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ABSTRACT

Genome-wide chromosome conformation capture
(Hi-C) has revealed the organization of chromatin into
topologically associating domains (TADs) and loops,
which are thought to help regulate genome func-
tions. TADs and loops are understood as the result
of DNA extrusion mediated by the cohesin complex.
However, despite recent efforts, direct visualization
and quantification of this process in single cells re-
mains an open challenge. Here, we use polymer sim-
ulations and dedicated analysis methods to explore
if, and under which conditions, DNA loop extrusion
can be detected and quantitatively characterized by
imaging pairs of fluorescently labeled loci located
near loop or TAD anchors in fixed or living cells. We
find that under realistic conditions, extrusion can be
detected and the frequency of loop formation can be
quantified from fixed cell images alone, while the life-
time of loops and the speed of extrusion can be es-
timated from dynamic live-cell data. Our delineation
of appropriate imaging conditions and the proposed
analytical methods lay the groundwork for a system-
atic quantitative characterization of loop extrusion in
fixed or living cells.

INTRODUCTION

Over the last decade, much progress has been made in un-
derstanding the three-dimensional organization of chro-
matin, thanks to powerful genomic techniques such as Hi-
C (1), which provides genome-wide maps of DNA-DNA
contact frequencies (2,3). A notable milestone was the dis-
covery of topologically associating domains (TADs) (4,5),
sub-megabase scale regions of enhanced chromatin contacts
that appear as blocks on the diagonal of Hi-C maps and
that are believed to help regulate gene expression by facili-

tating - or on the contrary impeding - enhancer-promoter
interactions (6-15). TADs are often associated with off-
diagonal peaks (or ‘corner dots’) in the Hi-C maps, reflect-
ing enriched contacts between the two distant loci that de-
fine the TAD boundaries (hereafter called ‘anchors’), and
which are interpreted as chromatin loops. TAD or loop an-
chors are typically binding sites for the insulator protein
CTCEF (1) (with convergent orientation of the CTCF mo-
tifs) and TADs with corner dots (also called loop domains)
depend on the ring-like cohesin complex, as they disappear
upon cohesin removal (16). The formation of TADs and
corner dots is now understood as the result of DNA loop
extrusion mediated by the cohesin complex (2,3,17-20). In
this process, the cohesin ring complex binds to DNA and
progressively pulls out a loop of chromatin, until the com-
plex unbinds or stops extruding at obstacles such as CTCF-
bound anchor loci. At this point, the loop is temporarily
stabilized until the cohesin complex or CTCF dissociate and
the anchors detach from each other (21,22). This extrusion
mechanism is supported by several lines of evidence, includ-
ing polymer modeling (19,20,23), Hi-C studies where co-
hesin (16), CTCF or other regulators of the cohesin com-
plex are experimentally depleted (18,24,25), as well as direct
visualization of cohesin-mediated DNA extrusion in vitro
(17,26). The dynamic nature of TADs and loops is further
supported by multiplexed DNA FISH studies, which under-
lined the high cell-to-cell heterogeneity in chromatin struc-
ture within TADs or loops (27-32), and by single-molecule
tracking of CTCF and the cohesin subunit RAD21, which
showed that these factors have residence times on chromatin
orders of magnitude shorter than the cell cycle (1-2 min for
CTCF and 22 min for RAD21) (33).

Despite these studies, visualizing and characterizing the
dynamic process of loop extrusion directly in single living
cells remains a largely unaddressed challenge (34), except
for two very recent reports (35,36). A seemingly straight-
forward experimental approach to visualize loop extru-
sion in living cells is to track two loop anchors with light
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microscopy, using distinct fluorescent reporters located at
or near each anchor, and to monitor the progressive de-
crease of the reporter-reporter distance that is expected to
result from extrusion (37). Fluorescent labeling of anchors
can be achieved using DNA FISH probes in fixed cells (28),
while arrays of repeats (38), dead Cas9 (39-41) or parS-
parB (42) can be used to label loci both in fixed and living
cells. In practice, however, direct visualization of extrusion
by tracking fluorescent loci is complicated by several biolog-
ical and experimental sources of uncertainty. These include:
(1) unavoidable errors in computing spatial coordinates and
distances between genomic loci from noisy imaging data,
(i1) photobleaching, which limits the number of time points
over which loci can be tracked with sufficient signal inten-
sity for accurate localization, (iii) the size of fluorescent la-
bels and the distance of fluorescent reporters to the an-
chors (hereafter called reporter-anchor separation), (iv) the
stochastic movements of chromatin, which can bring to-
gether genomically distant loci in space even in absence of
any active process such as loop extrusion, (v) the potential
rarity of extrusion events and by consequence the poten-
tially large number of cells that must be analyzed to accu-
rately characterize statistical parameters such as the average
lifetime of loops. Because of these complicating factors, it is
not a priori evident whether loop extrusion can be unam-
biguously visualized by imaging at all, and if it can, under
what experimental conditions, and whether key biophysical
parameters of loop extrusion can be quantified. Here, we
aim to clarify these requirements considering basic expecta-
tions from polymer dynamics, taking into account available
Hi-C data, and considering various technical limitations of
imaging techniques. We approach this by (i) simulating re-
alistic distributions and time series of anchor—anchor dis-
tances, (i) proposing analytical methods to characterize
loop extrusion from these data and (iii) quantitatively test-
ing these methods on the simulations. Our results will guide
future experimental work aiming to quantify loop extrusion
and its dynamics in fixed and living cells.

MATERIALS AND METHODS

Our study involves (i) numerical simulations of polymers
undergoing loop extrusion, (ii) analytical models of proba-
bility distributions of anchor—anchor vectors and distances,
(iii) analyses of simulated data, and (iv) analysis of experi-
mental data from Hi-C, ChIP-seq or imaging. The following
provides details on these four methodological parts.

Polymer simulations with loop extrusion

Langevin dynamics simulations. We used polymer simu-
lations to model the dynamics of a chromatin fiber seg-
ment subjected or not to loop extrusion. The simulated
polymer consisted of 600 beads, and polymer motions
were simulated with Langevin dynamics in fixed boundary
conditions using LAMMPS (43). Consecutive beads were
connected by a harmonic bond with a potential Eyong =
30(r — 1)*, where r is the distance between bead centers.
The polymer stiffness was modeled using a harmonic po-
tential Epending = Ko (0 — 90)2, where Kj is the stiffness
parameter (set to Ky = 0.1), 0 is the angle between three

consecutive beads and 6y = 180° is the equilibrium value
(corresponding to three aligned beads). We verified that
the contact frequencies did not strongly depend on the ex-
act value of Ky (see section ‘Simulated contact frequency
maps’ below). By default, the polymer was confined in a
sphere of radius 18 bead diameters using the energy poten-
tial Eyan = 4[(%)"? — (%)°]for R < R., where Ris the dis-
tance between the surface of the confining sphere and the
center of a bead, o is a size factor set to 0.5 bead diame-
ters and R. is the cutoff distance set to 0.5 bead diameters
(for R > R., Eyw, = 0). This confinement implied a volume
occupancy ratio of the polymer of p = 1.3%. While this is
much lower than estimates of chromatin volume occupancy
in vivo (~10-15%) (44-46), this discrepancy is not critical
given the consistency of our simulation predictions with Hi-
C and imaging data (see Results sections ‘Comparing poly-
mer simulations to Hi-C data’ and ‘Comparing polymer
simulations to imaging data’). We considered the polymer
to be equilibrated when its radius of gyration and end-to-
end distance were both stabilized, which was the case after
~7.5 million time steps (Supplementary Figure S1A, B). Af-
ter this, we recorded the positions of each bead every 1000
time steps until the end of the simulation (=12 million time
steps). Polymer coordinates were imported for further anal-
ysis in Python using MDAnalysis (47).

In order to convert simulation time and space dimensions
to physical units, we compared Mean Squared Displace-
ment (MSD) from simulations to experimental MSD curves
of chromatin loci tracked by live-cell microscopy (40,41,48).
This comparison led to the conversion of 1000 simulation
time steps to 0.3 s and of 1 bead diameter to 2ry = 50 nm.
Assuming a chromatin compaction of C = 60 bp/nm (49),
as previously estimated by comparing simulation predic-
tions to experimental data in yeast, this implies that 1 bead
corresponds to g = 2roC = 3 kb and the entire 600 bead
polymer to 1800 kb of chromatin.

Simulating loop extrusion. To model loop extrusion, we
forced the formation of a harmonic bond between non-
consecutive beads. We assumed that loop extrusion ini-
tially occurs bidirectionally (17,26), i.e. that if beads i and
j (i < j) are bonded at time ¢, then beads i —1and j +
1 are bonded at time ¢ + A¢ (while the bond between beads
i and j is deleted), where Ar is the time needed to ex-
trude two beads (Supplementary Figure S2A). The speed
of loop extrusion (in base pairs per seconds) is thus defined
as Jy = 2g/At. By default, our simulations assumed that
extrusion started at a random location between the beads
representing the anchors (extrusion barriers) and proceeded
bidirectionally at 7y = 1 kb/s (17,26) until reaching an an-
chor. Thereafter, loop extrusion proceeded unidirectionally,
at the halved speed 15/2 = 0.5 kb/s until reaching the sec-
ond anchor (18,50-52), whereupon extrusion stopped (Sup-
plementary Figure S2A). By default, we then maintained
the bond between the two anchor beads until the end of
the simulation. However, for simulations used in the Re-
sults sections ‘Quantifying closed loop lifetimes from live-
cell trajectories’ and ‘Quantifying the speed of loop extru-
sion from live-cell trajectories’, the time spent in the closed
state (i.e. when the anchors are maintained in contact by
a bond) was drawn from a truncated exponential distribu-
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tion. At the end of the closed state, the bond linking the two
anchors was deleted and the polymer was allowed to relax
without loops until the end of the simulation. We simulated
loops ranging from 150 kb to 990 kb in size, and defined the
positions of the anchor beads using the following bead in-
dexes: 150 kb loops: {275, 324}, 228 kb loops: {262, 337},
300 kb loops: {250, 349}, 450 kb loops: {225, 374}, 504 kb
loops: {216, 383}, 600 kb loops: {200, 399}, 702 kb loops:
{183, 416}, 798 kb loops: {167, 432}, 990 kb loops: {135,
464}.

For Supplementary Figure S11, and unlike elsewhere in
the paper, we performed simulations where extrusion always
started in the middle of the loop and proceeded bidirec-
tionally at constant speed, until both anchors were reached
simultaneously. This was done to ensure that extrusion
started and ended at the same time in all cases, which fa-
cilitated the comparison of simulations with the theoretical
linear model (see Eq. (3) and Supplementary Figure S10B,
green dashed line). For each value of these parameters, four
hundred synchronized time series were averaged together.
We simulated loops of 150 kb, 300 kb, and 600 kb extrud-
ing at speeds of 0.2, 1 and 5 kb/s, and loops of 990 kb ex-
truding at speeds of 1 and 5 kb/s. We also repeated these
simulations with much weaker confinement (using a sphere
of radius 150 rather than 18 bead diameters).

Analytical models

Anchor—anchor vector distributions. In the Results sec-
tion ‘Estimating the fraction of loop states from static
imaging data’, we used an analytical model to estimate
the fractions of loops in open vs extruding vs closed
states (these states correspond respectively to absence
of loops, loops whose size increases with time, and to
a stable loop with the two anchors in contact) based
on the measured coordinates of anchor-anchor vectors.
This model is based on the basic properties of an icleal
polymer chain, for which the anchor-anchor vector R =
(8x; 8y; §z) is a random variable that obeys the normal prob-

abilitydensity: P (R, a) = P (6x;0) P,(8y;0) P.(6z;0)
. -1 Sw? :
with: P,(Sw;0) = (v2mo)  exp(— 5,7) for each coordi-
nate w € {x, y, z} and where the variance o2 is proportional
to the number N, of Kuhn lengths b separating the anchors
and is given by o> = N,b?/3. This implies that : P(R;0) =
3
(2no?) 2 exp(— %) and the mean squared anchor—-anchor
distance (MSAAD) is given by: (R*) = N,b*, where the
brackets denote statistical averaging. In presence of a loop,
we assume that the parts of the polymer outside the loop be-
have as if the part within the loop was absent, thereby short-
ening the number of Kuhn lengths between the anchors.
Note that in the absence of bending stiffness (Ky = 0), the
Kuhn length coincides with the bead diameter (b = 2rg =
50 nm), which for an anchor-anchor separation of 150 kb,
corresponding to 150/g = 50 beads and 49 Kuhn lengths

. 2
would imply oopen = %

~ 202 nm. However, because
of the bending potential Epending assumed above, the vari-
ance measured on simulated data is slightly larger, namely
Oopen = 216 nm, implying a slightly larger Kuhn length of
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b =53.5nm. Also note that the finite bead radius of ry = 25
nm used in our simulations affects anchor-to-anchor vec-
tors in the closed state and at the end of the extruding phase,
since distances between anchors fluctuate around 2ry = 50
nm. To avoid this bias, which is not accounted for by the
above analytical model, we shortened the anchor—anchor
distances predicted by the simulations in the closed state by
50 nm, and between 0 and up to 50 nm for the last 60 time
points of the extruding state. After this correction, in the
closed state, measurement of the MSAAD led to a small
value of o¢josed &~ 7 nNM.

The number of Kuhn lengths N, between the two anchors
depends on the loop state. It is largest (N, = N,) when the
loop is open, equals zero when the loop is closed, and as-
sumes intermediate values during extrusion.

The above model for anchor—anchor vectors applies to
the open state with o2 = Nyb?/3 and to the closed state

open
: 2 2 .
with O losed < Gopen' Hence:

open 1 Sw?
P, (bw) = 5 exp (——262 )
(27)2 0open open

2
Pclosed S _ 1 (_‘SL)
W w) e om P\ 2000
In the extruding state, the number of Kuhn lengths con-
tinuously varies from Ny to 0. As a result, the probability

. trudi . . .
density Py ""¥(sw) is an integral over o> varying from
03 seq UP tO Oaen- If the speed of extrusion was constant,

then loops of all sizes (from N, = 0 to N, = Ny) would be
represented equally in the integral, such that:

2
Open

P]thruding((sw): / Pw((gl,U;S)dLsQ

2
Oclosed

Oclosed

A complication arises from the fact that the speed of ex-
trusion is halved once the extrusion complex reaches one of
the two anchors and extrusion switches from bidirectional
to unidirectional. As a consequence, extruding states with
unidirectional extrusion are twice more frequent than states
with bidirectional extrusion, leading to twice more frequent
cases where N, = 0 than where N, = N,. To take this into
account, we introduce a weighting factor D(o) in the inte-
gral, such that:

2
Oopen

Pue)xtruding (Sw) = D(s) P, (s w; S)dsz

0.2
closed

2
Oopen

1 D(s) sw?
_(27[)% /Texp(—2—sz)ds.

closed

Assuming that extrusion is initiated at uniformly random
locations between the two anchors, D(o) increases linearly
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Hh o2 2 .
with o~ between oy, and 030sed» SUCh that:
2 o2 2
D ((T) 20.open ~ Ollosed — O

_ngeﬂ + 2 closed 3Uclosed open

This equation can be derived by considering a linear func-
tion that equals 2 when o = o¢jose and 1 when o = ogpen and
whose integral between o, and o5, equals 1 (to ensure
that it is a probability density).

In practice, the coordinates of anchors (or nearby fluo-
rescent reporters) are not perfectly known, but are com-
puted from noisy images. Because of noise, these coordi-
nates are estimated with a finite precision, which is usually
different along the axial and lateral directions of the micro-
scope. To reflect this, we assumed that coordinates are per-
turbed by random, normally distributed anisotropic errors
(hereafter called localization errors), with standard devia-
tions o, along each axis w € {x, y, z}. This leads to the fol-
lowing modified equations for the probability densities of
anchor—anchor coordinate differences in each of the three
loop states:

Sw
B = ()
(27)3 \/7en 207 205pen+40

2
Pclosed Sw) = 1 ex (_ Sw )
v (Bw) (@m)3 \fo C,osed+2au P\ 207 0 (1)
ding 1 open D(y)
Pextru (Sw _ ex dS
‘ () = () zf St P\ 7w +4”

Oclosed

For a combination of the three states with fractions
Actoseds Aopen and Aextruding = 1 — Aclosed — Aopens the full
probability density of anchor-anchor coordinate differ-
ences reads:

Pw (511)) = Aclosed Puc)losed (811)) + Aopen Pu(zpen ((Sw)

+ Aextrudmg Pextrudlng (Sw) (2)

Mean anchor—anchor distance as function of time. In the
Results section ‘Quantifying the speed of loop extru-
sion from live-cell trajectories’, we analyzed time series of
anchor—anchor distances using an analytical model of the
MSAAD (R?)(t) as function of time. For a given time series,
we defined ¢+ = 0 as the time point when extrusion stops,
i.e. the start of the closed state. We further assumed, as
above, that the MSAAD obeys the properties of an ideal
polymer chain whose length (i.e. its number of monomers) is
diminished by the length of the loop. Accordingly, if extru-
sion proceeded at a constant speed Fj, then the number of
Kuhn lengths between the two anchors would decay linearly
with time as Ny(1) = No(¥/s0)(—1) for 1 € [, 0], where
N is the number of Kuhn lengths in the open state and sy
is the genomic distance between the anchors, in base pairs.

Under the assumptions above, and ignoring localization
errors, we have (R?)(t) = Ny(1)b*=Nj(t)/ No R;, where R} is
the MSAAD in the open state (before extrusion starts). Be-
cause of random localization errors, the measured MSAAD
is (R)(1) = Ny(1)/ No R; + R, where R, = 407  +207is
the contribution of random localization errors.

Thus, for a constant extrusion speed J;, the MSAAD
obeys the following linear law:

(R) (1) = R (Vo/so) (—1) + R, 3)

However, we assumed that loop extrusion switches from
bidirectional to unidirectional, and the speed of extrusion
changes from J; to ?, which leads to a non-linear depen-
dence of the MSAAD with time (Supplementary Figure
S10A). For any given set of time series with the same ex-
trusion initiation site, the MSAAD is bounded by Rg and

=R V“( K0 for times 1 < — 3¢, whereas it is bounded by

d2 and d2 R V“(O D for tlmes t>—
Figure SlOB)

We now denote as ((R?))(7) the ensemble average of the
MSAAD (EMSAAD) over many time series, still assum-
ing that # = 0 is the start of the closed state for all time se-
ries. The theoretical EMSAAD can be derived under the
assumption that extrusion is initiated with uniform ran-
dom probability between the two anchors. With this as-

sumption, for times t < —% the MSAAD equals Ré with

probability p;(¢) = —ﬂf;’ -3 L and equals d2 with proba-

bility l— pi(1) (Supplementary Figure S10C). Thus, for
t < =, we have: (R?))(1) = pi(t) Ry + (1 — pi(1))d;. For
times ¢ > —3" the MSAAD equals d2 with probability
pa(t) = —M and equals d2 with probability 1 — p,(z) (Sup-
plementary Flgure S10C), hence ((R2))(¢) = pa(t) d3 + (1 —
pz(t))dlz. This leads to a complete, parameter-free model for
the EMSAAD at all times:

3% (Supplementary

(R) (1) = *R5<3TV3’ (%"J+1)+;)+Rﬁm ifr < 1 @
) Rg%(%_l)Jﬂﬁc if1y<1<0
where #) = —so/ V5 . Note that for ¢ = 1), the EMSAAD

is: ((R)(t = ) = 3 RS + Ry,

Analysis of simulated data

Simulated contact frequency maps. To predict chromatin
contact frequency maps for comparison with Hi-C data,
we used ensembles of simulated polymer conformations as
follows. For simulations of 300 kb loops or larger, we gen-
erated 2500 independent simulations and randomly picked
80 polymer conformations per trajectory, yielding 200 000
single conformations in total. For 150 and 228 kb loops,
we randomly picked 50 conformations from 4000 indepen-
dent simulations, also resulting in 200 000 single conforma-
tions in total. Predicting a contact map from an ensemble
of polymer conformations requires to define a capture ra-
dius (i.e. a threshold for the spatial distance between bead
centers below which any pair of beads generates a contact
event). To determine this radius, we first computed contact
maps at 3 kb resolution for various radii, then calculated
the average contact frequency along each diagonal of the
contact map as function of genomic separation, P(s). We
compared simulated P(s) curves to the experimental Hi-C
counterpart over the range s € [5, 300] kb. We achieved the
best match for a capture radius of 3 beads (150 nm) (Sup-
plementary Figure S2B). This radius agrees with distance
thresholds used in previous studies to reproduce Hi-C maps
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from distances between pairs of loci measured by DNA
FISH (30,31). As mentioned above (section ‘Langevin dy-
namicssimulations’ above), we also verified that changes in
the stiffness parameter K, around its assumed default value
of 0.1 did not strongly affect simulated P(s) (Supplementary
Figure S2D). Contact frequency maps were normalized by
the total number of conformations.

Contact peak scores. In order to quantitatively compare
the strength of loops in simulated contact maps and Hi-
C data, we defined a peak score as the contact frequency
between the two anchors divided by a background contact
frequency (Figure 2B). For this purpose, the simulated con-
tact maps and the selected Hi-C contact maps (see section
‘Analysis of ChIP-Seq and Hi-C data’ below), with genomic
resolutions of 3 and 5 kb, respectively, were re-binned to a
common resolution of 15 kb and were normalized to a sum
of 1. The background frequency was defined as the average
contact frequency inside a 30 x 30 kb (i.e. 2 x 2 bin) win-
dow located at 30 kb from each anchor and inside the loop
domain (Figure 2B). Peak scores of simulated or experimen-
tal (Hi-C) contact frequency maps were compared using a
one-sample t-test.

Quantification of loop extrusion detectability. The abil-
ity to detect loop extrusion from anchor—anchor distances
measured in fluorescence microscopy images depends on
different parameters that include loop size, extrusion speed,
localization precision, reporter—anchor separation, frac-
tions of loop states (open, extruding and closed) and the
sample size. To assess the ability to detect loop extrusion for
a given set of parameters, we randomly picked N anchor—
anchor distances from 1000 independent simulation tra-
jectories, each containing 3400 time points, with or with-
out extrusion (Figure 3A). We compared cumulative dis-
tance distributions with and without extrusion (F(x) and
G(x), respectively) using one-sided Kolmogorov—Smirnov
tests (with the alternative hypothesis F(x)<G(x)). This test
was repeated on 5000 independent random samples of the
two distance distributions. We defined detectability of loop
extrusion as the percentage of Kolmogorov—Smirnov tests
revealing significant differences (P < 0.05 after Benjamini—
Hochberg correction) (53) (Figure 3B).

To mimic reporter—anchor separation (Figure 3C), we
measured the distances between beads that were shifted rel-
ative to the beads representing loop anchors. To mimic lo-
calization errors (Figure 3D), we shifted the (x, y, z) coor-
dinates of the tracked bead centers using random normally
distributed displacements (§x, 8y, §z) of mean 0 and stan-
dard deviations o, = 0, = 0, , and 0. = 20, ,, respectively,
where the factor 2 reflects the typical anisotropy due to the
axial elongation of widefield or confocal point spread func-
tions (54). To model different loop extrusion speeds (Fig-
ure 3H), we modified the time interval At after which new
bonds were created during loop extrusion (see section ‘Sim-
ulating loop extrusion’ above).

Fitting theoretical distance models. In the Results section
‘Estimating the fraction of loop states from static imag-
ing data’, we used the theoretical model from (Eq. 2)
above to estimate the three state fractions Acoseds Aopen
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and Aexiruding = 1 — Aclosed — Aopen from simulated anchor—
anchor vectors. We randomly picked N anchor-anchor
vectors from 4000 independent simulation trajectories,
each containing 3000 time points and fitted the ana}yti-
cal model to these data. Because the covariance of P(R) =
P(8x)P,(8y) P-(82) is zero, rather than fitting this 3D func-

tion to the anchor—anchor vectors R, we simultaneously fit-
ted the three 1D probability densities P(8x), P,(8y) and
P.(8z) (Eq. 2) to the three axial projections of anchor—
anchor vectors (§x,8y and 38z), respectively. We performed
these fits using a Python script that employs the curve_fit
function of the scipy package (55), with the three propor-
tions initialized to 1/3 each (Acosed = Aopen = Aextruding =

% ). Note that to perform this fit we assumed the values of

2 2 H : ¢ X
Oopen and o4 defined in section “Anchor-anchor vector

distributions’ above to be known (see Discussion).

Segmentation of time series into closed states. In the Re-
sults section ‘Quantifying closed loop lifetimes from live-
cell trajectories’, we analyzed time series of anchor-anchor
distances to estimate the duration of closed states. To do
this, we segmented these time series into intervals of (in-
ferred) closed states based on a spatial and a temporal
threshold (Supplementary Figure S§A). Our procedure to
detect closed states in simulated time series of anchor—
anchor distances as function of time is as follows. First, we
defined the spatial threshold as the 99.9% quantile of the
anchor—anchor distances in the closed state (assumed to be
known independently, see Discussion). The anchor-anchor
distance in the closed state fluctuates around the diameter of
1 bead (50 nm). This is similar to the ~40 nm diameter of the
cohesin ring (56,57), which may enclose the two anchors in
the closed state (17,26,58,59). Second, from time series ob-
tained in simulations without extrusion, we measured the
duration of time intervals during which the anchor-anchor
distance was always below the spatial threshold (ignoring
intervals reduced to a single time point). We then defined the
temporal threshold as the 99.9% quantile of these time in-
tervals. Within a time series, all time intervals with anchor—
anchor distances below the spatial threshold and with dura-
tions exceeding this temporal threshold were segmented as
closed state intervals. This resulted in binary time series with
values of 1 for inferred closed states and 0 otherwise (i.e. for
open or extruding states). In order to reduce the number of
false negatives in closed state detections due to brief fluctu-
ations of the distance above the spatial threshold, we then
applied a rolling average to this binary time series (with a
temporal window equal to the temporal threshold), and re-
labelled as closed states all timepoints with values above 0.5.

Estimation of the mean closed state lifetime. In the Results
section ‘Quantifying closed loop lifetimes from live-cell tra-
jectories’, we analyzed the segmented time series to esti-
mate the mean lifetime of closed states assuming an expo-
nential distribution of closed states (Figure 5C). This was
done by fitting a 2-parameter linear function to the loga-
rithm of the histogram of the durations of segmented closed
state intervals. In order to reduce the influence of spurious
closed states, we used a robust least-squares fit combined
with a ‘soft_L1” loss function from scipy (55), and the f_scale
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parameter set to 0.002. We assessed the quality of the fit
with 4000 bootstrapped samples of 1000 simulations each,
drawn from a total of 10 000 independent simulations (Sup-
plementary Figure S9A).

Estimation of extrusion speed. In the Results section
‘Quantifying the speed of loop extrusion from live-cell tra-
jectories’, we estimated the extrusion speed by fitting an an-
alytical function to ((R?))(), the ensemble average of the
MSAAD (EMSAAD) over many time series, where 1 = 0
is the start o