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Abstract: Transient DNA loops occur throughout the genome due to thermal fluctuations of DNA
and the function of SMC complex proteins such as condensin and cohesin. Transient crosslinking
within and between chromosomes and loop extrusion by SMCs have profound effects on high-order
chromatin organization and exhibit specificity in cell type, cell cycle stage, and cellular environment.
SMC complexes anchor one end to DNA with the other extending some distance and retracting to
form a loop. How cells regulate loop sizes and how loops distribute along chromatin are emerging
questions. To understand loop size regulation, we employed bead-spring polymer chain models of
chromatin and the activity of an SMC complex on chromatin. Our study shows that (1) the stiffness
of the chromatin polymer chain, (2) the tensile stiffness of chromatin crosslinking complexes such as
condensin, and (3) the strength of the internal or external tethering of chromatin chains cooperatively
dictate the loop size distribution and compaction volume of induced chromatin domains. When
strong DNA tethers are invoked, loop size distributions are tuned by condensin stiffness. When
DNA tethers are released, loop size distributions are tuned by chromatin stiffness. In this three-way
interaction, the presence and strength of tethering unexpectedly dictates chromatin conformation
within a topological domain.

Keywords: chromatin organization; DNA loops; loop regulation; nuclear tethers; polymer modeling;
crosslinkers; SMC complexes

1. Introduction

Chromatin is dynamic, heterogeneous, and modified throughout the cell cycle. As a
long chain polymer confined in a nuclear shell, chromatin is subject to random entropic
forces (of order kgT), engagement with DNA and RNA polymerases, manipulation and
bombardment by ATP-driven complexes (SMCs, topoisomerases, motor proteins, and heli-
cases), and modification via DNA methylases/demethylases and chromatin-remodeling
complexes. Collectively, these chromatin modifications influence its physical attributes,
such as compaction and stiffness. Additionally, chromosomal loci can be physically con-
strained via tethering to external non-chromatin structures such as spindle microtubules,
the nuclear lamina in interphase, matrix attachment regions (MARs), and scaffold attach-
ment regions (SARs), or via internal tethering at the base of chromatin loops or by regions
of entanglement [1-5]. Involved in a diversity of biological functions, tethering can be
permanent and firm, as with the attachments at telomeres and centromeres in yeast [6-11].
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Tethering can be transient and soft, as observed between promoters/enhancers at tran-
scriptional hubs and during temporary relocation and association with transcriptional loci
at nuclear periphery [12-16]. Tethering of a chromatin fiber at two ends can put DNA
under enough tension to impact loop extrusion by resisting loop-extrusion forces [17,18].
Adding complexity to the extrusion process are the substrate properties of chromatin (such
as stiffness). An easy-to-bend, floppy substrate versus a resistant-to-bending stiff substrate
will conform differentially to loop extrusion forces.

Chromosomal loops were first observed by early microscopists in the late 1800s [19].
Loops as structural units of chromatin have emerged as central to the studies of chromatin
organization and the regulation of gene expression [14,20-23]. At mesoscales, genomes
are compartmentalized into regular looped subdomains that are topologically isolated
and variable in size [23-26]. The mechanisms of stabilization and regulation of looped
structures are under intense investigation [27-29]. Experimental observations support both
loop extrusion and polymer phase separation as physical pathways behind the chromatin
folding landscape [30-32]. Characterizing functional consequences of chromatin loops
beyond their role in transcriptional regulation is a challenging proposal and is often aided
by the use of modeling. One example of the functional importance of such organization is a
centromeric bottlebrush, in which a regular array of loops at the centromeres of segregating
chromosomes in yeast ensures critical tension sensing between sister kinetochores [33-35].

To understand loop regulation, we turned to bead—-spring polymer chain models of
chromatin and the activity of SMC proteins on chromatin. Polymer models of chromatin
have proved critical to distilling the principles behind a number of processes including
nucleolar organization [36,37], transcription [38—40], and DNA repair [41-45]. The investi-
gation of high-level structure of looped chromatin compels consideration of its polymer
features as a framework to establish the physical properties dictating chromatin’s response
to small-scale forces [18,46,47]. Determining which forces prevail and how their balance is
achieved requires dynamic modeling to dissect the contributions of individual components
(chromatin, crosslinkers, and tethers).

DNA undergoes frequent transitions between heterochromatic compact fibers (con-
densed mitotic chromosomes) and less-compacted regions of chromosomal DNA (within
topologically associated domains), or between nucleosome-occupied fibers and naked
dsDNA /ssDNA molecules (transcription/replication) in growing cells. The stiffness of
a polymer dictates the polymer’s response to entropic and enthalpic bending forces and
is quantified by its persistence length (Lp). Persistence length is the characteristic length
scale over which the angular orientation of the two ends is correlated. Measurements
of chromatin persistence length vary from approximately 200 nm, for highly compacted
heterochromatic regions, to approximately 5 nm for ssDNA, and the average L, of a naked
double-stranded B-form DNA molecule is approximately 50 nm [48-50]. The presence of
histones, scaffolding proteins, and chromatin modifiers on DNA allows for modulation
of local persistence length in the range from 5 nm to 220 nm [50-54]. The resistance to
bending of chromatin by its stiff form can result in far-ranging effects on chromatin loops,
their sizes, and stability [55].

SMC complexes (cohesin, condensin, and Smc5/6) are essential to orchestrating
higher-order chromatin organization. Post-translational modifications (PTMs) confer an
astounding functional diversity onto SMC complexes. Residues on SMC and non-SMC
subunits (e.g., kleisins) of both cohesin and condensin are also known to be heavily mod-
ified in response to emergent needs for chromatin reorganization and throughout the
cell cycle [56-59]. Mutational scanning studies of condensin’s conserved ATP-binding
sites point to distinct roles of subunits in chromosome morphology and genome archi-
tecture [60,61]. Expanding our understanding of DNA from being a passive substrate to
having an active regulatory role, Varejao et al. demonstrated a physical interaction between
a small region on Smc5p and a DNA fiber activating the ability of the Smc5/6 complex to
modify proteins in its vicinity [62,63]. This is an example of direct feedback from chromatin
to a crosslinker.
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Studies depict the activity of SMC complexes as stochastic ratchets capable of stabi-
lizing loops formed via Brownian motion, as in the case of cohesin [64] or condensin [65].
Others describe them as weak, directed mechanochemical motors, driving condensin [66]
and cohesin [67] along the DNA fiber. Single-molecule in vitro experiments tracked con-
densins on DNA sheets, demonstrating their ability to unidirectionally translocate along
DNA [66] and to extrude and stabilize loops in the presence of ATP [65,68]. Several mod-
els have described SMC complex loop-forming mechanisms in vivo, highlighting their
generalized function as crosslinkers that form DNA-to-DNA bridges independent of ATP
hydrolysis or the loop-extruding abilities of both condensin [69] or cohesin [70].

In the bead-spring polymer chain model of chromatin, we consider condensin as
a simple Hookean spring crosslinking two chromatin beads. The condensin spring is
stochastic and dynamic. First, it is seeded randomly on the bead—spring chain and is
active for a duration representative of the lifetime of condensin on the DNA. Second, it
can traverse the chain by stepping in a randomly chosen direction. It can crosslink distant
parts of the chain in a single step, intermittently stall, or unbind. The condensin spring
responds to chromatin tension and extends to its maximum length. Herein, we focus on a
key parameter of the condensin crosslinker—the strength of the spring—as a coarse-grained
depiction of post-transcriptionally modified SMCs.

Constraining the free movement of chromatin persistent and structural attachments
(lamins, kinetochores, telomeres, Rabl-attachment sites, and the nucleolus) or transient and
functional attachments (repair foci, PML bodies, and transcription factories) maintain the
spatial chromosomal organization and chromosomal territories [71]. The Rabl-configuration
constrains the motion of chromosomes proximal to attachment sites [8,72,73]. Chromatin
tethers are likely to be nonrandomly distributed throughout the nucleus and vary widely in
their resistance to motion [74]. Tethering can create sites of loop-rich and condensin-rich re-
gions [17], which relax and mobilize in response to breaks in chromosomes [9,75]. Whether
internal (cis- or trans- intrachromatin) or external (centromere-microtubule, telomere—
nuclear envelope, or chromatin-nuclear lamins), nuclear tethers are diverse in nature. Teth-
ers provide mechanisms to exert tension on the chromatin fiber. Davidson et al. showed
that in the absence of tension on the DNA fiber, the boundary element CTCF failed to
block cohesin extrusion, thus demonstrating feedback between chromatin tension and loop
extrusion [76]. In simulations, we systematically varied tethering resistance to assess how
tethering influences chromatin loops. Our modeling approach provides the opportunity to
quantitatively evaluate the interplay between the tethering strength, chromatin stiffness,
and condensin spring in regulating emergent loops of chromatin chains.

2. Materials and Methods
2.1. Computation Environment

The ChromoShake C++ code [34] was modified to run with ImageTank, a GUI sim-
ulation package from Visual Data Tools, Inc., Chapel Hill, NC, USA, which serves both
as an interface for running simulations and a powerful data-processing software with a
built-in 3D visualizer. Additional data visualization, processing, statistical analyses, and
histograms and plots were rendered with DataGraph 5.1.2beta from Visual Data Tools, Inc.,
Chapel Hill, NC, USA.

2.2. Polymer Model of Chromatin

We employed a polymer bead-spring model of chromatin dynamics based on the
model described in detail in our previous reports [18,34]. Chromatin was represented as a
series of beads connected with linear springs. The beads were arranged in a linear chain
connected via 100 simple Newtonian springs together at rest length representing a total of
1 pm of chromatin. A bead was interpreted as a single chromatin unit, and the amount of
DNA it represented varies from ~30 bps (in the case of naked B-form DNA) to ~1000 bps (in
the case of higher-order compact chromatin) [46]. Beads also possess an exclusion volume
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and are subject to Brownian motion [34] (see Supplementary Material Equation (S)). The
dynamics were assumed to be non-inertial under the influence of high viscosity.

2.3. Persistence Length

To gain control over the persistence length of the simulated chromatin chain, we
adjusted the strength of the hinge force that controlled the stiffness of the adjacent pair of
spring segments in the chain with a hinge factor parameter. Beads in the adjacent spring
segments were kept colinear by a restoring force, which was linearly scaled with the hinge
factor (Figure S1). We empirically determined the hinge factors by running the model
and finding values for which the radii of gyration of one-micron chains best matched
the theoretically predicted radius of gyration, Ry (Figure S2). The radius of gyration of a
bead-spring polymer is defined and computed using Equation (1), where 7; is the position
of a monomer (bead), and 7,04y is the center of mass of all monomers (beads):

1
(Rg)? = gzzzﬁri — Toean|® )

When an entropic worm-like linear chain collapses into a random coil, the expected
value of the chain’s gyration radius (R ) and the average of its end-to-end distance (R) are
related via Equations (2) and (3), respectively, where N is the number of Kuhn units, and b
is the length of one Kuhn segment, equivalent to twice the persistence length L:

_N
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Supplementary Figure S2 captures the empirically established relationship between
the hinge factor parameter and the plateau values of the radii of gyration for the simulated
chains in the model. The three hinge factors used in our experiments were picked as
best approximations to match the theoretically expected R; and are listed in Table 1. The
theoretical Ry minimum for a linear one-micron chain of Ly, of 50 nm with loose ends is
129.10 nm.

Table 1. Correspondence between persistence length and modeled parameter, hinge factor, for a
linear one-micron chain. Expected Rgs were calculated using formula for mean Rg of ideal linear
chains (Nb2/6)1/2 from the study by Rubinstein and Colby [77] (pg. 60-63).

Persistence Kuhn's Length, Measured Mean Hinge Factor
Length, L, (nm) b (nm) Segments, N Expected R, (nm) R, (nm) * (Unitless)
5 10 100 40.82 39.97 0
50 100 10 129.10 130.68 3.25
150 300 3.333 223.61 221.80 16

* means of N = 8 independent simulations.

2.4. Tethering Resistance

Tethering in the model restricts the movement of the tethered beads and, therefore,
influences the movement of the entire chain. The resistance to movement is via higher
viscous drag achieved by proportionally scaling down the forces acting on the tethered
(end) beads. Equation (4) captures how increasing the tethering resistance (AU, unitless)
decreases the force acting on a tethered bead, in effect, reducing its motion:

1
Tethering resistance (AU)

Fon tethered bead = Fon bead (4)
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Using Equation (1), we computed the radius of gyration for the L, = 50 nm linear
chain for a range of values of tethering resistance. When the linear chain is extremely
stiff, it behaves like a rod, and its R¢ reaches a maximum. When a one-micron chain with
anchored (immobile) ends is extended to its full contour length (1 um), its maximum Ry is
computed as 288.68 nm (the empirically calculated value). Over a finite time of simulation,
equivalent to approximately 8 min of biological time (for the time conversion see Table 2),
dropping the tethering resistance (from 107 to 1 AU) allows the chain to explore more states
due to thermal motion, such that respective values of Rg at their plateaus drop accordingly
for each regime, and we see the range of average (Rg) values from the maximum to the
minimum (Supplementary Figure S5). For a linear one-micron chain of L, = 50 nm, the
values ranged from 288.68 nm to 129.10 nm (Supplementary Figure S4 and Table 1).

Table 2. Time conversion.

Time Value
Time conversion factor ** 14,100 x
Maximum computed simulation time 35ms
Converted simulation time (14,100 x 0.035 s) ~8 min
Time-lapse experiment duration (max. 600 s) 6-10 min

** Based on viscosity in the study by Fisher et al. [78].

2.5. Condensin Springs

Condensins were modeled as dynamic springs crosslinking pairs of beads. A condensin
spring takes a step by releasing from one bead. A vector centered at the released bead extends
10 nm away from the bound bead and searches for a new bead. Crosslinking to the new
bead completes one step of condensin extrusion. The period (T) between crosslinking steps is
exponentially distributed with mean 1y and is obtained using Equation (5):

-n(t)

where [; is the length of the maximally extended DNA spring immediately adjacent to
the condensin crosslink, representing local tension on the chromatin, and Iy is the DNA
spring under no tension, representing its rest length [18]. As the local chromatin tension is
increased, the stepping is delayed proportional to tension. This throttling of condensin in
response to high chromatin tension can lead to occasional stalling, a biological feature of
condensin demonstrated in previous reports [68]. As in our previous report, the condensin
spring Young’s modulus was set to 2.0 GPa [17], and we changed it over three orders
of magnitude, reflecting the potential biological consequences of PTMs, to obtain strong,
moderate, and weak springs.

Condensin springs can extend up to a critical length of 30 nm [17]. When a con-
densin spring exceeds its critical length, it must unbind one bead and search the vicinity
for the nearest bead. The stepping of the leading bead coupled with the release of the
lagging bead can produce directional walking along the chain when chains are linearly
extended (Supplementary Movie SM3). On linear chains, the average condensin step rate
is approximately two beads per second. If the linear chain represents naked B-form DNA
(~30 bps per bead), the step rate equals 60 bps/s, as found in in vitro studies [66] and our
previous model [17].

The location of the nearest bead depends on the chain’s topology at the time, such that
on randomly coiled chains, crosslinking the nearest bead results in trans (distant beads) as
well as cis (adjacent beads) connections. The ability of condensin to crosslink distant parts
of a chain after only taking a single step (called “diffusion capture”) has been demonstrated
by others with simulations and in vitro, and it permits condensins to engage in both cis—cis
and cis—trans crosslinks [79]. Condensins can unbind both beads randomly at the average
rate of 0.01135 events per second of simulation time. Less frequently, condensins reverse
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the stepping direction by randomly swapping their leading and lagging beads at a rate of
approximately 0.02 events per second of simulation time [66,68].

In this report, we changed the strengths of condensin springs to simulate the putative
mechanisms of condensin regulation in the cell. Table 3 summarizes the relevant features of
the modeled condensin springs based on earlier simulations and supported by biophysical
reports from other groups.

Table 3. Condensin spring features.

Feature ! Value Reference
Translocation rate (due to directional stepping/extrusion) 60 bps/s [17,66]
Throttling/stalling / tension sensing N/A [18,68]
1. 1. 0.01135 events/s;
Unbinding and rebinding rates, and reversal rate 0.02 events /s [68]
Diffusion capture N/A [18,79]
. . e 2.0 GPa; [17],
Condensin spring strength and flexibility 0.2 GPa; 0.02 GPa This study
Condensin spring critical length 30 nm [17,18]

! See Supplementary Movies SM3-SM6 for select visualizations of condensin springs.

2.6. Recoil Imaging

Dicentric strains KBY6201a (Spc29-RFP) and KBY8182 (Spc29-RFP, brn1-9) were imaged
for the measurement of recoil dynamics (Supplementary Figure S6A) and are listed in
Table 4. Cells were grown in YPG to reach logarithmic growth at 24 °C and then shifted to
YPD (dicentric activation) and kept for 3-6 h at either 24 °C or 32 °C to induce temperature-
sensitive phenotypes for the brn1-9 strain. Timelapses of early anaphase cells were acquired
as described previously [80]. Recoil events and cell percentages with snapback events were
visualized in the KBY7002 (Tub1-GFP) dicentric strain (Supplementary Figure S6B, Movies
SM1 and SM2). Cells were imaged at room temperature (24 °C) using a Nikon TE2000-U
widefield microscope with a 60x Plan Apo 1.40 NA Nikon objective and a Hamamatsu Orca-
Flash4.0 LT camera using MetaMorph 7.8.10.0 imaging software (Molecular Devices, LLC,
San Jose, CA, USA). Every 30 s for the duration of the timelapse (15 min), a 5-step Z-stack
with a 300 nm step size was taken in the GFP (300 ms exposure) and RFP (300 ms exposure)
channels with a single transillumination (100 ms exposure) in the home plane.

Table 4. Yeast strains summary.

Described as

Strain Genotype

Tubulin-GFP (dicentric)
WT (dicentric)

brn1-9 (dicentric)

KBY7004 KBY4137/]178D dicentric URA3::Hg + TUB1:GFP:URA3 pAFS125
KBY6201a ade2-1; can1-100; his3-11,15::GFP-Lacl-HIS3; leu2-3,112::1acO-LEU2; trpl1-1;
ura3-1::URA3GALCENS3; Spc29RFP:Hb
ade2-1; can1-100; his3-11,15::GFP-Lacl-HIS3; leu2-3,112::1acO-LEU2; trpl-1;

KBY8182 ura3-1:URA3GALCENS; Spc29RFP:Hb; brn1-9:Nat

2.7. Image Analysis

Each Z-stack was compiled into a max. intensity projection using a custom MetaMorph
journal, and SPB-SPB distances in the KBY6201a and KBY8128 strains were measured from
the brightest pixel of the first SPB to the brightest pixel of the second SPB using FIJI
(Image] 2.9.0, NIH, Bethesda, MD, USA). The first measurement was made for a frame in
which a recoil event was evident, and measurements continued for all subsequent frames
collected. The means and standard deviations were calculated and displayed in violin
plots using DataGraph 5.1.2beta, Chapel Hill, NC, USA. Kymographs were constructed by
drawing a line (with a width of 20 pixels) coincident with the spindle, followed by using
the Kymograph Builder FIJI plugin, Release 1.2.4 [81]. Each pixel on the kymograph’s
x-axis represents one frame of 30 s.
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3. Results
3.1. Condensin Spring Strength Dictates Distribution of Loop Sizes on Chains

Three examples from single instantiations (Figure 1A) show the average DNA loops
formed by condensin springs of varying strengths. The global frequency distribution of
all loop sizes as a function of the condensin spring strength and the persistence length
(stiffness) of the DNA chains is summarized in a histogram (Figure 1B). The distribution of
loops (y-axis) formed on chains whose ends are anchored depends only on the strength of
the condensin spring and is not influenced by chromatin stiffness (i.e., chain Ly, x-axis).

A Condensin springs of B Histograms of loop sizes
different tensile strengths W 25.36 M 23.09 M 21.96
o: 1641 o: 18.57 o: 17.43
02
Strong (2.0 GPa) >
c
(% 0.1
c
o
5 o w829 U 8.28 W 8.4l
.J\NWWW. o . 5 o 5.3 o 533 o 52
O c
S 5
Q 3§z
9 2 E ol
Moderate (0.2 GPa) S =3 M h h
»&“‘-ﬂ %
S
Cc
.WVVW\/\A[. 8 count: |96,5|5
W 2.17 TX] M 2.00
= o |14 o: 1.06 o: 093
2 o2
Weak (0.02 GPa) 0.1
—— 0 50 100 0 50 100 0 50 100
AANAANANAAANAAANO Loop size (beads)
Floppy (5 nm) Stiff (50 nm) Very stiff (150 nm)

Chromatin stiffness (L,)

Figure 1. Condensin spring strength dictates distribution of loop sizes on DNA chains with anchored
ends. (A) Example visualization of loops formed by condensin springs of different tensile strengths
on a stiff chain with anchored ends. Loops are measured in beads, and an average loop for each
condensin spring is shown (strong, 23 beads; moderate, 9 beads; and weak, 3 beads). Chromatin
bead-spring chain is purple, and condensin spring is shown as a light blue cylinder. (B) Histograms
of loop sizes formed by condensin springs (weak; moderate; and strong) as a function of persistence
length (L, = 5 nm; L, = 50 nm; and Ly = 150 nm). Discrete loops measured in beads are binned
by size ranging from 1 to 99 (bin size = 1). Heights of bins indicate probability of a loop occurring
(probability density function) in that bin. Data for each histogram tile were obtained from randomly
seeded independent runs (N = 20), and a minimum of 196,515 counts were collected from 35 ms
of simulation.

The largest loops of approximately 70 beads are formed by strong condensins with
an average of ~23.5 beads/loop (Figure 1A,B, top panels). The maximum loop size for
moderate condensins is approximately 20 beads with an average of ~8.3 beads/loop
(Figure 1A,B, middle panels). The smallest loops are formed by weak condensins, with the
maximum size reaching approximately 5 beads/loop and an average of ~2.1 beads/loop
(Figure 1A,B, bottom panels). On anchored chains, only strong condensin springs can form
large loops. The largest loops (~70 beads/loop) constitute approximately two-thirds of the
total chain length. The remaining one-third of the chain (i.e., ~30 bead—springs outside of a
loop) covers the entire 1 pm distance between anchors, with individual springs extending



Genes 2023, 14,2193

8of 17

up to 30 nm, which is three times their original rest length (10 nm). On anchored chains,
moderate condensin springs can generate loops reaching a maximum of approximately
~20 beads/loop.

3.2. Kinetics of Chromatin Compaction in Live Cells

To compare the model predictions of condensin function to chromatin compaction
in vivo, we utilized the mitotic spindle to apply a force to a single chromosome in a live cell.
We introduced a conditionally functional dicentric chromosome into yeast. The conditional
centromere is activated upon growth in glucose. When the centromeres on the same sister
chromatid attach to opposite spindle poles, the chromosome becomes stretched between
the two poles, resulting in a cell cycle pause in the mid-anaphase [82]. Upon spindle
breakdown, the recoil of the dicentric chromosome draws the spindle poles together as
the microtubule-based spindle collapses. The rate and extent of recoil provide a kinetic
assay for condensin-based chromatin compaction in live cells. We labeled the spindle pole
protein (Spc29) with a red fluorescent protein (RFP) to track the motions of SPBs during
their recoil. The rates of recoil were equivalent in the wild type and brn1-9 (condensin
subunit) mutants. Spindle collapse was complete after approximately 3 min, at which time
the spindle poles remained separated by 1-2 um (Figure 2D). The SPB-SPB distances in
cells with the temperature-sensitive allele of condensin (brn1-9 at 24 °C and 32 °C) were
at least two-fold greater than in cells with functional condensin (WT). The DNA between
the poles collapsed to a final volume measured as the distance between SPBs of 0.69 pm in
cells with condensin and 1.53 um and 1.83 um in cells with moderate and severe condensin
reduction, respectively (Figure 2D).

SPB-SPB distances
from 300 to 600 sec (measured)

o p: 069 o 1.59  pu: 1.86
= WT, 24°C o 0.14 o 036 o 045

— brn1—9, 24°C — *kkk

= brn1-9, 32°C [—
3 +

¢ Mean SPB-SPB distances (measured)
€10

[¢;]

Distance (um
N

SPB-SPB distance (um

0 I R I o
0 100 200 300 400 500 600
time (s)

WT bm1-9 brn1-9
24°C  32°C

Radii of gyration in the plateau

E Mean end-to-end distances (simulation) ~ F (after 0.018 sec of simulation)
u: 27.3  u: 58.1 b 124.3

A1 000 = 6 condensins 150+ o: 08 o: 44 o1 52
€ = 3 condensins
£ = 1 condensin ’é\ 100
© -+ *kkk
& 500 £
2 2
o 50+
O N—— e
0
%|<— 15 mins — 0 001 002 003 6 3 1

simulation time (s) Number of condensins

Figure 2. In vivo single-molecule experiment of spindle collapse via DNA recoil compared with
collapse of one-micron DNA chain with simulated condensins. (A) Characteristic transillumination
image of yeast cells in late-anaphase prior to SPB-SPB snapback (15% of events). Tubulin-GFP is
shown, and spindle poles are dense signal clusters at distal ends. On the right, kymograph of GFP
signal in mother and daughter cells is shown, where SPBs recoil from their original positions (on
left, t = 0 min) toward the bud neck (on right, t = 15 min). (B) Same as above, showing t = 0 min cell
snapshot and kymograph (0 < t < 15, in mins) in the absence of SPB-SPB snapback (85% of events).
Scale bar for all images is 1 um. (C) Mean distances between spindle pole bodies (SPBs) in snapback
events measured over 10 min in wild-type dicentric (purple, N = 12) and brn1-9 dicentric strains at 24 °C
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(green, N = 10) and 32 °C (red, N = 14). (D) Violin plots with mean SPB-SPB distances post-snapback
(i.e., average of 300 < t < 600, in seconds) for wild type at 24 °C (purple); brn1-9 mutants at 24 °C
(permissive temperature, green; and brnl-9 mutants at 32 °C (sensitive temperature, red). Individual
measurements collected every 30 s are grouped by condition (grey dots). Average distances and
means are provided above. Comparison between WT and brn1-9 mutant dicentrics at 24 °C is shown
significant by a single-factor ANOVA test (summarized in Data supplement file) as indicated by
#x% (p-value < 0.001). (E,F) Simulations of condensin springs on one-micron chain. (E) Reduction in
condensin number (from 6 to 1) increases the end-to-end distance trajectories and the rate of chain
collapse, and (F) the final volume (Rq, radii of gyration) of the chain. Simulation time of 35 ms
equals to approximately 8 min of microscopic measurement time (see Table 2). Data for trajectories in
(E) are averages of independent randomly seeded simulations (N = 20) with 6 condensins (purple),
3 condensins (green), and 1 condensin (red) on L, = 50 nm chains whose ends are tethered, providing
a drag with resistance value of 10* AU (see example of single instantiation with one condensin spring
in Supplementary Movie SM5). Data for (F) are values from (N = 42) observations taken at regular
time intervals within the plateau regions for each group (0.018 < time < 0.032, simulation seconds).
Comparison between 6 and 3 simulated condensins is shown significant by a single-factor ANOVA
test (summarized in Data supplement file) as indicated by **** (p-value < 0.001).

To examine the expected contribution of condensin to in vivo kinetics and the degree
of compaction, we examined the simulations of DNA recoil following the release of one
end of a tethered DNA molecule (Figure 2E). The end-to-end distance decreased at slower
rates with fewer condensins on the polymer chains. Plateaus of approximately 40 nm,
120 nm, and 320 nm were reached for six, three, and one simulated condensin, respectively
(Figure 2E). A single condensin was sufficient to reduce the end-to-end distance of a linear
chain (starting configuration) by over half early in the simulation (t < 5 ms). Reducing the
number of condensin springs on the DNA in simulations qualitatively recapitulated the
compaction (Figure 2F) observed in the in vivo measurements in brn1-9 mutants, which
lacked functional condensins compared with the wild-type cells.

3.3. Stiffness of the DNA Chain Dictates Distribution of Loop Sizes on Unconstrained Chains

The ability of condensin to extrude loops and compact the chain is dependent on the
stiffness and tension of the chromatin chain [18]. Regions of high chromatin tension resist
the extrusion activity of condensin and could force condensin into a stalled state. Uncon-
strained chains quickly conformed to random coils and occupied a space proportional to
their persistence lengths (Figure 3B, Table 1). On unconstrained chains, the persistence
length (Lp) (Figure 3A, x-axis) emerged as dominant in dictating loop sizes. The ten-
sile strength of condensin springs (Figure 3A, y-axis) had a negligible effect on the loop
size distribution.

Overall, the distributions shifted toward smaller loops across all regimes, and stiffer
chains resisted the formation of larger loops. Large loops could be formed by condensin
springs of each strength on the chains of all three L, values (see the distribution of tails on
the right), but they were much less frequent than smaller loops. On anchored chains, large
loops were only formed by strong condensin springs (Figure 1B). Conversely, large loops
were quite rare on chains with no constraints on the ends; however, they were present in
all parameter combinations.
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Figure 3. Persistence length of DNA chain dictates distribution of loop sizes on chains with uncon-
strained ends. (A) Histograms of loop sizes formed by condensin springs (weak; moderate; and
strong) as a function of persistence length (L, = 5 nm; L, = 50 nm; and L, = 150 nm). Discrete loops
measured in beads are binned by size ranging from 1 to 99 (bin size = 1). Heights of bins indicate
probability of a loop occurring in that bin (probability density function). Data for each histogram tile
were obtained from randomly seeded independent runs (N = 20), and a minimum of 1,000,000 counts
were collected from at least 35 ms of simulation. (B) Filled volume representations of chromatin
bead-spring chains (purple) are shown. Condensin springs are shown as light blue cylinders.

3.4. Persistence Length and Condensin Spring Strength Both Determine Loop Sizes in Moderate
Tethering Regimes

Chromatin tethers represent a hindrance to the motion of the chain. For exam-
ple, in strong confinement, at centromeres and telomeres, the tethers are well-defined
as microtubule- or nuclear envelope-binding sites. However, entanglement regions or
interactions with protein scaffolds present as “soft” or transient tethers and also restrict
chain motion. We therefore introduced variable tethering by allowing a degree of constraint
on each end. We considered a range of tethering resistance from 10’ AU to 10?> AU for a
one-micron chain while quantifying loop sizes as above and classified tethers as hard or soft
depending on an arbitrary unit value corresponding to their resistance to motion. At the
high end of tethering resistance, the chain behaved as if it was anchored. As the tethering
resistance on the ends decreased, the chain mobility increased, and, in the presence of ther-
mal noise, the chain more readily collapsed into a random coil (Supplementary Figure S4).
The addition of the dynamic crosslinking of the linear chain by condensin springs further
facilitated chain collapse as each bead-bead crosslinking event propagated throughout the
whole chain (Supplementary Movies SM4-SM6, with tethering at 103-10° AU, respectively;
single instantiations with one condensin are shown).

Decreasing the tethering resistance by one order of magnitude from 107 to 10° changed
the size distribution of loops formed only by the strong condensin spring (Figure S5). At a
tethering resistance of 10° AU, the stiffness of the chain emerged as a relevant parameter
determining the sizes of loops formed by the strong condensin (Figure 4, top panels). As
the tethering resistance was reduced to 10° AU, the sizes of loops formed by the moderate
condensin spring began to differentiate according to the chromatin stiffness (Figure 4, middle
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panels). Loops formed by the weak condensin spring increased on average when the tethering
resistance was reduced from 10° AU to 10° AU. However, within the same tethering regime
(10° AU), loops formed by the weak condensin spring were not differentiated by size according
to the chromatin stiffness (Figure 4, bottom panels).

Tether types and resistance values (AU):
2 —
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T (@]
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%g’ 02
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0 50 100 0 50 100 0 50 100 0 50 100 0 50 100 0 50 100 0 50 100 0 5 100 O 50 100

Loop size (beads)
Floppy (5 nm) Stiff (50 nm) Very stiff (150 nm)  Floppy (5 nm)  Stiff (50 nm) Very stiff (150 nm) Floppy (5 nm)  Stiff (50 nm) Very stiff (150 nm)

Chromatin stiffness (L)

Figure 4. Persistence length and condensin spring strength both determine loop sizes in moderate
tethering regimes. Loops are quantified in histograms as described above (Figures 1 and 3). For
resistance values of 10° AU to 10* AU, the strength of tethering reveals regimes in which individual
condensin spring responds differentially to change in chromatin stiffness. Strong condensin spring
(top, on left) responds differentially to chromatin stiffness at tethering resistance of 10° AU and
below. Moderate spring (middle, at center) responds differentially at tethering resistance of 10° AU
and below. Weak spring (right, on bottom) responds differentially at tethering resistance of 10¢ AU.
Histograms of loop size distributions for tethering resistance above 10° AU and below 10* AU are
provided in Supplementary Figure S5. As tethers soften (left-right), the resistance on end beads
is reduced by a factor of 10, and regulation of loop sizes transitions from control by condensins
(compare with Figure 1) to control by chromatin stiffness (compare with Figure 3).

In the softer tethering regimes (Figure 4, tethering resistance of 10* AU), the size
distributions of the loops formed by the strong, moderate, and weak condensin springs
look strikingly similar to each other and are all differentially affected by the chromatin
persistence length. At lower values (less than 10* AU) of tethering resistance, the loop
size distribution histograms suggest that chromatin stiffness dominates the strength of the
condensin crosslinker and emerges as the dominant physical parameter determining loop
sizes (Figure S5).

The distributions of loops displayed in the histograms of Figure 3A (unconstrained
ends) and Figure 1B (anchored ends) indicate that the combined influence of physical
properties, such as the tensile strength of condensin (Figure 1), the number of condensins
(Figure 2) and substrate stiffness (Figure 3), together with the presence or absence of
tethers on chains, are biologically active tuning parameters in determining loop sizes and
distributions throughout the genome.

3.5. Persistence Length of DNA within a Loop Determines the Space It Will Explore

Loop size in the model is measured in beads and provides information regarding
the relative amount of DNA in the loop. However, loop size is not the only parameter
influencing how the loop explores space or the volume it occupies. The persistence length
of DNA is a crucial parameter required to estimate the space explored by the loop. We
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calculate the radii of gyration as statistical measures of space occupied by same-size loops
of varying stiffness. A strong condensin spring could form same-size loops (66 beads) on
chains of three persistence lengths (L, = 5 nm, 50 nm, and 150 nm) in our model, each
with significantly different radii of gyration (Figure 5A). An equivalent amount of DNA in
a very stiff loop explored on average two-fold more space compared with a floppy loop
(Figure 5A, see inset in top panels). The observation of stiff loops exploring more space was
also seen for smaller loops (20 beads) of different stiffnesses formed by moderate condensin
springs (Figure 5B, bottom panels). Thus, the volume explored by the loop increased with
increasing chain stiffness. This result was predominantly the consequence of a polymer
responding to entropic forces (kgT).
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Figure 5. Persistence length of DNA within a loop determines its volume (Rg), and loop volume does
not depend on condensin spring strength. (A) Radii of gyration (R, nm) occupied by beads within
large chromatin loops of varying stiffness (66-bead loops, green bins) formed by strong condensin).
Differences in loop Ry between groups are significant with p-value approaching 0. (B) Radii of
gyration (nm) occupied by smaller loops of varying stiffness (20-bead loops, blue bins) formed by
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strong or moderate condensin. In both (A,B), arrows show bins containing loops of indicated size
from distributions obtained on one-micron chains with hard tethers (tethering resistance of 107 AU,
Figure S5). Chromatin bead-spring chain is purple, and condensin spring is shown as a light blue
cylinder. Loops formed by weak condensin springs on anchored (Figure 1) or hard-tethered (Figure
S5) chains are too small (max ~5 beads) to compute volume. The means and SDs (above) were
calculated by averaging Res at each instantiation of indicated size loop in the bin collected from at
least 35 ms of simulation. For summary statistics, see Data source supplement file.

The volume explored is dependent on the persistence length of the polymer and is
independent of the crosslinker strength (Figure 5B). The stiffness of chromatin can influence
the space the DNA loop explores and should be considered as a parameter with the
potential to affect the biological functions of the domains in the loop.

4. Discussion

The ability of cells to access genetic information relies, in part, on the spatial organi-
zation of chromosomes within the nucleus. Major strides in understanding higher-order
structures, beyond nucleosomes, have come from the discovery of the loop-extruding
and crosslinking properties of the class of proteins known as structural maintenance of
chromosomes Smc1/3 (cohesin), Smc2/4 (condensin), and Smc5/6. Equally impactful is
the realization that the physical properties of their substrate, chromatin, contribute to the
structural organization. The substrate properties are likely tuned by solvent variations
in the nucleoplasm via cellular mechanisms open for further study. Using modeling and
biological validation, herein, we demonstrated how the stiffness of both the chromatin fiber
and the condensin complex, as well as chromatin tethers, impact the size and distribution
of intra-chromosomal loops.

A bead-spring polymer framework provides the platform for exploring mechanisms
from the microscale of protein function to the macroscale of chromosome dynamics. A
bead—spring polymer is constantly fluctuating in such a way that intra-molecular loops are
constantly being generated and dissolved. In cells, these loops are a means to sequester bio-
chemical activities through the topological control of the loop and/or the spatial proximity
of the looped sequences. The distribution of loops in vivo, unlike in the thermal model, is
not random but rather exhibits patterns specific to the cell type, cell cycle, and locus.

The major drivers of loop size and distribution are the strength and the number of crosslink-
ing proteins such as condensin, the stiffness of the chromatin, and the strength of tethers that
anchor the regions of chromatin. How these parameters interact and feedback to one another
is not completely intuitive. It is likely that all these parameters are subject to cellular regula-
tion, and together contribute to the complex pattern of loop heterogeneity observed in vivo.
While this study focused on the distribution and number of loops on a single chain, similar
dependencies would, in principle, contribute to loop formation in an environment with multiple
chains and crowded with cellular components. It is, therefore, imperative to build physical
representations of these features to be able to dissect the targets of cellular regulation.

Condensin tensile stiffness is the dominant driver of loop sizes in chromatin with strong
or immovable end tethers (Figure 1). In this regime, the DNA chain is firmly anchored
at the ends, such that the chain is under tension. Firm anchors are defined as those that
confer tension to the DNA and persist over timescales of biological significance (i.e., minutes).
The most prominent is the example of centromere binding via the kinetochore to spindle
microtubules. Firm anchors include the tethering of telomeres and active genes to the nuclear
envelope. The contribution from chain DNA stiffness to loop formation is dwarfed by the
tension applied by anchoring the ends and restricting the degrees of freedom of the chain.

For regions of the genome that are not tethered, and thus exhibit a greater range of
motion, the stiffness of the chain is the major driver of loop size and distribution (Figure 3).
In this situation, floppy chains result in beads separated by long linear distances (i.e., base
pairs) coming into proximity, giving rise to longer and broader distributions of DNA
loops. The finding that chain stiffness drives loop size distribution was observed in the
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relative insensitivity to condensin spring strength (Figure 3). In vivo, the situation is likely
to lie between the two extremes of firmly tethered and non-tethered. The relationship
between chain stiffness and spring strength in cells in a range of tethering regimes reveals
numerous ways to attain similar distributions. The redundancy in the system contributes
to its robustness as well as specificity. The regulation of tethering strength may be broadly
invoked by the cell, in addition to its proposed role in the repair of chromosomal breaks [9,75].

The role of crosslinkers and the distribution of loops have impacts well beyond gene
expression. Regions of very high loop density were originally shown to function as a
tension-producing bottlebrush. The loop density provides a way to stiffen the primary
axis at the base of loops and thus oppose forces generated at the spindle. The bottlebrush
is an essential component in the force balance between the chromosome and spindle
microtubules required for high-fidelity chromosome segregation. In the nucleolus, the
loops facilitate the ability of RNA polymerase to transcribe rDNA and meet the protein
translation needs for cellular life. In addition, crosslinkers at the base of loops can associate,
revealing how neighborhoods within the genome are assembled. The dynamics of the
crosslinkers have the remarkable ability to regulate the homo- or heterogeneity of the rDNA
genes via slow (homogeneous) or fast (clustered) crosslinking [18,83]. In this case, weak,
local crosslinking within segments of a large-molecular-weight chromosome induces global
emergent behavior, either amorphous and miscible or compact with frequent self-interactions.

The multiple modes of chromatin modification together with crosslinkers and loop
extrusion capability result in a staggering degree of variation in loop size and distribution.
The analysis of how the variation scales with different physical properties of the chromatin
and condensin serves to demystify the heterogeneity and dynamics observed in live cells.

Supplementary Materials: The following supporting information can be downloaded at https://www:.
mdpi.com/article/10.3390/ genes14122193 /s1 Figure S1: Persistence length in the model; Figure S2:
Average radii of gyration (Rg) of one-micron chain at observable plateau as a function of hinge factor;
Figure S3: Condensin crosslinking spring; Figure S4: Relationship between R, of a collapsed chain
and tethering resistance of its ends; Figure S5: Histograms of loop size distributions as tethers change
from hard to soft; Figure S6. Example images of SPB-SPB recoil (with snapback events) measured
in dicentric KBY6201a and a spindle collapse in dicentric KBY7004 (with and without snapback).
Supplementary Movies: SM1. SPB-SPB snapback; SM2. Spindle collapse without snapback; SM3.
Example of condensin translocation on anchored chain; SM4-SM6. Condensin spring facilitates
collapse of tethered chains; Data source supplement (Excel file).

Author Contributions: Conceptualization, D.K., B.L.W., M.G.F. and K.B.; methodology, D.K., BL.W.,
J.D.S., C.H. and D.A_; investigation, D.K. and J.D.S.; formal analysis, D.K,, BL.W,, J.D.S.,,CH., D.A,,
M.G.F. and K.B.; resources, D.A. and K.B.; software, D.K., B.L.W. and D.A.; writing—original draft
preparation, D.K. and K.B.; writing—review and editing, D.K,, B.L.W.,, ].D.S., CH., M.G.F. and K.B;
visualization, D.K., D.A. and K.B.; supervision, M.G.F. and K.B.; funding acquisition, M.G.F. and K.B.
All authors have read and agreed to the published version of the manuscript.

Funding: M.G.F. was partially supported by NSF CISE-1931516 and the Sloan Foundation RESEMBLE
project. K.B. was funded by the NIH National Institute of General Medical 5-R01-GM032238-35-36
National Science Foundation (NSF) Award #MCB-1929114.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The simulation code and all analysis scripts are written in C++ and were
run using ImageTank as the user interface. All simulation scripts and some data analysis scripts have
been made available as .itank files at https://github.com/kolbincode/ChromoShake2023 (accessed on
28 August 2023). The data used for figures, statistical summaries, and analyses are contained in the
Data Source supplement (Excel file). The software used were DataGraph (Software Version 5.1.2beta,
Visual Data Tools, Inc., Chapel Hill, NC, USA, https:/ /www.visualdatatools.com, accessed on 8 August
2023) and ImageTank (Visual Data Tools, Inc., Chapel Hill, NC, USA, https:/ /www.visualdatatools.com,
software downloaded and accessed on 8 August 2023).


https://www.mdpi.com/article/10.3390/genes14122193/s1
https://www.mdpi.com/article/10.3390/genes14122193/s1
https://github.com/kolbincode/ChromoShake2023
https://www.visualdatatools.com
https://www.visualdatatools.com

Genes 2023, 14, 2193 15 0f 17

Acknowledgments: We thank Diana Cook, Elaine Yeh, and Pamela Schultz for their discussions and
help with the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Narwade, N,; Patel, S.; Alam, A.; Chattopadhyay, S.; Mittal, S.; Kulkarni, A. Mapping of Scaffold /Matrix Attachment Regions in
Human Genome: A Data Mining Exercise. Nucleic Acids Res. 2019, 47, 7247-7261. [CrossRef]

2. Sureka, R.; Avvaru, A K,; Sowpati, D.T.; Pathak, R.U.; Mishra, R.K. Structural and Developmental Dynamics of Matrix Associated
Regions in Drosophila Melanogaster Genome. BMC Genom. 2022, 23, 725. [CrossRef]

3. Spakman, D.; Clement, T.V.M.; Biebricher, A.S.; King, G.A.; Singh, M.L; Hickson, L.D.; Peterman, E.J].G.; Wuite, G.J.L. PICH Acts
as a Force-Dependent Nucleosome Remodeler. Nat. Commun. 2022, 13, 7277. [CrossRef] [PubMed]

4. Rajendraprasad, G.; Rodriguez-Calado, S.; Barisic, M. SiR-DNA /SiR-Hoechst-Induced Chromosome Entanglement Generates
Severe Anaphase Bridges and DNA Damage. Life Sci. Alliance 2023, 6, €202302260. [CrossRef] [PubMed]

5. Yamamoto, T.; Kinoshita, K.; Hirano, T. Elasticity Control of Entangled Chromosomes: Crosstalk between Condensin Complexes
and Nucleosomes. Biophys. J. 2023, 122, 3869-3881. [CrossRef] [PubMed]

6.  Zimmer, C,; Fabre, E. Principles of Chromosomal Organization: Lessons from Yeast. J. Cell Biol. 2011, 192, 723-733. [CrossRef] [PubMed]

7. Taddei, A.; Gasser, S.M. Structure and Function in the Budding Yeast Nucleus. Genetics 2012, 192, 107-129. [CrossRef]

8.  Verdaasdonk, ].S.; Vasquez, P.A.; Barry, R.M.; Barry, T.; Goodwin, S.; Forest, M.G.; Bloom, K. Centromere Tethering Confines
Chromosome Domains. Mol. Cell 2013, 52, 819-831. [CrossRef]

9. Lawrimore, J.; Barry, TM.; Barry, RM.; York, A.C.; Friedman, B.; Cook, D.M.; Akialis, K.; Tyler, J.; Vasquez, P.; Yeh, E.; et al.
Microtubule Dynamics Drive Enhanced Chromatin Motion and Mobilize Telomeres in Response to DNA Damage. Mol. Biol. Cell
2017, 28, 1701-1711. [CrossRef]

10. Deng, L.; Zhou, Q.; Zhou, J.; Zhang, Q.; Jia, Z.; Zhu, G.; Cheng, S.; Cheng, L.; Yin, C.; Yang, C.; et al. 3D Organization of Regulatory
Elements for Transcriptional Regulation in Arabidopsis. Genome Biol. 2023, 24, 181. [CrossRef]

11.  Bacle, J.; Groizard, L.; Kumanski, S.; Moriel-Carretero, M. Nuclear Envelope-Remodeling Events as Models to Assess the Potential
Role of Membranes on Genome Stability. FEBS Lett. 2023, 597, 1946-1956. [CrossRef]

12. Brickner, J.H.; Walter, P. Gene Recruitment of the Activated INO1 Locus to the Nuclear Membrane. PLoS Biol. 2004, 2, €342.
[CrossRef] [PubMed]

13. Taddei, A.; Van Houwe, G.; Hediger, F.; Kalck, V.; Cubizolles, F.; Schober, H.; Gasser, S.M. Nuclear Pore Association Confers
Optimal Expression Levels for an Inducible Yeast Gene. Nature 2006, 441, 774-778. [CrossRef]

14. Padeken, J.; Heun, P. Nucleolus and Nuclear Periphery: Velcro for Heterochromatin. Curr. Opin. Cell Biol. 2014, 28, 54-60.
[CrossRef] [PubMed]

15.  Brickner, D.G.; Sood, V.; Tutucci, E.; Coukos, R.; Viets, K.; Singer, R.H.; Brickner, ]. H. Subnuclear Positioning and Interchromosomal
Clustering of the GAL1-10 Locus Are Controlled by Separable, Interdependent Mechanisms. Mol. Biol. Cell 2016, 27, 2980-2993.
[CrossRef] [PubMed]

16. Forer, A.; Otsuka, S. Structural Evidence for Elastic Tethers Connecting Separating Chromosomes in Crane-Fly Spermatocytes.
Life Sci. Alliance 2023, 6. [CrossRef] [PubMed]

17.  Lawrimore, J.; Friedman, B.; Doshi, A.; Bloom, K. RotoStep: A Chromosome Dynamics Simulator Reveals Mechanisms of Loop
Extrusion. Cold Spring Harb. Symp. Quant. Biol. 2017, 82, 101-109. [CrossRef]

18. He, Y,; Lawrimore, J.; Cook, D.; Van Gorder, E.E.; De Larimat, S.C.; Adalsteinsson, D.; Forest, M.G.; Bloom, K. Statistical Mechanics of
Chromosomes: In Vivo and In Silico Approaches Reveal High-Level Organization and Structure Arise Exclusively through Mechanical
Feedback between Loop Extruders and Chromatin Substrate Properties. Nucleic Acids Res. 2020, 48, 11284-11303. [CrossRef]

19. Hertwig, O. Lehrbuch Der Entwicklungsgeschichte Des Menschen Und Der Wirbeltiere (Textbook of Developmental History of Humans and
Vertebrates); Smithsonian: Washington, DC, USA, 1906.

20. Diaz, M.O,; Gall, J.G. Giant Readthrough Transcription Units at the Histone Loci on Lampbrush Chromosomes of the Newt
Notophthalmus. Chromosoma 1985, 92, 243-253. [CrossRef]

21. Cremer, T,; Cremer, C. Chromosome Territories, Nuclear Architecture and Gene Regulation in Mammalian Cells. Nat. Rev. Genet.
2001, 2, 292-301. [CrossRef]

22.  Pombo, A.; Branco, M.R. Functional Organisation of the Genome during Interphase. Curr. Opin. Genet. Dev. 2007, 17, 451-455.
[CrossRef] [PubMed]

23.  Dekker, J.; Marti-Renom, M.A.; Mirny, L.A. Exploring the Three-Dimensional Organization of Genomes: Interpreting Chromatin
Interaction Data. Nat. Rev. Genet. 2013, 14, 390-403. [CrossRef] [PubMed]

24. Nuebler, J.; Fudenberg, G.; Imakaev, M.; Abdennur, N.; Mirny, L.A. Chromatin Organization by an Interplay of Loop Extrusion
and Compartmental Segregation. Proc. Natl. Acad. Sci. USA 2018, 115, E6697-E6706. [CrossRef]

25. Fudenberg, G.; Mirny, L.A. Higher-Order Chromatin Structure: Bridging Physics and Biology. Curr. Opin. Genet. Dev. 2012,
22,115-124. [CrossRef]

26. Banigan, E.J.; Mirny, L.A. Loop Extrusion: Theory Meets Single-Molecule Experiments. Curr. Opin. Cell Biol. 2020, 64, 124-138.

[CrossRef] [PubMed]


https://doi.org/10.1093/nar/gkz562
https://doi.org/10.1186/s12864-022-08944-4
https://doi.org/10.1038/s41467-022-35040-8
https://www.ncbi.nlm.nih.gov/pubmed/36433994
https://doi.org/10.26508/lsa.202302260
https://www.ncbi.nlm.nih.gov/pubmed/37726128
https://doi.org/10.1016/j.bpj.2023.08.006
https://www.ncbi.nlm.nih.gov/pubmed/37571823
https://doi.org/10.1083/jcb.201010058
https://www.ncbi.nlm.nih.gov/pubmed/21383075
https://doi.org/10.1534/genetics.112.140608
https://doi.org/10.1016/j.molcel.2013.10.021
https://doi.org/10.1091/mbc.e16-12-0846
https://doi.org/10.1186/s13059-023-03018-4
https://doi.org/10.1002/1873-3468.14688
https://doi.org/10.1371/journal.pbio.0020342
https://www.ncbi.nlm.nih.gov/pubmed/15455074
https://doi.org/10.1038/nature04845
https://doi.org/10.1016/j.ceb.2014.03.001
https://www.ncbi.nlm.nih.gov/pubmed/24690547
https://doi.org/10.1091/mbc.E16-03-0174
https://www.ncbi.nlm.nih.gov/pubmed/27489341
https://doi.org/10.26508/lsa.202302303
https://www.ncbi.nlm.nih.gov/pubmed/37591724
https://doi.org/10.1101/sqb.2017.82.033696
https://doi.org/10.1093/nar/gkaa871
https://doi.org/10.1007/BF00329807
https://doi.org/10.1038/35066075
https://doi.org/10.1016/j.gde.2007.08.008
https://www.ncbi.nlm.nih.gov/pubmed/17920259
https://doi.org/10.1038/nrg3454
https://www.ncbi.nlm.nih.gov/pubmed/23657480
https://doi.org/10.1073/pnas.1717730115
https://doi.org/10.1016/j.gde.2012.01.006
https://doi.org/10.1016/j.ceb.2020.04.011
https://www.ncbi.nlm.nih.gov/pubmed/32534241

Genes 2023, 14, 2193 16 of 17

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

Pueschel, R.; Coraggio, E.; Meister, P. From Single Genes to Entire Genomes: The Search for a Function of Nuclear Organization.
Dev. Camb. Engl. 2016, 143, 910-923. [CrossRef]

Rowley, M.].; Corces, V.G. Organizational Principles of 3D Genome Architecture. Nat. Rev. Genet. 2018, 19, 789-800. [CrossRef]
van Steensel, B.; Dekker, J. Genomics Tools for Unraveling Chromosome Architecture. Nat. Biotechnol. 2010, 28, 1089-1095. [CrossRef]
Mirny, L.A.; Imakaev, M.; Abdennur, N. Two Major Mechanisms of Chromosome Organization. Curr. Opin. Cell Biol. 2019,
58,142-152. [CrossRef]

Conte, M.; Esposito, A.; Vercellone, E; Abraham, A.; Bianco, S. Unveiling the Machinery behind Chromosome Folding by Polymer
Physics Modeling. Int. |. Mol. Sci. 2023, 24, 3660. [CrossRef]

Arnould, C.; Rocher, V,; Saur, F.; Bader, A.S.; Muzzopappa, E,; Collins, S.; Lesage, E.; Le Bozec, B.; Puget, N.; Clouaire, T.; et al.
Chromatin Compartmentalization Regulates the Response to DNA Damage. Nature 2023, 623, 183-192. [CrossRef] [PubMed]
Lawrimore, J.; Bloom, K. The Regulation of Chromosome Segregation via Centromere Loops. Crit. Rev. Biochem. Mol. Biol. 2019,
54, 352-370. [CrossRef] [PubMed]

Lawrimore, J.; Aicher, ].K.; Hahn, P; Fulp, A.; Kompa, B.; Vicci, L.; Falvo, M.; Taylor, R M.; Bloom, K. ChromoShake: A Chromosome
Dynamics Simulator Reveals That Chromatin Loops Stiffen Centromeric Chromatin. Mol. Biol. Cell 2016, 27, 153-166. [CrossRef]
[PubMed]

Lawrimore, J.; Bloom, K. Shaping Centromeres to Resist Mitotic Spindle Forces. J. Cell Sci. 2022, 135, jcs259532. [CrossRef]

Hult, C.; Adalsteinsson, D.; Vasquez, P.A.; Lawrimore, J.; Bennett, M.; York, A.; Cook, D.; Yeh, E.; Forest, M.G.; Bloom, K. Enrichment
of Dynamic Chromosomal Crosslinks Drive Phase Separation of the Nucleolus. Nucleic Acids Res. 2017, 45, 11159-11173. [CrossRef]
Walker, B.; Taylor, D.; Lawrimore, ].; Hult, C.; Adalsteinsson, D.; Bloom, K.; Forest, M.G. Transient Crosslinking Kinetics Optimize
Gene Cluster Interactions. PLoS Comput. Biol. 2019, 15, e1007124. [CrossRef] [PubMed]

Kim, S.; Shendure, ]. Mechanisms of Interplay between Transcription Factors and the 3D Genome. Mol. Cell 2019, 76, 306-319. [CrossRef]
Stadhouders, R.; Filion, G.J.; Graf, T. Transcription Factors and 3D Genome Conformation in Cell-Fate Decisions. Nature 2019,
569, 345-354. [CrossRef] [PubMed]

Vadnala, R.N.; Hannenhalli, S.; Narlikar, L.; Siddharthan, R. Transcription Factors Organize into Functional Groups on the Linear
Genome and in 3D Chromatin. Heliyon 2023, 9, e18211. [CrossRef]

Arnould, C,; Legube, G. The Secret Life of Chromosome Loops upon DNA Double-Strand Break. J. Mol. Biol. 2020, 432, 724-736. [CrossRef]
Sebastian, R.; Aladjem, M.1,; Oberdoerffer, P. Encounters in Three Dimensions: How Nuclear Topology Shapes Genome Integrity.
Front. Genet. 2021, 12, 746380. [CrossRef] [PubMed]

Di Stefano, M.; Cavalli, G. Integrative Studies of 3D Genome Organization and Chromatin Structure. Curr. Opin. Struct. Biol.
2022, 77,102493. [CrossRef] [PubMed]

Carré-Simon, A.; Fabre, E. 3D Genome Organization: Causes and Consequences for DNA Damage and Repair. Genes 2022, 13, 7.
[CrossRef] [PubMed]

Akkose, U.; Adebali, O. The Interplay of 3D Genome Organization with UV-Induced DNA Damage and Repair. J. Biol. Chem.
2023, 299, 104679. [CrossRef]

Lassadi, I.; Kamgoué, A.; Goiffon, I.; Tanguy-le-Gac, N.; Bystricky, K. Differential Chromosome Conformations as Hallmarks of
Cellular Identity Revealed by Mathematical Polymer Modeling. PLoS Comput. Biol. 2015, 11, €1004306. [CrossRef]

Quail, T.; Golfier, S.; Elsner, M.; Ishihara, K.; Murugesan, V.; Renger, R.; Jiilicher, F.; Brugués, J. Force Generation by Protein-DNA
Co-Condensation. Nat. Phys. 2021, 17, 1007-1012. [CrossRef]

Cui, Y,; Bustamante, C. Pulling a Single Chromatin Fiber Reveals the Forces That Maintain Its Higher-Order Structure. Proc. Natl.
Acad. Sci. USA 2000, 97, 127-132. [CrossRef]

Wedemann, G.; Langowski, J. Computer Simulation of the 30-Nanometer Chromatin Fiber. Biophys. |. 2002, 82, 2847-2859. [CrossRef]
Bystricky, K.; Heun, P; Gehlen, L.; Langowski, J.; Gasser, S.M. Long-Range Compaction and Flexibility of Interphase Chromatin in
Budding Yeast Analyzed by High-Resolution Imaging Techniques. Proc. Natl. Acad. Sci. USA 2004, 101, 16495-16500. [CrossRef]
Hajjoul, H.; Mathon, J.; Ranchon, H.; Goiffon, I.; Mozziconacci, J.; Albert, B.; Carrivain, P; Victor, J.-M.; Gadal, O,
Bystricky, K.; et al. High-Throughput Chromatin Motion Tracking in Living Yeast Reveals the Flexibility of the Fiber throughout
the Genome. Genome Res. 2013, 23, 1829-1838. [CrossRef]

Arbona, J.-M.; Herbert, S.; Fabre, E.; Zimmer, C. Inferring the Physical Properties of Yeast Chromatin through Bayesian Analysis
of Whole Nucleus Simulations. Genome Biol. 2017, 18, 81. [CrossRef]

Miné-Hattab, ]J.; Recamier, V.; Izeddin, I.; Rothstein, R.; Darzacq, X. Multi-Scale Tracking Reveals Scale-Dependent Chromatin
Dynamics after DNA Damage. Mol. Biol. Cell 2017, 28, 3323-3332. [CrossRef] [PubMed]

Lin, S.-N.; Qin, L.; Wuite, G.J.L.; Dame, R.T. Unraveling the Biophysical Properties of Chromatin Proteins and DNA Using
Acoustic Force Spectroscopy. In Bacterial Chromatin: Methods and Protocols; Dame, R.T., Ed.; Methods in Molecular Biology;
Springer: New York, NY, USA, 2018; pp. 301-316. ISBN 978-1-4939-8675-0.

Rivetti, C.; Walker, C.; Bustamante, C. Polymer Chain Statistics and Conformational Analysis of DNA Molecules with Bends or
Sections of Different flexibilityl1Edited by D. Draper. |. Mol. Biol. 1998, 280, 41-59. [CrossRef] [PubMed]

Heidinger-Pauli, ].M.; Unal, E.; Koshland, D. Distinct Targets of the Ecol Acetyltransferase Modulate Cohesion in S Phase and in
Response to DNA Damage. Mol. Cell 2009, 34, 311-321. [CrossRef]

Gruber, S. Shaping Chromosomes by DNA Capture and Release: Gating the SMC Rings. Curr. Opin. Cell Biol. 2017, 46, 87-93.
[CrossRef] [PubMed]


https://doi.org/10.1242/dev.129007
https://doi.org/10.1038/s41576-018-0060-8
https://doi.org/10.1038/nbt.1680
https://doi.org/10.1016/j.ceb.2019.05.001
https://doi.org/10.3390/ijms24043660
https://doi.org/10.1038/s41586-023-06635-y
https://www.ncbi.nlm.nih.gov/pubmed/37853125
https://doi.org/10.1080/10409238.2019.1670130
https://www.ncbi.nlm.nih.gov/pubmed/31573359
https://doi.org/10.1091/mbc.E15-08-0575
https://www.ncbi.nlm.nih.gov/pubmed/26538024
https://doi.org/10.1242/jcs.259532
https://doi.org/10.1093/nar/gkx741
https://doi.org/10.1371/journal.pcbi.1007124
https://www.ncbi.nlm.nih.gov/pubmed/31433796
https://doi.org/10.1016/j.molcel.2019.08.010
https://doi.org/10.1038/s41586-019-1182-7
https://www.ncbi.nlm.nih.gov/pubmed/31092938
https://doi.org/10.1016/j.heliyon.2023.e18211
https://doi.org/10.1016/j.jmb.2019.07.036
https://doi.org/10.3389/fgene.2021.746380
https://www.ncbi.nlm.nih.gov/pubmed/34745220
https://doi.org/10.1016/j.sbi.2022.102493
https://www.ncbi.nlm.nih.gov/pubmed/36335845
https://doi.org/10.3390/genes13010007
https://www.ncbi.nlm.nih.gov/pubmed/35052348
https://doi.org/10.1016/j.jbc.2023.104679
https://doi.org/10.1371/journal.pcbi.1004306
https://doi.org/10.1038/s41567-021-01285-1
https://doi.org/10.1073/pnas.97.1.127
https://doi.org/10.1016/S0006-3495(02)75627-0
https://doi.org/10.1073/pnas.0402766101
https://doi.org/10.1101/gr.157008.113
https://doi.org/10.1186/s13059-017-1199-x
https://doi.org/10.1091/mbc.e17-05-0317
https://www.ncbi.nlm.nih.gov/pubmed/28794266
https://doi.org/10.1006/jmbi.1998.1830
https://www.ncbi.nlm.nih.gov/pubmed/9653030
https://doi.org/10.1016/j.molcel.2009.04.008
https://doi.org/10.1016/j.ceb.2017.04.002
https://www.ncbi.nlm.nih.gov/pubmed/28460277

Genes 2023, 14, 2193 17 of 17

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.
82.

83.

Xu, X.; Yanagida, M. Suppressor Screening Reveals Common Kleisin-Hinge Interaction in Condensin and Cohesin, but Different
Modes of Regulation. Proc. Natl. Acad. Sci. USA 2019, 116, 10889-10898. [CrossRef]

Psakhye, I.; Branzei, D. SMC Complexes Are Guarded by the SUMO Protease Ulp2 against SUMO-Chain-Mediated Turnover.
Cell Rep. 2021, 36, 109485. [CrossRef] [PubMed]

Palou, R.; Dhanaraman, T.; Marrakchi, R.; Pascariu, M.; Tyers, M.; D’Amours, D. Condensin ATPase Motifs Contribute Differen-
tially to the Maintenance of Chromosome Morphology and Genome Stability. PLoS Biol. 2018, 16, €2003980. [CrossRef]

Elbatsh, A.M.O.; Kim, E.; Eeftens, ].M.; Raaijmakers, J.A.; van der Weide, R.H.; Garcia-Nieto, A.; Bravo, S.; Ganji, M,;
uit de Bos, J.; Teunissen, H.; et al. Distinct Roles for Condensin’s Two ATPase Sites in Chromosome Condensation. Mol.
Cell 2019, 76, 724-737.e5. [CrossRef]

Zhao, X.; Blobel, G. A SUMO Ligase Is Part of a Nuclear Multiprotein Complex That Affects DNA Repair and Chromosomal
Organization. Proc. Natl. Acad. Sci. USA 2005, 102, 4777-4782. [CrossRef]

Varejao, N.; Ibars, E.; Lascorz, J.; Colomina, N.; Torres-Rosell, J.; Reverter, D. DNA Activates the Nse2/Mms21 SUMO E3 Ligase
in the Smc5/6 Complex. EMBO . 2018, 37, €98306. [CrossRef]

Higashi, T.L.; Pobegalov, G.; Tang, M.; Molodtsov, M.I.; Uhlmann, F. A Brownian Ratchet Model for DNA Loop Extrusion by the
Cohesin Complex. eLife 2021, 10, €67530. [CrossRef]

Ryu, J.-K,; Rah, S.-H.; Janissen, R.; Kerssemakers, ]. W.J.; Bonato, A.; Michieletto, D.; Dekker, C. Condensin Extrudes DNA Loops
in Steps up to Hundreds of Base Pairs That Are Generated by ATP Binding Events. Nucleic Acids Res. 2022, 50, 820-832. [CrossRef]
[PubMed]

Terakawa, T.; Bisht, S.; Eeftens, ].M.; Dekker, C.; Haering, C.H.; Greene, E.C. The Condensin Complex Is a Mechanochemical
Motor That Translocates along DNA. Science 2017, 358, 672—-676. [CrossRef] [PubMed]

Nichols, M.H.; Corces, V.G. A Tethered-Inchworm Model of SMC DNA Translocation. Nat. Struct. Mol. Biol. 2018, 25, 906-910.
[CrossRef] [PubMed]

Ganji, M.; Shaltiel, I.A ; Bisht, S.; Kim, E.; Kalichava, A.; Haering, C.H.; Dekker, C. Real-Time Imaging of DNA Loop Extrusion by
Condensin. Science 2018, 360, 102-105. [CrossRef]

Kinoshita, K.; Tsubota, Y.; Tane, S.; Aizawa, Y.; Sakata, R.; Takeuchi, K.; Shintomi, K.; Nishiyama, T.; Hirano, T. A Loop Extrusion—
Independent Mechanism Contributes to Condensin I-Mediated Chromosome Shaping. J. Cell Biol. 2022, 221, €202109016. [CrossRef]
Ryu, J.-K.; Bouchoux, C.; Liu, HW, Kim, E.; Minamino, M.; de Groot, R.; Katan, A.J.; Bonato, A.; Marenduzzo, D,
Michieletto, D.; et al. Bridging-Induced Phase Separation Induced by Cohesin SMC Protein Complexes. Sci. Adv. 2021,
7, eabe5905. [CrossRef]

Duan, Z.; Andronescu, M.; Schutz, K.; Mcllwain, S.; Kim, Y.J.; Lee, C.; Shendure, J.; Fields, S.; Blau, C.A.; Noble, W.S. A
Three-Dimensional Model of the Yeast Genome. Nature 2010, 465, 363-367. [CrossRef]

Pouokam, M.; Cruz, B.; Burgess, S.; Segal, M.R.; Vazquez, M.; Arsuaga, ]. The Rabl Configuration Limits Topological Entanglement
of Chromosomes in Budding Yeast. Sci. Rep. 2019, 9, 6795. [CrossRef]

Agmon, N.; Liefshitz, B.; Zimmer, C.; Fabre, E.; Kupiec, M. Effect of Nuclear Architecture on the Efficiency of Double-Strand
Break Repair. Nat. Cell Biol. 2013, 15, 694-699. [CrossRef] [PubMed]

Chubb, J.R.; Boyle, S.; Perry, P.; Bickmore, W.A. Chromatin Motion Is Constrained by Association with Nuclear Compartments in
Human Cells. Curr. Biol. 2002, 12, 439—445. [CrossRef] [PubMed]

Strecker, J.; Gupta, G.D.; Zhang, W.; Bashkurov, M.; Landry, M.-C.; Pelletier, L.; Durocher, D. DNA Damage Signalling Targets the
Kinetochore to Promote Chromatin Mobility. Nat. Cell Biol. 2016, 18, 281-290. [CrossRef] [PubMed]

Davidson, LE; Barth, R.; Zaczek, M.; van der Torre, J.; Tang, W.; Nagasaka, K.; Janissen, R.; Kerssemakers, J.; Wutz, G,;
Dekker, C.; et al. CTCF Is a DNA-Tension-Dependent Barrier to Cohesin-Mediated DNA Loop Extrusion. Nature 2023, 616, 822-827.
[CrossRef] [PubMed]

Rubinstein, M.; Colby, R.H. Polymer Physics; Oxford University Press: Oxford, UK; New York, NY, USA, 2003; ISBN 978-0-19-852059-7.
Fisher, ].K.; Ballenger, M.; O’Brien, E.T.; Haase, J.; Superfine, R.; Bloom, K. DNA Relaxation Dynamics as a Probe for the
Intracellular Environment. Proc. Natl. Acad. Sci. USA 2009, 106, 9250-9255. [CrossRef] [PubMed]

Gerguri, T.; Fu, X,; Kakui, Y.; Khatri, B.S.; Barrington, C.; Bates, P.A.; Uhlmann, F. Comparison of Loop Extrusion and Diffusion
Capture as Mitotic Chromosome Formation Pathways in Fission Yeast. Nucleic Acids Res. 2021, 49, 1294-1312. [CrossRef]
Lawrimore, J.; de Larminat, S.C.; Cook, D.; Friedman, B.; Doshi, A.; Yeh, E.; Bloom, K. Polymer Models Reveal How Chromatin
Modification Can Modulate Force at the Kinetochore. Mol. Biol. Cell 2022, 33, ar97. [CrossRef]

Mary, H.; Rueden, C.; Ferreira, T. KymographBuilder: Release 1.2.4; Zenodo: Geneva, Switzerland, 2016. [CrossRef]

Yang, S.S.; Yeh, E.; Salmon, E.D.; Bloom, K. Identification of a Mid-Anaphase Checkpoint in Budding Yeast. J. Cell Biol. 1997,
136, 345-354. [CrossRef]

Lawrimore, J.; Kolbin, D.; Stanton, J.; Khan, M.; de Larminat, S.C.; Lawrimore, C.; Yeh, E.; Bloom, K. The rDNA Is Biomolecular
Condensate Formed by Polymer-Polymer Phase Separation and Is Sequestered in the Nucleolus by Transcription and R-Loops.
Nucleic Acids Res. 2021, 49, 4586-4598. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1073/pnas.1902699116
https://doi.org/10.1016/j.celrep.2021.109485
https://www.ncbi.nlm.nih.gov/pubmed/34348159
https://doi.org/10.1371/journal.pbio.2003980
https://doi.org/10.1016/j.molcel.2019.09.020
https://doi.org/10.1073/pnas.0500537102
https://doi.org/10.15252/embj.201798306
https://doi.org/10.7554/eLife.67530
https://doi.org/10.1093/nar/gkab1268
https://www.ncbi.nlm.nih.gov/pubmed/34951453
https://doi.org/10.1126/science.aan6516
https://www.ncbi.nlm.nih.gov/pubmed/28882993
https://doi.org/10.1038/s41594-018-0135-4
https://www.ncbi.nlm.nih.gov/pubmed/30250225
https://doi.org/10.1126/science.aar7831
https://doi.org/10.1083/jcb.202109016
https://doi.org/10.1126/sciadv.abe5905
https://doi.org/10.1038/nature08973
https://doi.org/10.1038/s41598-019-42967-4
https://doi.org/10.1038/ncb2745
https://www.ncbi.nlm.nih.gov/pubmed/23644470
https://doi.org/10.1016/S0960-9822(02)00695-4
https://www.ncbi.nlm.nih.gov/pubmed/11909528
https://doi.org/10.1038/ncb3308
https://www.ncbi.nlm.nih.gov/pubmed/26829389
https://doi.org/10.1038/s41586-023-05961-5
https://www.ncbi.nlm.nih.gov/pubmed/37076620
https://doi.org/10.1073/pnas.0812723106
https://www.ncbi.nlm.nih.gov/pubmed/19478070
https://doi.org/10.1093/nar/gkaa1270
https://doi.org/10.1091/mbc.E22-02-0041
https://doi.org/10.5281/zenodo.56702
https://doi.org/10.1083/jcb.136.2.345
https://doi.org/10.1093/nar/gkab229

	Introduction 
	Materials and Methods 
	Computation Environment 
	Polymer Model of Chromatin 
	Persistence Length 
	Tethering Resistance 
	Condensin Springs 
	Recoil Imaging 
	Image Analysis 

	Results 
	Condensin Spring Strength Dictates Distribution of Loop Sizes on Chains 
	Kinetics of Chromatin Compaction in Live Cells 
	Stiffness of the DNA Chain Dictates Distribution of Loop Sizes on Unconstrained Chains 
	Persistence Length and Condensin Spring Strength Both Determine Loop Sizes in Moderate Tethering Regimes 
	Persistence Length of DNA within a Loop Determines the Space It Will Explore 

	Discussion 
	References

