusion, the entanglement
genomic length is approximately IV, ., & 100 kbp for an aver-
age chromatin volume fraction ¢ & 0.15 and Oy = 10. Previous
estimates suggest an entanglement genomic length without extru-
sion nor extensive looping of 50 to 100 kbp (33, 42—44). Our
estimate of V, ., & 100 kbp is also consistent with Hi-C data
showing a contact probability scaling of P(s) ~ s70% f6r 100 kbp
<5< 500 kbp in cohesin-depleted cells (25).

With active loop extrusion, the overlap parameter decreases
with genomic length when D % 4, which we predict to occur on

genomic length scales between & g(d) and = 2Ny (Fig. 9). The
mean square size of genomic sections longer than g(4) is smaller
with active loop extrusion compared to the passive case with ran-
dom walk statistics up to entanglements. As such, longer genomic
sections are required to reach Oy such that

)
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Fig. 8. Contact probabilities from simulations with steady-
state extrusion and public Micro-C data. (A) Contact map from

a simulation with 1,000 kbp. CTCF sites were placed according

to the green arrows such that there were five consecutive TADs
of 200 kbp each. (B) Contact probabilities from simulations
with and without TADs. Dashed black lines show power laws
P(s) ~s73/2 and P(s) ~s~3/4. (C) Genome-averaged contact
probabilities normalized to P(5 kbp) = 1 from Micro-C in HFF
[blue open circles, (26)] and mESC [green open circles, (32)] at
1 kbp resolution compared to theoretically expected scaling
behavior (solid black lines) and independent fits to a crossover
function (blue and green solid curves, see S/ Appendix, Eq. S38).
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, Fractal dimension is predicted to cross-over from 2 to 4 at 30
10 kbp, and back to 2 at 400 kbp as shown by the solid black lines.
(D) Slopes on a log-log scale of curves in (C).

https://doi.org/10.1073/pnas.2401494121

7 of 12


http://www.pnas.org/lookup/doi/10.1073/pnas.2401494121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2401494121#supplementary-materials

A Ne,active ~ [ZNTAD 302 B

0(5) Ne,passive g(d)
Entanglements «—— >

Ogy ~ 10

1/2

1/2 e
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matic plot of the overlap parameter O(s) for active loop
extrusion (black), random walks (red), and FLGs (purple)
as a function of genomic length on a log-log scale. The
black and purple curves merge for s > N, g¢ive- The hori-
zontal dashed line indicates the onset of entanglements.
We use the volume fraction of chromatin in the nucleus
¢ =0.15 and Oyy = 10. (B) Chromatin sections within
TADs (green circles) overlap and have increased contact
probabilities. Neighboring TADs (purple circles) are most-
ly segregated apart from a narrow interface. (C) Inter-TAD
fraction of all intrachromosomal contacts made by loci in

o Micro-C in HFF
Micro-C in mESC
——Predicted in HFF

o Micro-C in HFF
Micro-C in mESC
Predicted in HFF

——Predicted in mESC

a TAD as a function of TAD length. (D) Intra-TAD fraction

——Predicted in mESC 0.655
1(‘)2 1(‘)3 ° 10t - 5 . ofallintrachromosomal contacts made by loci in a TAD
N (kbp) 10 N (kbp) 10% " 55 a function of TAD length.
TAD P TAD p
With 2N, = 400 kbp and g(4) = 30 kbp, active loop extru- fraction F,,,,,(N74p ) (contacts between loci in the TAD and other

sion can increase IV, by up to a factor of approximately 50. If the passive
entanglement genomic length is 50 to 100 kbp, active loop extrusion
could dilute entanglements up to genomic lengths of 2.5 to 5 Mbp.
In SI Appendix, Table S3 we provide ranges for the entanglement
genomic lengths for different chromatin volume fractions ¢p and Oy,

Active Loop Extrusion Segregates TADs and Enhances Intra-TAD
Contacts. The increase in fractal dimension to D & 4 due to active
loop extrusion is consistent with TAD segregation. Loop extrusion
decreases TAD overlap compared to random walks with D = 2
and FLGs with D & 3. In the FLG model, the overlap parameter
remains constant at O & 10 above the entanglement genomic
length, which with N, ., & 50 — 100 kbp indicates relatively
strong overlap of genomic loci between TADs. If this were the
case, regulatory elements would frequently affect promoters
in different TADs. On the other hand, the decrease in overlap

parameter with active loop extrusion by a factor of [s/ g(d)]3/2
for g(d) <s <2Npyp (Fig. 9) indicates that genomic contacts
between TADs are suppressed compared to contacts within TADs.
Active loop extrusion suppresses the number of overlapping
TADs compared to the passive case (without extrusion) by up

to a factor of =~ [ZNTAD/g(d)]3/4. For 2Ny =400 kbp and

2(d) =30 kbp, this reduction factor is approximately 7. For
¢ = 0.15and Oy = 10, the overlap parameter at 400 kbp reduces
from = 16 to = 3. Note that because our theory is on a scaling level
and the degree of overlap between genomic sections depends on the
shape of their pervaded volumes (e.g., spherical, or ellipsoidal), our
estimates can differ from real biological systems by a factor of two.

Our model suggests that while contacts between TADs are sup-
pressed, contacts between sections within the same TAD are
enhanced. Loci in each TAD mostly contact other loci separated
by less than 400 kbp within the same TAD, apart from a narrow
zone of interaction at the interface between neighboring TADs
(Fig. 9B). Future simulations will further investigate this effect.
Analysis of Micro-C data shows that out of all intrachromosomal
contacts made by loci in a TAD of length Ny4p, the inter-TAD
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loci on the same chromosome but not in the same TAD) is < 0.35
and monotonically decreases with TAD length (Fig. 90).

Conversely, the intra-TAD fraction F,,,,(Nz4p) (contacts
between loci in the TAD and other loci within the same TAD) is
2 0.65 and monotonically increases with TAD length (Fig. 9D).
Predictions using our theory agree with Micro-C data in HFF and
mESC (Fig. 9 C and D). See SI Appendix for details. As such,
active loop extrusion facilitates colocalization of promoters and
regulatory elements within the same TAD while limiting errone-
ous contacts between TADs.

Active Loop Extrusion Extends Chromatin Adjacent to Loops.
Cohesin pulls on chromatin directly adjacent to loops, causing two
tension fronts that propagate into the unextruded sections
(Fig. 104). We use the term “leg” to denote the largest chromatin
section that adapts to this pulling force. Active extrusion suppresses
the relaxation modes of the legs, as cohesin translocation is ballistic.
Cohesin translocation rather than polymer relaxation controls leg
conformation. Cohesin reels in chromatin legs, each with genomic
length g;,,(#), and unravels their conformations. Loci separated
by more than g;,(¢) past cohesin are not “aware” of extrusion.

. 2 . .
The mean square size of a leg < r[eg(t) > is approximately the
mean square size of a genomic length v,z + Zieg(?) before extrusion

d such that < 72 . 2/D
started such that < r/eg(t) > ~ [vext+g[,g(t)] ~ (vext)
with corrections due to partial relaxation. Each leg is extended such
that its genomic length s gg,,(£) ~ < rlzeg(t) >1/2 571 ~ (vt ) P
(SI Appendix).
Consider < rfo ., (:

c,out

cohesin and a locus s, ,,,

iting  behavior is a

) >, the mean square distance between
base pairs outside of the loop. The lim-

straight array of loci with
< rfoh (Seoue ) > = (b:c)m/z)z. For genomic distances longer
than the leg length, < 7[2” ) (Seoue ) > is approximately equal to
< rg (Seour + Vext ) >, the mean square distance between the

cohesin binding site and the locus of interest before extrusion
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started. Hybrid MD—MC simulations of a single cohesin extrud-
ing a loop on an initially relaxed polymer chain are consistent with
this result (Fig. 10B).

Active Loop Extrusion Causes Anomalous Dynamics of Actively
Extruding Cohesins and Chromatin Loci. The two tension fronts
(one tension front produced per leg) localize an actively extruding
cohesin in the volume between them. A cohesin’s trajectory
follows the midpoint between the two tension fronts (Fig. 114)

and fluctuates around it by ~ 4(¢/7) 12, Hybrid MD—MC
simulations agree with this result (Fig. 11B and SI Appendix,
Fig. S6). Multiple unnested cohesins attract each other in space
because they exert tension on the same intervening genomic
sections. After the cohesins meet, they travel together in space;
this effect is more pronounced if the cohesins cannot traverse one
another (S/ Appendix). This “self-focusing” effect of neighboring
cohesins further maintains the compact structure of actively
extruded chromatin. Future work will explore additional details,
including the nested cohesin case.

The MSD of cohesin MSD,,;,(At) is coupled on short time
scales to the Rouse modes of the smallest relaxed chromatin section
Zminand is proportional to Az'/2for lag times Az < At;;h R Tok T2
Cohesin trajectories then follow tension fronts dictated by the
chromatin conformation such that MSD,,, ~ Ar*/P. Upon
steady-state extrusion, the cohesin MSD for Az > At;;h crosses

over between scaling behaviors of ~ Az and ~ Ar'/? at

At:;; ~ g(d) /v, (Fig. 11C and SI Appendix, Fig. S7). At;:; is
approximately the time it takes a cohesin domain to extrude a
genomic length g(d) in the process of active loop extrusion. Both
crossover times At;h and At;; depend on the D; /, of the chro-
matin section of interest, where the chromatin locus MSD is
MSD,,. (At) ~ Dl/zAtl/2 (81 Appendix). For k = 0.2, a locus
discretization of z = 2 kbp per locus, and locus size & = 50 nm,
we predict AT to be on the order of 100 s and Az,,,** to be on

the order of 300 s.

In the Rouse model of polymer dynamics, the MSD of mon-
omers in a polymer with fractal dimension D scales as ~ Az%/(P+2)
(34). The change in chromatin fractal dimension due to active
loop extrusion on scales below cohesin processivity causes

MSD,;,(A?) to cross-over between scaling behaviors of ~ Az1/2

and ~ Az1/3 (Fig. 11D and SI Appendix, Fig. S8). The crossover
time between regimes is At:h_r ~d[(20,) ~ Tgd [(22K)
(ST Appendix). In the absence of other activity, we predict the
crossover to occur at lag times on the order of tens of minutes
corresponding to At;/;r ~ 2507. In ST Appendix, we discuss the

MSD of chromatin loci for longer lag times. Experimentally, the
two-point MSD (2pMSD) between the relative position of two
loci is often measured rather than the MSD of a single locus (54,
62-64). The 2pMSD initially scales the same way as the single
locus MSD with approximately twice the magnitude before it
plateaus at twice the mean square distance between the two loci.

In Fig. 11E, we fit 2pMSD live-cell imaging data in mESC (54)
to the predicted scaling behavior for lag times shorter than 6 x 10° s
(ST Appendix). The green curve represents 2pMSD between two con-
vergent CTCEF sites in wild-type cells while the yellow curve is from
cells in which the CTCF binding motifs were deleted
(ACTCFsites). Our scaling prediction is consistent with the experi-
mental data, though we note that the experimental 2pMSD could
be approaching the characteristic plateau. The 2pMSDs at the fitted
crossovers (dashed green and yellow lines in Fig. 11£) are close to our
estimated value of &~ 0.08 pm” (S7 Appendix). For wild-type cells, the
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Fig.10. Conformation of legs produced by active loop extrusion. (4) Schematic

. . 1/D .
of legs, each with genomic length g, (t) ~ (vext) ™ and mean square size
< rfeg(t) > ~ (vext)Z/D. The left-hand schematic shows the initial chromatin
conformation with fractal dimension D at the time of cohesin binding. The
right-hand schematic shows leg extension at time t. (B) Mean square distance
between cohesin and a locus s, away outside of its extruded loop at
different times after binding (solid lines) compared to < rg (Sc,out + Vext ) >, the
unperturbed mean squared sizes of sections with genomiclengths s o, + Veyt
(dashed lines), from hybrid MD—MC simulations of single cohesins actively
extruding a relaxed polymer chain (D ~ 2) with v,, ~ 0.3 kbp per 74 (x ~ 0.15).
The solid black line is the predicted limiting behavior for full polymer extension.
The solid green curve is the unperturbed mean square sizes of sections with
genomic length s .. The dashed green line is the predicted scaling behavior
of these unperturbed sizes without extrusion.

fitted subdiftusive mobility coefficient D; /, ~ 2.3 x 1073 um* s
means the crossover occurs at At;ﬂ ~ 2007, which is consistent
with our prediction (SI Appendix). With d ~ 200kbp, this translates

to reasonable values of extrusion velocity v,, & 0.5 kbp/s, extrusion
ratio k % 0.3, and g(d) = 26 kbp (Eq. 10 and S/ Appendix). This
2(d) = 26kbp obtained from 2pMSD data is the same as the cross-
over genomic length betweeny; & 1.5and y, & 0.75 scaling expo-
nents obtained from simultaneously fitting HFF and mESC
Micro-C P(s) (SI Appendix, Table S4) and similar to our predicted
30 kbp. Note that although specific interactions between CTCF
sites could cause additional correlations in the 2pMSD that may
need to be carefully considered, the predicted scaling is consistent
with both the data with CTCF sites deleted and wild-type cells
with CTCF sites intact. Future work could explicitly include inter-
actions between genomic loci (whether they are convergent CTCF
sites or a promoter—enhancer pair) to more accurately model experi-
mental data.

Discussion

Summary. We present a theory and accompanying hybrid MD—
MC simulations of chromatin organization and dynamics during
interphase driven by active loop extrusion. Extrusion produces
compact loops composed of overlapping relaxed chromatin
sections (Fig. 5). We show that within extruded loops, chromatin
conformation can have the fractal dimension of two on length
scales smaller than the sizes of these relaxed sections. The loops
are much more compact with fractal dimensions of four on
larger length scales, with the crossover between these regimes at
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Fig. 11. Dynamics of cohesin and chromatin loci during
active extrusion. (4) Cohesin trajectory (gradient curve) after
1400 binding to chromatin at its binding site (red circle) at time
t = 0. The thick blue curve represents chromatin at a given
moment, and the thin green curve represents the initial

1000 conformation. The gradient from cyan to magenta indicates
. time. Dashed black lines connect the tension fronts (indi-
800 £ cated by dashed red lines) at different times, which prop-

agate through the section with time. (B) Average cohesin
trajectory (gradient curve) from a fixed binding site and the
corresponding smoothed trajectory of midpoints between
200 two tension fronts (black curve) from 200 simulations start-
ing from the same initial conformations with v,, ~ 0.3 kbp
per z; (k ~ 0.15) starting from D ~ 2. (C) MSD of actively
extruding, chromatin-bound cohesins on a log-log scale.

(D) MSD of chromatin loci affected by active extrusion on a
log-log scale. (E) 2pMSD between CTCF sites separated by
515 kbp in wild-type mESC (solid green curve) and cells with
the CTCF binding motifs deleted (ACTCFsites, solid yellow
curve) (54) fitted to the two power laws ~ At'/2and ~ At'/3
(dashed black lines) predicted for genomic locus dynamics
E— (see Sl Appendix for fitting details). 2pMSD data were extract-
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chromatin strands of =30 kbp. We suggest that conformations of
chromatin strands longer than TADs are random walks of looped
sections with topological interactions appearing on scales of
several Mbps. The predicted contact probability scaling behavior
is consistent with publicly available experimental data (Fig. 8 C
and D). Our model suggests that active loop extrusion increases
the entanglement genomic length of chromatin by almost two
orders of magnitude and segregates TADs (Fig. 9). We also predict
the MSD for both actively extruding chromatin-bound cohesins
(Fig. 11C) and chromatin loci (Fig. 11D). This work provides
a theoretical explanation for the compact, largely unentangled
structure of chromatin during interphase.

Active Loop Extrusion Is an Effective Mechanism for Transcriptional
Regulation. Contacts between loci that may be separated by hundreds
of kbp can up- or down-regulate genes (1). Active loop extrusion is an
effective way of bringing genomic loci within physical proximity and
segregating TADs, which may contribute to their insulating properties,
consistent with TAD segregation observed with microscopy (39-41).
At genomic separations of & 400 kbp, active loop extrusion increases
contact probabilities by factors of approximately 7 and 3 compared
to random walks and FLGs, respectively. This model ensures that
cis-regulatory elements mostly encounter promoters within the
same TAD separated by up to 400 kbp due to the local minimum
of overlap parameter on the order of unity at this scale (Fig. 9).
Another consequence of chromatin compaction is the facilitation of
transcription factor binding to chromatin (TF binding) within TADs.
Active loop extrusion increases the volume fraction of a TAD within its
pervaded volume. While a TF explores this volume, the frequency of
encounters with its binding sites in the TAD increases. This is consistent
with experimental evidence that cohesin depletion can impair TF
binding, particularly for inducible TFs like the glucocorticoid receptor
(65), by reducing the TF target search efficiency (32).

Cohesin Affects Large-Scale Chromatin Organization and Dilutes
Entanglements. Cohesin-mediated chromatin compaction on scales
shorter than 400 kbp reduces spatial overlaps between genomic
sections, thus suppressing genomic entanglements (Fig. 94). We
predict the entanglement genomic length of chromatin with
active loop extrusion to be approximately 5 Mbp. Our model is
consistent with experiments showing that interphase chromatin
is largely unentangled (45). Furthermore, recent work observed
more disordered chromatin organization and anomalous genomic
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10° 10t lines indicate the intersection of the fitted power laws for
At (s) wild-type and A CTCFsites cells, respectively.

contacts on genomic length scales of several Mbps upon cohesin
degradation (66), indicating that cohesin regulates chromatin
conformation in a wide range of genomic lengths.

TAD Anchors Can Limit Chromatin Compaction. As seen in our
computer simulations, TAD anchors can control the crossover
between contact probability scaling exponents y, ~ 3/4 and
73~ 3/2. Thus, the P(s) profile can vary for genomic sections
with different distributions of TADs. If the average TAD length

Nyyup is greater than A, we expect a negligible impact on P(s)
compared to without TAD anchors (i.e., Fig. 7C and the blue
curve in Fig. 8B). Consecutive TADs each with length Ny, <24
truncate the regime associated with y, such that the crossover to y 5

shifts to Ny (Fig. 8B). If Nyyp is shorter than both the cohesin
processivity and separation, the location of the first crossover
between 7, ~ 3/2 and y, ~ 3/4 can also shift to g(Nyyp) (Eq.
7). This crossover could be impacted by how long TAD anchors
are held together by cohesins compared to the average residence
time of unimpeded cohesin. Consider two TAD anchors held
together by a cohesin separated by a genomic length shorter than
A= d. Assume that other cohesins do not bind within the TAD
while the anchors are held together. The longest genomic length
that can relax is now determined by how long the anchors are held
together. If the interaction between cohesin and CTCF stabilizes
cohesin and increases its residence time, the crossover between
71~ 3/2andy, ~ 3/4 will shift to a longer genomic length.

Active Loop Extrusion Parameters Control Contact Probabilities.
Extrusion velocity, cohesin processivity, and cohesin separation
modulate contact probabilities both within loops formed by single
cohesins and within sections regulated by multiple cohesins. In
both cases, the first crossover in P(s) between y; &~ 3/2 and
75~ 3/4 can be tuned by extrusion velocity (Eq. 10). Faster
extrusion decreases the genomic length of chromatin sections
that can relax, which increases compaction within each loop.
When multiple cohesins organize a genomic section, decreasing
the average cohesin separation can also shift this crossover to
shorter genomic length scales (Eq. 10), ideally by increasing
cohesin binding frequency. More frequent cohesin binding
results in shorter chromatin sections that relax between binding
events. Cohesin processivity controls the crossover in P(s) between
72~ 3/4 and y3 = 3/2 (as well as TAD anchors, as discussed
above). Longer processivities (achieved, for example, by extending
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cohesin residence times) increase the genomic separation between
loci that can be held together by active extrusion. If experiments
could develop fine control over the parameters of active loop
extrusion in particular TADs, this work could help tune the
contact probabilities between specific loci of interest.

Suggestions for Experimental Validation. As discussed in the
previous paragraph, fine control over cohesin properties is ideal for
changing contact probability curves in our model. A global decrease
in cohesin binding frequency [perhaps by knocking down SCC4
(52, 67)] should extend the initial regime of y; & 3/2 in genome-
averaged contact probabilities and shorten the regime of y, ~ 3/4,
assuming extrusion velocity, cohesin processivity, and chromatin loci
dynamics remain unchanged. Increasing cohesin residence times and
processivities should extend the regime of y, &~ 3/4; indeed, this
“shoulder” in P(s) associated with y, &~ 3/4 qualitatively persists
for longer genomic lengths in WAPL knockdown cells compared
to wild-type (67, 68). In both the SCC4 and WAPL knockdown
cases, cohesin properties should be characterized to determine which
model parameters are modulated. Another way to tune the extent
of the compact regime with y, = 3/4 is to edit CTCF binding
sequences within a specific genomic section such that there are
consecutive “TADs.” Changing the genomic length of the engineered
TADs should control the crossover between y, and 5 for contact
probabilities within that specific genomic section.

To validate our models predictions of chromatin locus MSDs

(crossover between scaling behaviors of ~ At1/2 and ~ A1/3), we
suggest live-cell imaging to obtain two-point MSDs between genomic
loci similar to the work in refs. 54 and 62, which were done in mESC
and Drosophila melanogaster embryos, respectively. We suggest addi-
tional experiments in mammalian cells, in which there is more evi-
dence that active loop extrusion is important in shaping the genome
than in Drosophila embryos (69). The two loci should be separated
by at least 1 Mbp to reduce the effect of the two-point MSD plateau
that limits the measured two-point MSD by the mean square distance
between the two loci. We also suggest to choose two loci that do not
interact via a known cis-regulatory interaction and that they are not
convergent CTCF sites of a TAD. These explicit interactions could
cause additional correlations between the two loci that may require
careful analysis. We note that despite these potential limitations, the
two-point MSDs in ref. 54 is consistent with a crossover between
~ At/ 2 and ~ A£Y/3 (Fig. 11E).

Model Assumptions. One assumption of our model is that active
loop extrusion is the main regulatory mechanism of chromatin
organization. Recent studies have carefully examined the role of
RNAPII in shaping chromatin organization, showing that specific
chromatin loops and genomic sections are impacted by active
transcription (27, 70-72). However, RNAPII degradation does not
affect genome-wide contact probabilities P(s) on genomic length
scales shorter than 10 Mbp (27, 71). Furthermore, transcription is
known to occur through bursting kinetics, with inactive periods on
the order of hours (18, 73, 74). As a result, although transcription
and other processes may affect chromatin organization at specific
genomic locations, we reason that on average, genome organization
is predominantly shaped by cohesin-mediated active loop extrusion.

We also assume that the crossovers between scaling regimes in
P(5) and overlap parameter O(s) are well characterized by the aver-
age cohesin processivity and separation. The averages and distri-
butions of these parameters could vary with genomic context,
which could shift the crossover locations to different genomic
length scales. Our computer simulations suggest that P(s) averaged
over a 1 Mbp section is well described by the average 4 and 4.
More detailed simulations will confirm whether this is true for
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O(s) as well. The crossover genomic lengths should not impact the
asymptotic scaling behaviors of both P(s) and O(s) (ex., the y;
exponents). Additionally, we assume that almost all contacts made
by a given locus are intrachromosomal. Some process(es) must
ensure that chromosomes are confined to localized volumes since
it is well known that chromosomes segregate into territories (75).
We leave the investigation of the phenomena that could lead to
such segregation as an open question for future work.

Comparison with Other Models. As shown in Fig. 3, the CPEL, FLG,
and DFLA models for chromatin organization are also consistent
with fractal dimensions D > 2 (44, 46—49). In contrast to these
three equilibrium models, we directly couple active, ATP-dependent
extrusion kinetics to chromatin conformation and dynamics. The
fractal dimension D & 4 between the scales of approximately 30 kbp
and 400 kbp is a direct result of activity. With respect to CPEL, the
looped sections with D = 2 could be interpreted as analogous to
relaxed sections with genomic length ¢() in our model. However,
in CPEL the relaxed loop lengths are exponentially distributed,
whereas in our model, the extruded loop lengths are exponentially
distributed while the relaxed sections within an extruded loop are
uniformly distributed (S Appendix). In contrast to FLG, our model
explains the anomalous fractal dimension of D & 4. We suggest that
chromatin sections longer than V, ,,;,, maintain constant overlap
like in FLG (Fig. 9). Finally, to compare with DFLA, the polymer

sections between fixed obstacles with D & 2 may be analogous to
the relaxed sections with genomic length g(<) in our model.

Conclusion

In conclusion, our model explains how active loop extrusion com-
pacts individual chromatin loops, forms segregated TADs, and
dilutes chromatin entanglements. This work suggests a crucial role
of loop-extruding proteins in maintaining effective regulation of
transcription by distal elements. Future experiments informed by
our model may be able to control contact probabilities within
genomic sections of interest.

Materials and Methods

Hybrid MD-MC simulations were used to model active loop extrusion on
linear polymer chains. Chains in theta-like solvent were simulated using the
Kremer-Grest bead-spring model (76). Afinite extensible nonlinear elastic (FENE)
potential connected bonded beads. Nonbonded beads interact via a shifted and
truncated Lennard-Jones pairwise potential. We represent cohesin as a switchable
FENE bond that can move between binding partners.The FENE bond representing
cohesin changes partners according to MC. The spatial trajectories of each bead
were evolved in time by MD. Cohesin binding and translocation kinetics were
updated by MC. MD was performed using the Large-scale Atomic/Molecular
Massively Parallel Simulator package (77). MC steps were implemented in Cand
coupled to MD. For most simulations, chains were initiated as random walks and
equilibrated for at least ten times their relaxation times before starting extrusion.
Atleast 100 replicates were run of each condition for single extrusion cycle simu-
lations. The steady-state simulations were run for at least 10 times the end-to-end
vector autocorrelation decay time. Contact probabilities in steady-state simula-
tions are consistent across different initial chain conformations (S/ Appendix).
Experimental contact probability plots were extracted from Micro-C data using
cooltools (78). See SI Appendix for extended methods.

Data, Materials, and Software Availability. Simulation code can be found at
https://doi.org/10.5281/zenodo.11118363(79). All other study data are included
in the article and/or S/ Appendix.
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