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Abstract

Structural-Maintenance-of-Chromosome (SMC) complexes, such as condensins, organise the folding of chromosomes. However, their role in
modulating the entanglement of DNA and chromatin is not fully understood. To address this question, we perform single-molecule and bulk
characterisation of yeast condensin in entangled DNA. First, we discover that yeast condensin can proficiently bind double-stranded DNA through
its hinge domain, in addition to its heads. Through bulk microrheology assays, we then discover that physiological concentrations of yeast
condensin increase both the viscosity and elasticity of dense solutions of A-DNA, suggesting that condensin acts as a crosslinker in entangled
DNA, stabilising entanglements rather than resolving them and contrasting the popular theoretical picture where SMCs purely drive the formation
of segregated, bottle-brush-like chromosome structures. We further discover that the presence of ATP fluidifies the solution-likely by activating
loop extrusion—but does not recover the viscosity measured in the absence of protein. Finally, we show that the observed rheology can be
understood by modelling SMCs as transient crosslinkers in bottle-brush-like entangled polymers. Our findings help us to understand how SMCs

affect the dynamics and entanglement of genomes.
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Introduction

Among the most important processes orchestrating chro-
mosome folding in both interphase and mitosis is the for-
mation of loops, performed by structural-maintenance-of-
chromosome (SMC) complexes, such as cohesin, condensin,
and SMC5/6 [1-11]. Although these complexes perform loop

Crosslinking only

extrusion iz vitro [12-14], the extent to which loop extrusion
affects genome organisation and dynamics iz vivo is poorly
understood [15-18].

Alternative models to loop extrusion are able to explain
experimental observations, both in vivo and in vitro. For in-
stance, the bridging-induced phase separation (BIPS) model
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can explain the formation of clusters, or condensates, of yeast
cohesin in the presence of DNA [19]. The loop capture model
can explain the topological trapping of a DNA plasmid by a
condensin that is loaded on a tethered linear DNA [20]. Both
these models rely on the fact that SMCs can ‘bridge’ inter-
chromosomal DNA i.e. can simultaneously bind two dsDNA
segments that do not belong to the same DNA molecule. While
there is evidence of SMC bridging for cohesin [19, 20], such
evidence is less abundant for condensin. In fact, intermolecu-
lar bridging is not at all envisaged in loop extrusion models,
as SMCs are envisioned to ‘reel in” DNA in cis [16]. Mixed
models, whereby SMCs perform an effective loop extrusion
by bridging DNA segments, have also been proposed and can
capture some puzzling evidence, for instance, the formation of
Z-loops and the bypassing of large obstacles bound to DNA
[21], or the observation that condensin can make steps larger
than its own size [22].

SMCs are expected to have a significant impact on the
dynamics of chromosomes in cells; however, it is challeng-
ing to precisely quantify this impact experimentally. The pre-
diction from most computational and theoretical works is
that loop extrusion performed by SMCs will compact [23,
24], segregate [25, 26], fluidify [27] and even unknot [28,
29] chromatin, implying that SMCs should speed up chro-
mosome dynamics. However, indirect evidence obtained by
single-particle tracking of H2B and chromosome loci suggests
that rapid cohesin depletion yields a speed up of chromosome
dynamics [30, 31] and nucleosome motion [32, 33]. More-
over, live-cell studies have consistently demonstrated that co-
hesin constrains chromatin dynamics. In fission yeast, dis-
rupting loop factors increases locus mobility [34], a finding
mirrored in mammalian mESCs upon acute cohesin deple-
tion [35]. High-resolution tracking in human cells further re-
vealed that this constraint operates at the nucleosome level,
reducing the internal fluidity of euchromatic domains [36],
implying the exact opposite of current theoretical and com-
putational models, i.e. that cohesin slows down chromosome
dynamics.

Thus, there is a clear disconnect among (i) i vitro single-
molecule evidence displaying SMC loop extrusion, (ii) theoret-
ical work suggesting SMC loop extrusion should drive chro-
mosome compaction and speed up genome dynamics, and (iii)
in vivo evidence suggesting that SMCs slow down chromo-
some dynamics.

In this work, we aim to bridge the gap between existing
evidence and rectify this disconnect. To do this, we perform
bulk and single-molecule assays on yeast condensin on entan-
gled DNA in vitro. This is different from any previous work in
vitro as they mostly focused on tethered DNA or dilute con-
ditions. Instead, to understand the role of SMCs iz vivo, we
argue that we must study their behaviour in physiologically
dense DNA solutions.

The key discovery of this work is that we find evidence sup-
porting the claim that most existing computational and the-
oretical models are incomplete. Indeed, we observe that yeast
condensin is a proficient intermolecular bridge and acts as a
‘thickening’ agent in entangled solutions of A-DNA. Impor-
tantly, we also discovered that this ‘thickening’ is mostly loop
extrusion independent. We conclude our paper by suggesting
an alternative model for SMC as ‘sticky loop extruders’, which
can perform both loop extrusion and intermolecular bridging,
thus forming transient cross-linking in dense DNA solutions.
Our results contribute to understanding the action of SMC

proteins in physiologically crowded and entangled environ-
ments such as those of the cell nucleus.

Materials and methods

Protein expression and purification

Wild-type (WT) and Q-loop condensin holocomplexes were
expressed from two 2u-based high-copy plasmids trans-
formed into S. cerevisiae. Purification of holocomplexes has
been performed as in Ref. [37] (see SI for more details). Ex-
pression of yeast Smc2 residues 396-792 and yeast Smc4
residues 555-951 was induced from pET-MCN vectors in bac-
teria. Sme2 (396-792) with an N-terminal (His)6-TEV-tag and
untagged Smc4 (555-951), we co-expressed and purified by
Ni-Sepharose 6FF (GE Healthcare), Resource Q (GE Health-
care), and Superdex 200 GL 10/300 column (GE Healthcare)
(see SI for full details).

Electrophoretic mobility shift assay (EMSA)

The 6-FAM labelled 50-bp dsDNA was prepared by an-
nealing two complementary DNA oligos (Merck, 5’-6-FAM-
GGATACGTAACAACGCTTATGCATCGCCGCCGCTACA
TCCCTGAGCTGAC-3’; 5-GTCAGCTCAGGGATGTAGC
GGCGGCGATGCATAAGCGTTGTTACGTATCC-3) in
annealing buffer (50 mM Tris-HCI, pH 7.5, 50 mM NaCl) at
a concentration of 50 u M in a temperature gradient of 0.1
Cls from 95°C to 4°C. The EMSA reaction was prepared with
a constant DNA concentration of 10 nM and the indicated
concentrations of purified protein in binding buffer (50 mM
Tris-HCI, pH 7.5, 50 mM KCl, 125 mM NaCl, 5§ mM MgCl2,
5% Glycerol, 1 mM DTT). After 10 min incubation on ice,
free DNA and DNA-protein complexes were resolved by
electrophoresis for 1.5 h at 4 V/em, on 0.75% (w/v) TAE-
agarose gels at 4°C. 6-FAM labelled dsDNA was detected
directly on a Typhoon FLA 9,500 scanner (GE Healthcare)
with excitation at 473 nm with LPB (510LP) filter setting.

Fluorescence polarisation

Fluorescence polarisation (FP) experiment was performed by
mixing 20 nM of the 6-FAM labelled 50 bp dsDNA (see Meth-
ods EMSA) with series of protein concentrations, ranging
from 0.03125 uM to 32 uM, in FP buffer (25 mM Tris-HCI
pH 7.5, 100 mM NaCl, 5 mM MgClI2, 1 mM DTT, 0.05%
Tween20, 0.05 mg/ml BSA). The mix was incubated for 30
min at room temperature in order to attain equilibrium. Im-
mediately thereafter, fluorescence polarisation was recorded
using 485 nm and 520 nm excitation and emission filters on a
Tecan SPARK Microplate reader. The change in fluorescence
polarization was then plotted as mean values of three indepen-
dent replicates, and the dissociation constant was determined.

AFM imaging

Atomic Force Microscopy (AFM) was performed on poly-
L-lysine-coated mica [38]. Linear dsDNA of 500 bp was
generated by PCR from pUC19 plasmid using primers
5-AGAGCAACTCGGTCGCCGCATA (forward) and 5’-
GCTTACCATCTGGCCCCAGTGC (reverse). We mixed 0.5
ng/u L DNA and 10 nM WT condensin in aqueous buffer
(50 mM Tris-HCI, pH = 7.5, 25 mM NaCl, 5§ mM MgCI2,
1 mM DTT, 1 mM ATP) and incubated at room temperature
for 15 s before deposition. Deposition of the sample onto poly-
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L-lysine-coated mica was done by drop-casting. After surface
adsorption for 15 s, the sample was rinsed using milliQ water
(20 mL) and subsequently dried using a gentle stream of fil-
tered N2 gas. For imaging the sample, we used a Nanowizard
4 XP AFM (JPK, Berlin, Germany) in tapping mode; image
processing was done using MountainSPIP software (see SI).

Microrheology

For microrheology experiments, we mixed 5 ul of 500 ng/ul
ADNA with 1 ul of 2 uM yeast condensin (WT or Q), 1
ul of 10x condensin reaction buffer (Tris-HCI pH 7.5 500
mM, NaCl 250 mM, MgCI2 50 mM, DTT 10 mM), 1 ul of
10 mM ATP and 1 ul of 2 um PEGylated polystyrene beads
(Polyscience). We loaded the sample into a 100 um thick sam-
ple chamber comprising a microscope slide, 100 um layer of
double-sided tape, and a cover slip. We recorded movies on
a Nikon Eclipse Ts2 microscope with a 20x objective and
an Orca Flash 4.0 CMOS camera (Hamamatsu) for 2 min at
~ 100 fps on a 1024x1024 field of view, resulting in about 500
tracks per condition. Particle tracking was done using trackpy,
and in-house code was used to process the tracks into MSD
and complex modulus in the following Ref. [39].

Molecular dynamics simulations

Entangled DNA solutions were modelled as semiflexible
Kremer-Grest linear polymers [40] with N = 500 beads of
size 0 = 10 nm. The beads interact with each other via a
truncated and shifted Lennard-Jones potential, and adjacent
beads are connected by FENE springs. The persistence length
of the polymers is [, = 5o = 50 nm, and the volume frac-
tion of the solution is around 5%. After thorough equilibra-
tion (see SI), the polymers are loaded with Ngyc = {5, 25}
SMCs and then either let to loop extrude as in Ref. [27], or
otherwise left in the loaded state to mimic conditions with
no ATP. Each SMC is decorated with patches that have an
attractive interaction with the DNA beads, modelled by a
Morse potential with a maximum depth of 25kpT, which
is comparable with the heads (and hinge) binding affinity,
AG ~ —kpT log (kp) where kp ~ 0.1 uM. The simulation is
performed in LAMMPS [41] with custom-made fixes that up-
date the position of active loop extruders (https:/git.ecdf.ed.
ac.uk/taplab/smc-lammps). Specifically, our loop extrusion al-
gorithm performs a geometry check before updating the posi-
tion of the SMCs in order to preserve the topology of the sys-
tem [42]. We then track the dynamics of the polymers when
the SMCs are only loaded (no loops) and when allowed to
make large loops via loop extrusion. In the latter case, the
polymers start to resemble bottle-brushes [23, 27, 43]. At the
same time, we perform Green—Kubo calculations of the stress
relaxation function, i.e. we compute the autocorrelation of the
off-diagonal components of the stress tensor [44], in order to
obtain a measure of viscoelasticity in the system under differ-
ent conditions (see SI for more details).

Results

Yeast condensin can form intermolecular bridges
by binding dsDNA at its hinge domain

First, to better understand the role of condensin in dense so-
lutions of DNA, we decided to investigate different binding
modes of yeast condensin to dsDNA. Condensin binds dsDNA
through both its ‘anchor’ domain (Brnl-Ycgl) [37, 45] and its
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‘core’ subcomplex (SMC heads + Ycs4) [37]; however, there is
no direct evidence of dsDNA binding by any other condensin
domain (Fig. 1a). Thus, we sought computational evidence for
an additional binding site by scanning through AlphaFold3
structures. We found a model that predicted an interaction
between the SMC2/SMC4 hinge and a dsDNA oligomer con-
taining a small ssDNA bubble (Fig. 1b). Motivated by this
prediction, we performed electrophoretic mobility shift assay
(EMSA) and observed a clear shift when the hinge domain
(SMC2:K841-L698, SMC4:Q646-F865) was mixed with a
50 bp dsDNA segment (Fig. 1c), with an estimated binding
affinity of K; ~ 0.075 — 0.15 uM.

This measurement was further supported by FP, where
yeast condensin hinge was mixed with a fluorescently la-
belled dsDNA oligo, albeit we measured a larger binding con-
stant K; >~ 0.7 uM (Fig. 1d). Interestingly, these K; values
are comparable to-if not smaller than—the binding constants
of the YcgI-Brnl (anchor) complex to DNA, i.e. K; ~ 1.7
uM [45] and of the ‘core’ subcomplex (SMC heads + Ycs4)
K; ~ 0.1 —-0.2 uM [45], both measured from Chaetomium
thermophilum. Arguably, both EMSA and FP potentially un-
derestimate the true K; because they employ short dsDNA
oligos, which are not the natural substrate for these protein
complexes; however, they convincingly demonstrate that the
hinge is a proficient dsDNA binding site, potentially as good
as the core/anchor subcomplex.

Motivated by these measurements, we decided to visualise
dsDNA binding by the whole yeast condensin holocomplex in
single-molecule experiments. We mixed yeast condensin holo-
complex with a 500 bp dsDNA segment, deposited it on mica,
and observed it using Atomic Force Microscopy (AFM, see
Methods). We observed that yeast condensin displays different
modes of binding: through its core+anchor complex, hinge,
or both (Fig. le-f,h-i). When the holocomplex bound DNA
through its core+anchor domains, we also observed a severe
kink in the dsSDNA molecule, in agreement with the cryo-EM
structure and the ‘safety-belt” model [37] (see Fig. le). On
the other hand, we observed no deformation of the substrate
DNA when the hinge was bound to it (see Fig. 1f).

Surprisingly, out of 299 molecules analysed, 149 were
bound by the hinge and 150 bound by the core+anchor do-
mains; when both were bound, we considered that both heads
and hinge were bound. This result confirms that hinge and
coretanchor domains display similar binding affinities to ds-
DNA. While this is broadly in line with the bulk EMSA and
FP assays, it is an aspect of SMC biophysics that has been
overlooked, and it is not accounted for in any of the exist-
ing models (they all start from core-+anchor domains bound
to DNA and an unbound hinge). Interestingly, we also ob-
served a significant number of intra and inter-molecular bridg-
ing, whereby two segments of DNA belonging to different
molecules are simultaneously bound by the core+anchor and
hinge. This evidence suggests that yeast condensin may be a
proficient ‘bridging’ protein, as observed in vitro for yeast co-
hesin [19].

Finally, we argue that while the thermodynamics of con-
densin domains binding to DNA may be similar, the kinetics
of binding/unbinding may be very different for the two do-
mains, e.g. due to their local flexibility. We hypothesise that
the ‘safety-belt’ anchoring mechanism at the Ycgl-Brnl do-
main may be very stable [37] (small k,;; and small k), whilst
the kinetics at the hinge may be faster (large k,sy and large
kon). In turn, the ratio of the on/off-rates give similar equi-
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Figure 1. Yeast condensin proficiently binds dsDNA through its hinge domain. (a) Cartoon structure of yeast condensin; different domains are
highlighted. (b) AlphaFold3 model of structural interaction between the hinge domain and a segment of dsDNA with a small ssDNA bubble in the middle.
(e) EMSA showing significant binding of the hinge domain (SMC2:K841-L698, SMC4:Q646-F865) to a 25 bp dsDNA oligo in vitro with an estimated

kp ~0.075 — 0.15 uM. (d) Fluorescence polarisation assay done with the hinge domain mixed with fluorescently-labelled 50 bp dsDNA oligo and yielding
kp = 0.7 uM. (e-f) Representative AFM topographs of (e) head-bound and (f) hinge-bound condensin—-DNA complexes. Green and lilac arrowheads
indicate hinges and core+anchor domains, respectively. (g) Quantification of relative hinge and heads bound complexes. Error bars reflect counting
statistics \/W,/lea,. Niotas = 299. (h=i) Representative AFM topographs of (h) intra-molecular and (i) intermolecular condensin~-DNA complexes.

librium constant K. This reasoning could explain both the
strong structural evidence for the ‘safety-belt’ anchoring [37]
and the elusive DNA-hinge interaction as well as the poten-
tial for forming transient inter-molecular bridges, loops, and
cross-links.

Condensin acts as a transient crosslinker in
entangled DNA even during loop extrusion

To understand the effect of SMC intermolecular bridging ob-
served in the previous section, we decided to assess the effect
of SMCs on the rheology of entangled DNA. We hypothesised
that if condensin was mainly performing intra-molecular loop
extrusion, we would observe a significant decrease in entan-
glements and a consequent fluidification of the solution, i.e.
a decrease in viscosity. This hypothesis is in line with current
models of SMCs on chromosomes and DNA, where loop ex-
trusion is envisaged to drive the formation of bottle-brush-
like structures [10,23-25,27,43,46,47]. On the other hand,
intermolecular bridging would give rise to gel-like networks,
whereby DNA-DNA entanglements would be stabilised by
condensin bridges. These entangled networks of DNA are ex-
pected to display larger viscosity and elasticity than equally
dense DNA solutions without SMC (Fig. 2a,b).

To quantitatively measure condensin effect on the viscoelas-
ticity of DNA solutions, we prepared samples of entangled
A-DNA (48’502 bp) at around 12 times the overlap concen-
tration (¢ = 250 ng/ul = 7.8 nM, ¢* = 20 ng/ul [48, 49]), and
mixed it with 0.2 uM of either wild type (WT) yeast condensin
or a catalytically dead (Q-loop) mutant that cannot perform
loop extrusion [37]. These conditions represent a dense, en-
tangled solution of long monodisperse DNA whereby each
polymer has, on average, 10-20 SMCs loaded onto it (or

1 SMC every 5 kbp). We also included 2 pm-sized PEG-
passivated polystyrene tracer beads (we obtained similar re-
sults with different bead sizes, see Supplementary Fig. $4) and
adjusted buffer conditions to those used to observe loop ex-
trusion in single-molecule assays [14, 37]. After incubation at
37°C for 5 minutes, we added 1mM ATP and loaded 5 pul of
sample onto a chamber made of a glass slide and coverslip,
kept apart by a 100 um spacer, and visualised it under an
inverted microscope (Fig. 2¢). We then performed microrhe-
ology, i.e. recorded videos of the passive tracers moving in
the solution and extracted their mean squared displacement
(MSD) 8%7(t) = ([r(t +to) — r(ty)]?), where the average is per-
formed over beads, initial times #j, sample location, and at
least three independent replicates (see Fig. 2e).

According to most current models, SMCs should compact
DNA by performing loop extrusion and thus decrease the
viscosity of the entangled solution [23, 27]. In our experi-
ment, this fluidification would manifest itself as an increase
in the effective diffusion coefficient of the tracer beads and
an absence of subdiffusive behaviour [49]. On the contrary,
we observed the opposite: a significant decrease in the mobil-
ity of the beads and an increase in their subdiffusive regime
for both WT and Q-loop condensin and in both presence and
absence of ATP (Fig. 2e and Supplementary Fig. S3). To quan-
tify the elastic and viscous response of the fluid at different
timescales, we transformed the MSDs into elastic (G'(w)) and
viscous (G”(w)) complex moduli via the generalised Stokes-
Einstein relation [39, 50]. In Fig. 2f-g, one can appreciate that
the presence of WT and Q-loop condensin significantly affects
the shape of G'(w) and G”(w). More specifically, the control
displays a purely viscous behaviour with little sign of inflec-
tion in G”(w); on the contrary, the samples with SMCs display
at least one intersection between the two complex moduli (see
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Figure 2. Microrheology reveals that SMCs can form intermolecular bridges in entangled DNA. (a and b) Sketches of our two hypotheses: (a) if
condensin performed loop extrusion (intramolecular contacts only), we would expect a solution of entangled linear DNA to be converted into one made
of bottle-brush-like polymers, reducing both entanglement and viscoelasticity. (b) If condensin performed DNA-bridging (intermolecular contacts), we
would expect transient crosslinks. (e¢) The sample made of ADNA, condensin, reaction buffer, and passive tracers is mixed, incubated, and then pipetted
in a closed chamber. (d) Snapshot of the field of view showing the tracers and short example trajectories (scale bar 20 um). (e) Mean squared
displacement (MSD) of the tracer beads for wild-type yeast condensin (WT) in the presence and absence of ATP and for a catalytically dead (Q) mutant.
For all samples in this figure, DNA concentration is 250 ng/uL (or 7.8 nM of ADNA) and protein concentration is 0.2 1M, i.e. about 25 SMCs per DNA
molecule (see Supplementary Fig. S5 for different concentration values). (f and g) Elastic (G, f) and viscous (G”, g) complex moduli obtained from the
MSDs through the generalised Stokes Einstein relation [39]. (h) Zero-shear viscosity, obtained from the long-time behaviour of the MSD. P-values in the
plot: x < 0.05, ## < 0.01, %% * < 0.001 . The P-value between WT and Q mutant is 0.13, and hence non-significant. (i) Elasticity G,, obtained from the
elastic modulus measured at 100 Hz. (j) Relaxation time 7z, obtained as the inverse of the smallest frequency at which G’ and G” intersect.

SI). This entails that the fluid’s response is elastic-dominated
at short timescales (large w) and liquid-dominated at long
timescales (small ). Finally, we also observe that SMCs in-
duce a significant increase in both elasticity and viscosity of
the samples across all frequencies.

We compute the zero-shear viscosity of the samples n =
kpT/(3maD), where a = 2 um is the size of the beads and D
the large-time diffusion coefficient obtained from the MSDs.
We note that adding SMCs induces a 20-30-fold increase in
viscosity in all samples, with the increase being more pro-
nounced for WT and Q-loop mutant (Fig. 2h). Interestingly,
the sample with WT SMC and ATP displays the smallest
change (~ 10-fold), which may point to a fluidification effect
of loop extrusion.

We can also compute the large-w elasticity G, and relax-
ation time tg of these viscoelastic fluids by evaluating G/, =
G'(w = 100 Hz) and G'(1/tr) = G"(1/1R), respectively. The
former (G, Fig. 2i) suggests that the short-time elastic be-
haviour is significantly stiffer for SMC samples, regardless of
whether there is ATP or not. Despite this observation, all sam-
ples display G/, < 1 Pa, implying that they are very soft. On
the other hand, the latter (zg, Fig. 2j) suggests that samples
with WT condensin and ATP behave like liquids on shorter
timescales (smaller tg) than the ones without ATP or with
the Q-loop mutant, which remain solid-dominated for longer
times, up to tens of seconds.

Our observations suggest that SMCs may form transient
cross-links between DNA molecules that are proximal in 3D
space. Further, our results suggest that WT in the absence
of ATP behaves similarly to the Q-loop mutant. This sug-
gests that both proteins bind DNA similarly and that the Q-
loop mutation does not affect the crosslinking ability of SMC.

However, in the presence of ATP, we observe a significant “flu-
idification’, which we argue is an effect of loop extrusion.
However, we find that this fluidification is not strong enough
to fully counteract the transient SMC-mediated crosslinking.

Coarse-grained MD simulations of ‘sticky’ SMCs
capture the behaviour seen in bulk and
single-molecule assays

Motivated by the observations in the previous Sections we de-
cided to test a simple coarse-grained model of ‘sticky’ loop ex-
truders. Specifically, we performed Molecular Dynamics (MD)
simulations of entangled linear DNA under the action of
SMC:s that display small patches that can bind to DNA poly-
mers (see Fig. 3a-b). Briefly, we modelled DNA molecules as
Kremer-Grest bead-spring polymers [40] at fixed density and
in the entangled regime, corresponding to 5% volume frac-
tion. After equilibrating the system, we randomly loaded, on
average, 5 SMCs per polymer and allowed them to form both
DNA loops in cis and inter-molecular bridges through their
patches (Fig. 3a-c). Our SMC model is different from most
models in the literature, as we allow the SMCs to do both,
form intra/inter molecular bridges through their patches and
also form loops through extrusion, whilst preserving the poly-
mer topology (see SI for full details).

To account for the formation of SMC clusters, we also ex-
plored the effect of having multiple DNA-binding sites on
each SMC bead: on average, less than one contact per SMC
complex was seen for patches per SMC bead, while 2 con-
tacts (mostly inter-molecular) were seen for Nj, = 3 patches
per SMC bead (Fig. 3d). This implies that only one-third of
all SMC patches were bound to DNA at any one time and
corresponds to the case in which there are two clustered, or
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the region in the dashed box showing the correspondence between patches (cyan) and the hinge domain. (¢) Snapshot from simulations, highlighting
intramolecular and intermolecular interactions stabilised by the patches. (d) Average number of contacts as a function of the number of patches on the
beads. (e and f) Snapshots of the simulation box in two cases: (e) in equilibrium with no SMC and (f) after loading 50 sticky SMCs per polymer and
allowing them to extrude loops. (g). Average Mean Squared Displacement (MSD) of the polymers’ centre of mass (standard deviation shaded) for the
control case (A-DNA) compared with the cases with SMC but no extrusion (WT) and the case with SMC allowed to extrude loops (WT+ATP). (h) Viscosity
computed from the stress-relaxation function (see Sl) for the three cases in (g). Notice that with ATE, the system is more fluid, in line with experiments.

stacked, SMCs per loop. In this scenario, the two SMCs are
bound to the same DNA by their core4+anchor domains, and
have two ‘free’ hinges that can make inter or intramolecular
contacts with other DNA segments (see Fig. 3a-b).

We observed that once the SMCs are loaded, the sys-
tem qualitatively displayed remarkable clustering (see snap-
shots Fig. 3e-f). By computing the mean squared displace-
ment of the centre of mass of the polymers, i.e. 82r(t) =
([rem(t +to) — rem(t)]?), we discovered that they also dis-
played a significantly slower dynamics (Fig. 3g-h). More
specifically, to compare our simulations with the experiments,
we performed two sets of simulations: (i) SMCs are bound
to DNA and cannot loop extrude (case with no ATP or Q-
loop mutant in experiments), and (ii) SMCs are allowed to
extrude loops (case with ATP in experiments). The MSDs dis-
played in Fig. 3g show that the dynamics of the polymers in
the presence of extrusion are faster than the no-extrusion case,
in agreement with experiments. We argue that this result is
explained by the fact that in the latter case the polymers were
forming bottle-brush-like organisations that reduced the over-
all entanglements and sped up their dynamics [23, 27]. We
further computed the stress relaxation function G(t) through
the autocorrelation of the out-of-diagonal components of
the stress tensor [44, 51] (see Supplementary Fig. S6) and
computed the zero-shear viscosity of the simulated fluid. In
line with the microrheology, the DNA solution with SMCs
that cannot perform loop extrusion displays a 20-fold in-
crease in viscosity. Allowing the SMC to loop extrusion only
reduces the viscosity by a small (~2-fold) factor, but the
dominant effect remains the transient ‘gelling’ of the DNA
entanglements.

Discussion and conclusions

In summary, in this paper, we have provided experimental and
computational evidence that SMCs, and specifically yeast con-

densin, can stabilise inter-molecular interactions in solutions
of dense DNA.

First, we used biochemical assays and AFM to uncover that
the hinge domain of yeast condensin is a proficient dsDNA
binding site (Fig. 1a-d). Unexpectedly, we observed that it
binds as strongly as condensin heads, which are well-known
DNA binding sites from structural studies [37, 45]. We also
note that although AlphaFold3 predicted the hinge domain
binding to a ssDNA bubble, our experimental data clearly
show that it can bind both ss and dsDNA (see EMSA and
FP in Fig. 1c-d, e-f, and Supplementary Figs S1 and S2). In-
terestingly, we also note that previous experiments suggested
that condensin stepping can undertwist DNA, which is con-
sistent with the formation of a small ssDNA bubble (5-6
bp ATw >~ —0.5) [52]. It is therefore tempting to hypothesise
that SMC binding and stepping may itself induce the forma-
tion of a single-stranded bubble on dsDNA. Finally, by per-
forming AFM imaging, we report visual evidence that SMCs
can simultaneously bind dsDNA through heads and hinge do-
mains, forming both intra and inter-molecular contacts (Fig.
1h-i).

In light of this evidence, we reasoned that if yeast condensin
were to be introduced in a dense and entangled solution of
DNA, it would mediate inter-molecular bridges. However, this
hypothesis would be at odds with a large fraction of the cur-
rent loop extrusion models, which posit that SMCs mostly
perform intra-chain loop extrusion and no bridging, leading
to mostly unentangled, bottle-brush-like chromosome struc-
tures [2, 4, 16, 46]. We therefore decided to test the action
of yeast condensin on entangled DNA using microrheology.
Specifically, we performed experiments with A-DNA at vol-
ume fraction comparable to that of DNA in yeast cells, i.e.
12Mbp x [7(0.34nm/bp)(2.50m)?]/(4um>) ~ 2% , or about
3 mg/ml [49]. We decided to use 0.25 mg/ml of A-DNA at
low ionic conditions, 25 mM NaCl, which yields an effectively
larger DNA diameter of about 12 nm [53]; in turn, these con-
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Figure 4. SMCs act as transient intermolecular crosslinkers that can
perform intramolecular loop extrusion in the presence of ATR (top) SMCs
loaded on DNA form transient intermolecular bridges by simultaneously
binding dsDNA molecules through their heads and hinge domains.
(bottom) ATP-driven loop extrusion competes with intermolecular
bridging and speeds up DNA dynamics.

ditions yield an entangled solution of A-DNA at an effective
~ 1% volume fraction.

We reasoned that if pure intra-chain loop extrusion was
the dominant mode of action of SMCs, we would observe a
speed up of the dynamics of entangled DNA solutions, lead-
ing to a so-called ‘thinning’ of the solution’s viscosity (Fig.
2a-b). In contrast, we consistently observed that adding yeast
condensin to our solution of entangled DNA led to so-called
‘thickening’, i.e. an increase in the solution’s viscosity and mir-
roring a slowdown of DNA dynamics (Fig. 2e-g). This effect
cannot be attributed to the mere presence of additional protein
in the solution because (i) we observe an increase in elasticity,
implying the formation of DNA crosslinks, and (ii) we ob-
served thinning with different proteins (e.g. with IHF in Ref.
[49]). Our microrheology data also reveal that adding ATP
partially recovers the DNA dynamics. Since we excluded that
this effect is due to ATP itself (see Supplementary Fig. S3),
we thus concluded that the partial fluidification observed in
the presence of ATP and WT protein is likely due to ATP-
driven loop extrusion partially counter-acting intermolecular
crosslinking (Fig. 2h). Finally, we discover that the SMC Q-
loop mutant, despite its inability to hydrolise ATP, can also
form intermolecular crosslinks, as strong as the wild type con-
densin (Fig. 2i-j).

To connect the rheology and single-molecule observations,
we concluded this work by performing MD simulations where
we modelled SMCs as ‘sticky’ proteins that can both stabilise
dynamic intermolecular cross-links and form loops. This com-
putational model yielded results in line with what was ob-
served experimentally (Fig. 3a-b, g-h).

In light of this, we therefore argue that in our in vitro ex-
periments, SMCs do not exclusively form intra-chain loops
(as predicted by loop extrusion models), but also form inter-
molecular transient crosslinks, in turn affecting the solution’s
entanglements and viscoelasticity (Fig. 4). Our model is in line
with the ‘bridging-induced’ phase separation behaviour ob-
served in yeast cohesin [19, 54], and the evidence that con-
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densin can slow down chromatin dynamics in mitosis and in-
terphase [32, 55]; it is also in agreement with the role of con-
densin in sequestering repetitive DNA in the nucleolus [26].
By having identified the hinge as an additional dsDNA bind-
ing domain, our model of SMC acting as both intermolecular
crosslinker and intramolecular loop extruder can naturally ex-
plain other models, e.g. the ‘loop capture’ [18, 56] and ‘inter-
molecular loop-extrusion’ [21, 57] models.

The overall picture is that SMCs form a dynamic and re-
versible mesh of weakly cross-linked polymers, whereby the
cross-links themselves may be mobile if SMCs are performing
loop extrusion (Fig. 4). In fact, we argue that this system is
physically similar to so-called slide-ring gels, where polymers
in solution thread through ring-like molecules that can form
crosslinks and slide along the chains [58].

Finally, we should highlight that our microrheology exper-
iments are the first in vitro evidence that condensin forms in-
termolecular, transient crosslinks in entangled DNA solutions.
Rheology measurements on DNA solutions offer a clear quan-
tification of the impact of SMCs on entangled DNA. Since our
experiments are performed at around ~ 1% volume fraction,
we believe that they are closer to physiological concentrations
than current single molecule assays, e.g. DNA tethering or op-
tical and magnetic tweezers [14, 59]. The effects uncovered in
this work are therefore expected to be physiologically relevant
and could in fact explain the puzzling observations from sin-
gle molecule tracking in vivo, whereby depletion of cohesin
typically induces a speed up of chromatin dynamics in inter-
phase [30, 31, 55] and depletion of condensin speeds up nu-
cleosome dynamics during metaphase [60]. At the same time,
our work can explain the role of condensin in stiffening chro-
mosomes through bridging [61].

To conclude, we argue that SMCs’ role in regulating
genome organisation and dynamics may be more multifaceted
and complex than previously thought. Our experiments sug-
gest that SMC intermolecular bridging is a dominant mech-
anism of action on entangled DNA and that intramolecular
loop extrusion may potentially make a minor contribution.
Additionally, the relative weight of these contributions may
be modulated across the cell cycle by partner proteins. In the
future, we argue that microrheology will be an ideal assay to
test the presence of partner proteins and additional cofactors
in a physiologically relevant condition of DNA density.

Acknowledgements

DM acknowledges the Royal Society and the European Re-
search Council (grant agreement No 947918, TAP) for fund-
ing. The authors also acknowledge the contribution of the
COST Action Eutopia, CA17139. For the purpose of open ac-
cess, the author has applied a Creative Commons Attribution
(CC BY) licence to any Author Accepted Manuscript version
arising from this submission. The authors thank Markus Has-
sler and Christian Hiring for comments and feedback on the
manuscript.

Author contributions: F.C., A.V. (Conceptualisation [equal]
Data curation [equal] Formal analysis [equal] Investigation
[equal] Writing — original draft [equal]), W.V. (Data curation
[equal] Formal analysis [equal] Investigation [equal] Method-
ology [equal] Writing — review & editing [equal]), D.M. (Con-
ceptualisation [lead] Data curation [equal] Formal analy-
sis [equal] Funding acquisition [lead] Investigation [equal]
Methodology [equal] Project administration [lead] Supervi-

9z0z Aenige4 ¢| uo isenb Aq 219578/ 00e)B/g/G/e101 e /leu/wo0 dno-olwsapeoe//:sdiy wolj papeojumoq


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag044#supplementary-data

8

Conforto et al.

sion [lead] Visualisation [lead] Writing — original draft [lead]
Writing — review & editing [lead]).

Supplementary data

Supplementary data is available at NAR online.

Conflict of interest

None declared.

Funding

Royal Society; European Research Council (Grant/Award
Number: 947918, CA17139). Funding to pay the Open Ac-
cess publication charges for this article was provided by the
ERC.

Data availability

The code has been deposited in Zenodo: https://doi.org/10.
5281/zenodo.17098515.

References

1

10.

11.

12.

13.

. Nasmyth K. Cohesin: A catenase with separate entry and exit

gates?. Nat Cell Biol 2011;13:1170-77.
https://doi.org/10.1038/ncb2349

. Alipour E, Marko JF. Self-organization of domain structures by

DNA-loop-extruding enzymes. Nucleic Acids Res.
2012;40:11202-12. https://doi.org/10.1093/nar/gks925

. Fudenberg G, Imakaev M, Lu C ef al. Formation of chromosomal

domains by loop extrusion. Cell Rep 2016;15:2038-49.
https://doi.org/10.1016/j.celrep.2016.04.085

. Sanborn AL, Rao SSP, Huang SC et al. Chromatin extrusion

explains key features of loop and domain formation in wild-type
and engineered genomes. Proc Natl Acad Sci USA
2015;112:E6456-65. https://doi.org/10.1073/pnas. 1518552112

. Davidson IF, Bauer B, Goetz D et al. DNA loop extrusion by

human cohesin. Science 2019;366:1338-45.
https://doi.org/10.1126/science.aaz3418

. Ganji M, Shaltiel TA, Bisht S ez al. Real-time imaging of DNA loop

extrusion by condensin. Science 2018;360:102-5.
https://doi.org/10.1126/science.aar7831

. Pradhan B, Kanno T, Umeda Igarashi M e# al. The Smc5/6

complex is a DNA loop-extruding motor. Nature
2023;616:843-8. https://doi.org/10.1038/s41586-023-05963-3

. Camara AS, Schubert V, Mascher M et al. A simple model

explains the cell cycle-dependent assembly of centromeric
nucleosomes in holocentric species. Nucleic Acids Res
2021;49:9053-635. https://doi.org/10.1093/nar/gkab648

. Vian L, Pekowska A, Rao SSP et al. The energetics and

physiological impact of cohesin extrusion. Cell
2018;173:1165-78. https://doi.org/10.1016/j.cell.2018.03.072
Gibcus JH, Samejima K, Goloborodko A et al. A pathway for
mitotic chromosome formation. Science 2018;359:eaa06135.
https://doi.org/10.1126/science.aa06135

Conte M, Irani E, Chiariello AM et al. Loop-extrusion and
polymer phase-separation can co-exist at the single-molecule level
to shape chromatin folding. Nat Commun 2022;13:4070.
https://doi.org/10.1038/s41467-022-31856-6

Hassler M, Shaltiel IA, Haering CH. Towards a unified model of
smc complex function. Curr Biol 2018;28:R1266-81.
https://doi.org/10.1016/j.cub.2018.08.034

Davidson IF, Bauer B, Goetz D et al. DNA loop extrusion by
human cohesin. Science 2019;366:1338-45.
https://doi.org/10.1126/science.aaz3418

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Ganji M, Shaltiel TA, Bisht S ef al. Real-time imaging of dna loop
extrusion by condensin. Science 2018;360:102-5.
https://doi.org/10.1126/science.aar7831

Hirano T, Kinoshita K. Smc-mediated chromosome organization:
Does loop extrusion explain it all?. Curr Opin Cell Biol
2025;92:102447. https://doi.org/10.1016/j.ceb.2024.102447
Kim E, Barth R, Dekker C. Looping the genome with smc
complexes. Annu Rev Biochem 2023;92:15-41.
https://doi.org/10.1146/annurev-biochem-032620-110506

Tang M, Pobegalov G, Tanizawa H et al. Establishment of
dsdna-dsdna interactions by the condensin complex. Mol Cell
2023;83:3787-800. https://doi.org/10.1016/j.molcel.2023.09.019
Uhlmann F. A unified model for cohesin function in
sisterchromatid cohesion and chromatin loop formation. Mol Cell
2025;85:1058-71. https://doi.org/10.1016/j.molcel.2025.02.005
Ryu JK, Bouchoux C, Liu HW et al. Bridging-induced phase
separation induced by cohesin smc protein complexes. Sci Adv
2021;7:eabe5905. https://doi.org/10.1126/sciadv.abe5905
Richeldi M, Pobegalov G, Higashi TL et al. Mechanical
disengagement of the cohesin ring. Nat Struct Mol Biol
2024;31:23-31. https://doi.org/10.1038/s41594-023-01122-4
Bonato A, Michieletto D. Three-dimensional loop extrusion.
Biophys | 2021;120:5544-52.
https://doi.org/10.1016/j.bpj.2021.11.015

Ryu JK, Rah SH, Janissen R et al. Condensin extrudes DNA loops
in steps up to hundreds of base pairs that are generated by ATP
binding events. Nucleic Acids Res 2022;50:820-32.
https://doi.org/10.1093/nar/gkab1268

Chan B, Rubinstein M. Activity-driven chromatin organization
during interphase: compaction, segregation, and entanglement
suppression. Proc Natl Acad Sci USA 2024;121:e2401494121.
https://doi.org/10.1073/pnas.2401494121

Polovnikov KE, Branddo HB, Belan S et al. Crumpled polymer
with loops recapitulates key features of chromosome organization.
Phys Rev X 2023;13:041029.

Racko D, Benedetti F, Goundaroulis D et al. Chromatin loop
extrusion and chromatin unknotting. Polymers 2018;10:1126.
https://doi.org/10.3390/polym10101126

Hult C, Adalsteinsson D, Vasquez PA et al. Enrichment of dynamic
chromosomal crosslinks drive phase separation of the nucleolus.
Nucleic Acids Res 2017;45:11159-73.
https://doi.org/10.1093/nar/gkx741

Conforto F, Gutierrez Fosado Y, Michieletto D. Fluidification of
entangled polymers by loop extrusion. Phys Rev Res
2024;6:033160.
https://doi.org/10.1103/PhysRevResearch.6.033160

Orlandini E, Marenduzzo D, Michieletto D. Synergy of
topoisomerase and structural-maintenance-of-chromosomes
proteins creates a universal pathway to simplify genome topology.
Proc Natl Acad Sci USA 2019;116:8149-54.
https://doi.org/10.1073/pnas. 1815394116

Dyson S, Segura ], Martinez-Garcia B et al. Condensin minimizes
topoisomerase II-mediated entanglements of DNA in vivo. EMBO
J2021;40:¢105393. https://doi.org/10.15252/embj.2020105393
Nozaki T, Imai R, Tanbo M et al. Dynamic organization of
chromatin domains revealed by super-resolution live-cell imaging.
Mol Cell 2017;67:282-93.
https://doi.org/10.1016/j.molcel.2017.06.018

Gabriele M, Branddo HB, Grosse-Holz S et al. Dynamics of
CTCF- and cohesin-mediated chromatin looping revealed by
live-cell imaging. Science 2022;376:abn6583.
https://doi.org/10.1126/science.abn6583

Hibino K, Sakai Y, Tamura S et al. Single-nucleosome imaging
unveils that condensins and nucleosome-nucleosome interactions
differentially constrain chromatin to organize mitotic
chromosomes. Nat Commun 2024;15:7152.
https://doi.org/10.1038/s41467-024-51454-y

Kakui Y, Barrington C, Barry DJ et al. Fission yeast condensin
contributes to interphase chromatin organization and prevents

920z Aenuga4 ¢| uo 1sanb Aq /€1 9G518/v00e)6/S/1G/0101ue/1eu/woo dno-olwapese//:sdyy wolj papeojumoq


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag044#supplementary-data
https://doi.org/10.5281/zenodo.17098515
https://doi.org/10.1038/ncb2349
https://doi.org/10.1093/nar/gks925
https://doi.org/10.1016/j.celrep.2016.04.085
https://doi.org/10.1073/pnas.1518552112
https://doi.org/10.1126/science.aaz3418
https://doi.org/10.1126/science.aar7831
https://doi.org/10.1038/s41586-023-05963-3
https://doi.org/10.1093/nar/gkab648
https://doi.org/10.1016/j.cell.2018.03.072
https://doi.org/10.1126/science.aao6135
https://doi.org/10.1038/s41467-022-31856-6
https://doi.org/10.1016/j.cub.2018.08.034
https://doi.org/10.1126/science.aaz3418
https://doi.org/10.1126/science.aar7831
https://doi.org/10.1016/j.ceb.2024.102447
https://doi.org/10.1146/annurev-biochem-032620-110506
https://doi.org/10.1016/j.molcel.2023.09.019
https://doi.org/10.1016/j.molcel.2025.02.005
https://doi.org/10.1126/sciadv.abe5905
https://doi.org/10.1038/s41594-023-01122-4
https://doi.org/10.1016/j.bpj.2021.11.015
https://doi.org/10.1093/nar/gkab1268
https://doi.org/10.1073/pnas.2401494121
https://doi.org/10.3390/polym10101126
https://doi.org/10.1093/nar/gkx741
https://doi.org/10.1103/PhysRevResearch.6.033160
https://doi.org/10.1073/pnas.1815394116
https://doi.org/10.15252/embj.2020105393
https://doi.org/10.1016/j.molcel.2017.06.018
https://doi.org/10.1126/science.abn6583
https://doi.org/10.1038/s41467-024-51454-y

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

transcription-coupled dna damage. Genome Biol 2020;21:2183.
https://doi.org/10.1186/s13059-020-02183-0

Bailey MLP, Surovtsev I, Williams JF ef al. Loops

and the activity of loop extrusion factors constrain chromatin
dynamics. Mol Biol Cell 2023;34:ar78.
https://doi.org/10.1091/mbc.E23-04-0119

Mach P, Kos PI, Zhan Y et al. Cohesin and ctcf control the
dynamics of chromosome folding. Nat Genet 2022;54:1907-18.
https://doi.org/10.1038/s41588-022-01232-7

lida S, Shimazoe MA, Minami K et al. Cohesin prevents local
mixing of condensed euchromatic domains in living human cells.
biorxiv, https://doi.org/10.1101/2025.08.27.672592, 27 August
2025, preprint: not peer reviewed.

Shaltiel IA, Datta S, Lecomte L et al. A hold-and-feed mechanism
drives directional dna loop extrusion by condensin. Science
2022;376:1087-94. https://doi.org/10.1126/science.abm4012
Vanderlinden W, Lipfert J, Demeulemeester J et al. Structure,
mechanics, and binding mode heterogeneity of LEDGF/p75-DNA
nucleoprotein complexes revealed by scanning force microscopy.
Nanoscale 2014;6:4611-9. https://doi.org/10.1039/C4NR00022F
Mason TG. Estimating the viscoelastic moduli of complex fluids
using the generalized Stokes-Einstein equation. Rbeol Acta
2000;39:371-8. https://doi.org/10.1007/s003970000094

Kremer K, Grest GS. Dynamics of entangled linear polymer melts:

A molecular-dynamics simulation. | Chem Phys 1990;92:5057-86.

https://doi.org/10.1063/1.458541

Plimpton S. Fast parallel algorithms for short-range molecular
dynamics. | Comp Phys 1995;117:1-19.
https://doi.org/10.1006/jcph.1995.1039

Orlandini E, Marenduzzo D, Michieletto D. Synergy of
topoisomerase and structural-maintenance-of-chromosomes

proteins creates a universal pathway to simplify genome topology.

Proc Natl Acad Sci USA 2019;116:8149-54.
https://doi.org/10.1073/pnas. 1815394116

Lawrimore J, Aicher JK, Hahn P ez al. Chromoshake: a
chromosome dynamics simulator reveals that chromatin loops
stiffen centromeric chromatin. Mol Biol Cell 2016;27:153-66.
https://doi.org/10.1091/mbc.E15-08-0575

Ramirez J, Sukumaran SK, Vorselaars B et al. Efficient on the fly
calculation of time correlation functions in computer
simulations. ] Chem Phys 2010;133:154103.
https://doi.org/10.1063/1.3491098

Kschonsak M, Merkel F, Bisht S et al. Structural basis for a
safety-belt mechanism that anchors condensin to chromosomes.
Cell 2017;171:588-600.
https://doi.org/10.1016/j.cell.2017.09.008

Goloborodko A, Imakaev MV, Marko JF et al. Compaction
and segregation of sister chromatids via active loop

extrusion. eLife 2016;5:e14864.
https://doi.org/10.7554/eLife. 14864

Banigan EJ, Mirny LA. Limits of chromosome compaction by
loop-extruding motors. Phys Rev X 2019;9:031007.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Condensin crosslinking DNA 9

Harnett J, Weir S, Michieletto D. Effects of monovalent and
divalent cations on the rheology of entangled dna. Soft Matter
2024;20:3980-6. https://doi.org/10.1039/D3SM00957B

Fosado YAG, Howard J, Weir S et al. Fluidification of
entanglements by a dna bending protein. Phys Rev Lett
2023;130:058203.
https://doi.org/10.1103/PhysRevLett.130.058203

Mason TG, Weitz DA. Optical measurements of
frequency-dependent linear viscoelastic moduli of complex fluids.
Phys Rev Lett 1995;74:1250-3.
https://doi.org/10.1103/PhysRevLett.74.1250

Lee WB, Kremer K. Entangled polymer melts: relation between
plateau modulus and stress autocorrelation function.
Macromolecules 2009;42:6270-6.
https://doi.org/10.1021/ma9008498

Martinez-Garcia B, Dyson S, Segura | et al. Condensin pinches a
short negatively supercoiled dna loop during each round of atp
usage. EMBO ] 2022;42:e111913.
https://doi.org/10.15252/embj.2022111913

Rybenkov VV, Cozzarelli NR, Vologodskii AV. Probability of dna
knotting and the effective diameter of the dna double helix. Proc
Natl Acad Sci USA 1993;90:5307-11.
https://doi.org/10.1073/pnas.90.11.5307

Brackley CA, Taylor S, Papantonis A et al. Nonspecific
bridging-induced attraction drives clustering of DNA-binding
proteins and genome organization. Proc Natl Acad Sci USA
2013;110:e3605. https://doi.org/10.1073/pnas. 1302950110
Nozaki T, Shinkai S, Ide S et al. Condensed but liquid-like domain
organization of active chromatin regions in living human cells. Sci
Adv 2023;9:adf1488. https://doi.org/10.1126/sciadv.adf1488
Tang M, Pobegalov G, Tanizawa H et al. Establishment of
dsdna-dsdna interactions by the condensin complex. Mol Cell
2023;83:3787-800. https://doi.org/10.1016/j.molcel.2023.09.019
Bonato A, Jang JW, Kim DG et al. Spontaneously directed loop
extrusion in SMC complexes emerges from broken detailed
balance and anisotropic DNA search. Nucleic Acids Res
2025;53:gkaf725. https://doi.org/10.1093/nar/gkaf725

Sapsford E, Michieletto D. Topologically-crosslinked hydrogels
based on y-cyclodextrins. Commun Chem 2025;8:99.
https://doi.org/10.1038/s42004-025-01469-3

Murayama Y, Samora CP, Kurokawa Y et al. Establishment of
DNA-DNA interactions by the cohesin ring. Cell
2018;172:465-77. https://doi.org/10.1016/j.cell.2017.12.021
Hibino K, Sakai Y, Tamura S et al. Single-nucleosome imaging
unveils that condensins and nucleosome-nucleosome interactions
differentially constrain chromatin to organize mitotic
chromosomes. Nat Commun 2024;15:7152.
https://doi.org/10.1038/s41467-024-51454-y

Sun M, Biggs R, Hornick ] et al. Condensin controls mitotic
chromosome stiffness and stability without forming a structurally
contiguous scaffold. Chromosome Res 2018;26:277-95.
https://doi.org/10.1007/s10577-018-9584-1

Received: September 8, 2025. Revised: December 19, 2025. Accepted: December 28,2025
© The Author(s) 2026. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https:/creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,
distribution, and reproduction in any medium, provided the original work is properly cited.

920z Aenuga4 ¢| uo 1sanb Aq /€1 9G518/v00e)6/S/1G/0101ue/1eu/woo dno-olwapese//:sdyy wolj papeojumoq


https://doi.org/10.1186/s13059-020-02183-0
https://doi.org/10.1091/mbc.E23-04-0119
https://doi.org/10.1038/s41588-022-01232-7
https://doi.org/10.1101/2025.08.27.672592
https://doi.org/10.1126/science.abm4012
https://doi.org/10.1039/C4NR00022F
https://doi.org/10.1007/s003970000094
https://doi.org/10.1063/1.458541
https://doi.org/10.1006/jcph.1995.1039
https://doi.org/10.1073/pnas.1815394116
https://doi.org/10.1091/mbc.E15-08-0575
https://doi.org/10.1063/1.3491098
https://doi.org/10.1016/j.cell.2017.09.008
https://doi.org/10.7554/eLife.14864
https://doi.org/10.1039/D3SM00957B
https://doi.org/10.1103/PhysRevLett.130.058203
https://doi.org/10.1103/PhysRevLett.74.1250
https://doi.org/10.1021/ma9008498
https://doi.org/10.15252/embj.2022111913
https://doi.org/10.1073/pnas.90.11.5307
https://doi.org/10.1073/pnas.1302950110
https://doi.org/10.1126/sciadv.adf1488
https://doi.org/10.1016/j.molcel.2023.09.019
https://doi.org/10.1093/nar/gkaf725
https://doi.org/10.1038/s42004-025-01469-3
https://doi.org/10.1016/j.cell.2017.12.021
https://doi.org/10.1038/s41467-024-51454-y
https://doi.org/10.1007/s10577-018-9584-1
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Results
	Discussion and conclusions
	Acknowledgements
	Supplementary data
	Conflict of interest
	Funding
	Data availability
	References

