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Supplementary Note 

Loop extrusion image analysis  

Fluorescence images were cropped to regions of interest spanning single stretched DNA 

molecules. Cropped images were then further analysed in custom written python-based software as 

described46 which allows semi-automated processing and inspection of the data. Images were median-

filtered and kymographs were constructed along the long axis of the stretched DNA molecule.  

End-to-end length of DNA 

The ends of the DNA molecule were determined by a ‘peak peeling’ algorithm: a time span of 

the kymograph in which no loop extrusion occurs (usually before flushing in of cohesin) is selected 

and temporally averaged, which yields an intensity profile of DNA along its long axis. Gaussian peaks 

of width roughly equal to the full-width-half-maximum (FWHM) of the microscope’s point spread 

function (here 300 nm) were placed at the position of maximum intensity. The height of the Gaussian 

equals the maximum intensity of the profile. The Gaussian was then subtracted from the intensity 

profile. The same procedure was iteratively applied on the new profile until less than 10 % of the 

original area under the intensity profile remained. The location of the outermost peaks corresponded 

to the ends of the DNA and the difference between the peaks corresponded to the end-to-end length. 

Determination of DNA loop size and position of single molecules  

Peaks in each frame corresponding to DNA loops or single molecules (CTCF or dCas9, from here on 

referred to as CTCF) were detected in every frame, if present, using the scipy.find_peaks algorithm61. 

Detected spots were then connected using the trackpy package62 which allows for tracking of loop and 

single molecule positions over time. The intensity of the loop (𝐼!""#) is computed as the summation of 

7 pixels surrounding the peak position, corrected for the amount of DNA outside of the loop that falls 

within this window (a more detailed description of this procedure and the associated error is described 

in the DNA tension measurement error estimation section below). The size of the loop 𝐿!""# 

(Extended Data Fig. 10d) is computed by the fraction of intensity attributed to the loop, 𝐼!""#, in 

relation to the total intensity along the entire DNA molecule, 𝐼, and the DNA length, 𝐿 = 31.8	𝑘𝑏𝑝, 
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𝐿!""# =
𝐼!""#
𝐼

⋅ 𝐿. 

The position of the loop 𝑥!""# (in bp) is computed relative to one randomly chosen DNA end 

and thus depends on the integrated DNA intensity between the chosen end to the loop position (the 

lead DNA 𝐼!$%&; see Extended Data Fig. 10e), 

𝑥!""# =
𝐼!$%&
𝐼

⋅ 𝐿. 

The loop-CTCF distance is computed similarly by measuring the DNA intensity between loop 

and CTCF, 𝐼!""#'()(*. The integration of the DNA intensity between loop and CTCF position was 

corrected for half of the loop size since loops appear as Gaussian-shaped foci and overlap the DNA 

connecting loop and CTCF (more details are described in the DNA tension measurement error 

estimation section below). The loop-CTCF distance is 

𝑑!""#'()(* =
𝐼!""#'()(*

𝐼
⋅ 𝐿. 

 

 The binding position of CTCF was measured relative to the DNA’s end points. Given the 

lower (𝑥&"+,) and upper (𝑥-#) DNA end points, the tracked CTCF position in physical space, 𝑥()(*, 

is converted to its sequence position 𝐿()(* via 

𝐿()(* =
𝑥()(* − 𝑥&"+,
𝑥-# − 𝑥&"+,

⋅ 𝐿, 

where (𝑥-# − 𝑥&"+,) corresponds to the DNA end-to-end length 𝑅	. 

MSD calculation 

From the position of the CTCF over time, the MSD is computed over a moving window, 

whose length 𝑤 was roughly adjusted based on the time before and after encounter of the CTCF by 

cohesin (usually between 21 and 51 frames, corresponding to ~8 s to ~20 s) as 

MSD(𝑡) =
1
𝑤

6 |𝑥()(*(𝜏 + 1) − 𝑥()(*(𝜏)|.
/0+.

12/'+.

, 
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Force calculation 

The DNA tension within the loop is zero in the absence of buffer flow. In the fraction of DNA 

outside the loop, the tension depends on the end-to-end length of the DNA. The amount of DNA 

outside the loop, 𝐿,",!""# is computed by subtracting the loop size from the length of the DNA 

construct: 𝐿,",!""#  =  𝐿 − 𝐿!""#. Its contour length 𝐿,",!""#3   is computed as  

𝐿,",!""#3 =   𝛼𝐿,",!""# ⋅ 0.342 
nm
bp

, 

accounting for the distance between base pairs of 0.324 nm and 𝛼 is a correction factor thereof to 

account for the slightly different contour length of DNA molecules when bound by Sytox Orange 69. 

Values of 𝛼 were measured by generating force-extension curves of 10 kb DNA constructs using 

Magnetic Tweezers48 and fit to the worm-like chain (WLC) model which is also used to compute the 

DNA tension70 (see Supplementary Table 2). 

The relative extension, that is the extension of a DNA molecule relative to its contour length, of the 

DNA outside of the loop is computed as  

𝑟 =
𝑅

𝐿,",!""#3 , 

where 𝑅  =  𝑥-# − 𝑥&"+, is the end-to-end length of the tethered DNA molecule (Extended Data Fig. 

10d). The empirically determined and well-established force-extension relationship is used to directly 

convert the relative extension 𝑟	of a DNA molecule of length 𝐿,",!""# and contour length 𝐿,",!""#3  

tethered to an extension (end-to-end length) 𝑅70: 

𝐹 =
𝑘5𝑇
𝐿# 

B
1

4(1 − 𝑟).
  −

1
4
+6𝑎6

7

628

𝑟6D 

where 𝑘5𝑇 = 1.3806503 ⋅ 10'.9 ⋅ 310 𝐾 ⋅ 10'8: 𝑝𝑁 ⋅ 𝜇𝑚 , 𝐿# is the persistence length of DNA at 

the respective concentration of Sytox Orange (Supplementary Table 2), 𝑎8 = 1, 𝑎. =

−0.5164228, 𝑎9 = −2.737418, 𝑎; = 16.07497, 𝑎< = −38.87607, 𝑎= = 39.49944, 𝑎7 =
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−14.17718. For an error estimation of these DNA tension measurements, see the DNA tension 

measurement error estimation section below. 

Smoothing of loop size, loop-CTCF distance and MSD traces 

Traces of loop size and loop-CTCF distance were filtered by an edge-preserving Chung-

Kennedy filter71 with 𝑁 = 4, 8, 16,	and	32 sampling window lengths, weighting parameter 𝑀 = 10 

and sharpness parameter 𝑃 = 40 or a median filter with window size 21 frames. 

CTCF-loop co-localization analysis 

The duration of CTCF-loop co-localization was identified on smoothed (Chung-Kennedy-

filtered) time traces of loop-CTCF distances. Connected stretches at which the loop and CTCF 

colocalize (𝑑!""#'()(* = 0) were identified and components with a gap of only one frame were 

merged to avoid over-segmenting connected components due to noise in images and erroneous 

tracking of loop and CTCF positions. 

Determination of loop extrusion rates 

  Loop extrusion rates were determined as described10. Due to the short time between cohesin 

flush-in and encounter with CTCF it was not always possible to measure the loop extrusion rate 

before CTCF encounter. For this reason, we also compared the LE rate after encounter with CTCF 

with the LE rate measured in the absence of CTCF (Extended Data Fig. 10). 

Determination of loop shrinkage rate, time span and size of slipped loop 

Dissociation events were identified by the time point at which the loop-CTCF distance 

increased above 0 pixels. To avoid confounding effects of loop release with subsequent re-initiation of 

loop extrusion, the end point of the loop shrinkage period was marked manually at the time point at 

which the loop stops shrinking. The loop size before the slippage event was computed as an average 

over the loop size in the 5 frames (2 seconds) before the slippage event (over which the loop size 

remained constant). The loop size after the slipping event was based on the average of 1-5 frames, 

depending on if the loop immediately grew again after slipping (then only the last frame in which the 
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loop still decreases in size can be used) or retained its size (then the loop size was averaged over up to 

5 frames). The difference between the loop size before and after slipping corresponds to the fraction 

of the loop which was lost upon dissociation. The loop shrinkage rate was determined by a linear fit of 

the loop size between the dissociation time point between loop and cohesin and the time point at 

which the looped size stopped decreasing. 

Fitting of CTCF-loop co-localization time distributions 

Distributions of CTCF-loop co-localization times for N- and C-terminal encounters were fit to 

mono-, bi-exponential and lognormal distributions by a Maximum Likelihood Estimation routine 

using scipy.optimize.minimize61. The log-likelihood log	(𝐿) and the number of model parameters 𝑘, as 

well as the number of data points 𝑛 was used to compute the Bayesian information criterion (BIC) for 

each of the models and distributions as displayed in Extended Data Fig. 8e: BIC	 = 	𝑘 ⋅ 𝑙𝑜𝑔(𝑛) 	− 	2𝐿.  

Measuring the stalling force of cohesin 

The stalling force of cohesin was measured on DNA molecules without binding protein (i.e. 

without CTCF, dCas9 or EcoRI) which were stretched to > 50% of its contour length (contour length 

~11.6 µm for a DNA length of 31.8 kb in imaging buffer containing 100 nM Sytox Orange). On such 

stretched molecules, the stalling force is reached before the cohesin reaches one end of the DNA, thus 

eliminating confounding effects from the DNA ends. For kymographs with multiple extrusion, 

slipping and direction change events (as e.g. in Extended Data Fig. 4a, b), the highest force value (as 

long as it did not approach one of the DNA ends) during the acquisition time was considered as the 

stalling force. Note that, in contrast to the stalling forces measured using the fluorescence single-

molecule assay, cohesin-mediated loop extrusion steps measured using Magnetic Tweezers (see 

below) were still detectable at forces up to 1 pN. At this high force only a single or a few steps were 

observed per loop extrusion event. Since this would result in loop sizes ≤ 1 kb, they would thus not be 

visible in the fluorescence assay. Additionally, cohesin molecules may stochastically halt loop 

extrusion even on DNA with low end-to-end distance and thus at very low tension (see e.g. Extended 

Data Fig. 4a, timepoint 62 s). Thus, a mixture of cohesin molecules were measured, some of which 
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stopped extruding due to reaching the stalling force and some stopped for other reasons. Therefore, 

the stalling force shown in Extended Data Fig. 5b is thus a conservative estimate of the stalling force, 

but is comparable to encounters with CTCF and dCas9 since these data points were acquired under 

identical conditions.  

Computation of the combinatorial probability of CTCF-CTCF loops 

The probability to observe CTCF-CTCF loops with the two respective CTCF sites in a 

convergent (><), tandem (>> and <<), or divergent (<>) manner, as reported previously from Hi-C 

data3,63-65, was obtained from the loop extrusion stalling probability upon encounter with CTCF on its 

N-terminal (𝑃>) and C-terminal (𝑃() side in the force range 0.04-0.08 pN, as shown in Fig. 2e: 

𝑃(><) = 𝑃>𝑃>/𝐴	

𝑃(≫	∨	≪) = 𝑃>𝑃(/𝐴	

𝑃(<>) = 𝑃(𝑃(/𝐴, 

where 𝐴 is a normalization constant, i.e. 𝐴 = 𝑃(><) + 𝑃(≫	∨	≪) + 𝑃(<>). 

DNA tension measurement error estimation 

The error 𝜎* of the DNA tension F was computed via error propagation: 

𝜎*. =	^
𝜕𝐹
𝜕𝐿#

𝜎?!`
.

+ a
𝜕𝐹
𝜕𝑇

𝜎)b
.

+ a
𝜕𝐹
𝜕𝑟
𝜎@b

.

	

= ^−𝐹
𝜎?!
𝐿#
`
.

+ c𝐹
𝜎)
𝑇
d
.
+ B

𝑘5𝑇
𝐿#

B
1

2(1 − 𝑟)9
+6𝑖𝑎6

7

628

𝑟6'8D𝜎@D

.

	 

where A*
AB"

 denote partial derivatives of F with respect to the variables 𝑥6. Here, the variables 𝑥6 represent 

the temperature T, persistence length 𝐿# and the relative extension 𝑟. 

We estimate the contribution on the temperature T, persistence length 𝐿# and the relative extension 𝑟 

separately. Here, we perform a ‘worst case’ analysis on the resulting error, i.e. we conservatively 

estimate the uncertainties on the contributing parameters and establish a reasonable upper bound on the 

resulting error. 
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Persistence length: Fitting of average force extension curves ± one standard deviation yields a 

persistence length of 𝐿# = 37.1	𝑛𝑚 and 𝜎?! = 2.1	𝑛𝑚.  

Temperature: The experiments were temperature controlled and we assume a deviation of the set 

temperature within 1 K, i.e. 𝜎) = 1	𝐾. 

Relative extension: The relative extension is the fraction of the DNA end-to-end length 𝑅 and the 

contour length of the DNA outside the loop 𝐿,",!""#3   

𝑟 =
𝑅

𝐿,",!""#3 , 

where 𝐿,",!""#3 = 𝛼 ⋅ 0.342 ,C
D#
⋅ 𝐿,",!""#. Its error is computed as  

𝜎@. = ^
𝜎E

𝐿,",!""#3 `
.

+ g
𝜎?#$#%$$!& 𝑅

h𝐿,",!""#3 i
.j

.

, 

where 𝜎?#$#%$$!& = 𝛼 ⋅ 0.342 ,C
D#
𝜎?,",!""#. 

The uncertainty in end-to-end length 𝜎E is estimated to be in the order of the PSF width due to 

convolution of the DNA ends with the PSF. The width of the microscope PSF was determined to be 

𝜎FG* = 180 ± 13	𝑛𝑚 (Extended Data Fig. 10g-h) on single emitters. Due to a potential contribution of 

DNA intensity beyond the tether points due to the flexibility of DNA (Extended Data Fig. 10f; this 

contribution diminishes after averaging the DNA profile over multiple frames), we conservatively set 

𝜎E = 250	𝑛𝑚. 

 

The amount of non-extruded DNA is computed from the total DNA length (𝐿 = 31.8	𝑘𝑏) and the 

intensity of the extruded loop 𝐼!""# with respect to the total DNA intensity 𝐼, i.e. 𝐿,",!""# =

𝐿 c1 − H%$$!
H
d. The uncertainty of the DNA amount outside the loop is thus 

𝜎?#$#%$$!
. = a𝐿

𝜎H%$$!
𝐼 b

.
+ a−𝐿

𝐼!""#𝜎H
𝐼. b

.

. 
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The total DNA intensity 𝐼 is constant throughout the experiment due to exchanging Sytox Orange 

molecules, making DNA photobleaching for the duration of the experiment negligible. Furthermore, 

several thousand images are acquired, effectively diminishing the uncertainty of the total DNA intensity 

𝐼. We thus set 𝜎H ≈ 0. The uncertainty of the loop intensity can be estimated as follows: 

An illustration of the DNA intensity profile along its long axis is shown in Extended Data Fig. 10f. The 

extruded loop appears as protrusion on top of the DNA intensity stemming from the non-extruded 

fraction of the DNA construct. To quantify the loop intensity 𝐼!""#, we first find the position at the 

maximum intensity, 𝑥!""#. We then integrate the intensity profile within a 7-pixel window (𝑤 = 7) 

around 𝑥!""#. However, not only DNA within the loop, but also non-extruded DNA contributes to this 

integral since DNA in the loop and outside cannot be spatially distinguished. We thus correct the 

integral by measuring the average DNA intensity per pixel 〈AH
AB
〉 at least two pixels (≈ 200	𝑛𝑚) away 

from the loop and the DNA ends, i.e. without extruded loop. The loop intensity 𝐼!""# is thus computed 

as 

𝐼!""# = n 𝐼(𝑥)
B%$$!0+/.

B%$$!'+/.
𝑑𝑥 − 𝑤 〈

𝜕𝐼
𝜕𝑥
〉	. 

The first term describes the integration over a window of size 𝑤 around the peak maximum position 

𝑥!""# and the second term describes the correction due to the contribution of the DNA intensity from 

the non-extruded DNA to the integral. The peak is roughly Gaussian-shaped due to the convolution of 

the loop intensity with the point spread function (PSF) of the microscope. The integral over the peak 

can be solved explicitly in this case: 

𝐼!""# =
𝐴

√2𝜋𝜎
n 𝑒'

JB'B%$$!K
'

.L'
B%$$!0

+
.

B%$$!'
+
.

𝑑𝑥		

=
𝐴
2 a
erf a

𝑤
2√2𝜎

b − erf a
−𝑤
2√2𝜎

bb 
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𝐴 is a normalization constant, erf() is the Error function, and 𝜎 is the width of the peak corresponding 

to the extruded loop. An integral over the entire Gaussian (from −∞ to ∞ instead of 𝑥!""# −
+
.

 to 

𝑥!""# +
+
.

) yields 𝐴. The error by truncating the integral outside the range [𝑥!""# −
+
.
, 𝑥!""# +

+
.
] is thus 

𝜎H%$$! = 𝐼!""# B1 −
1
2a
erf a

𝑤
2√2𝜎

b − erf a
−𝑤
2√2𝜎

bbD 

𝜎H%$$! is monotonic and increases for larger values of 𝜎. To estimate the width of the Gaussian, we 

consider a loop of size 10 kb, i.e. 𝐿!""# = 10	𝑘𝑏, which is close to the maximum loop size in our 

experiments on the DNA template of 𝐿 = 31.8	𝑘𝑏 (94% of loop sizes are below 10 kb), yielding the 

maximum encountered value for the loop peak width 𝜎. The intensity from this signal is convolved with 

the microscope PSF. An upper bound of the physical dimensions of the unconstrained loop (there is no 

tension acting on DNA in the loop) can be estimated by the radius of gyration of a circular DNA 

molecule 𝑅M = x>D
'

8.
. The quantity 𝑏 = 2𝐿# is the Kuhn length and the chain is made of 𝑁 =

?%$$!⋅O.9;.
#(
)!

D
≈ 49 segments, yielding 𝑅M ≈ 140	𝑛𝑚. For simplicity, we assume that both the PSF and 

the DNA distribution of the loop are Gaussian-shaped. The convolution of the loop with the PSF is then 

described by a Gaussian with width 𝜎 = x𝑅M. + 𝜎FG*. ≈ 230	𝑛𝑚, with 𝜎FG* = 180 ± 13	𝑛𝑚 

(Extended Data Fig. 10g-h). For a loop size 𝐿!""# = 10	𝑘𝑏, the relative error of the loop intensity is 

thus 𝜎H%$$! ≈ 15% and 𝜎H%$$! ≈ 9% for a loop size of 3 kb. 
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We can express the error of the length of the non-extruded DNA irrespective of the absolute intensity 

value since intensity and DNA content scale linearly under the assumption of a constant density of 

Sytox Orange dye molecules along the DNA. 

𝜎?#$#%$$! = 𝐿
𝜎H%$$!
𝐼

 

= L
𝐼!""#
𝐼

B1 −
1
2 a
erf a

𝑤
2√2𝜎

b − erf a
−𝑤
2√2𝜎

bbD	

= 𝐿!""# B1 −
1
2a
erf a

𝑤
2√2𝜎

b − erf a
−𝑤
2√2𝜎

bbD 

We can thus evaluate the uncertainty of the relative extension, 𝜎@ by using the determined values for 

𝜎E and 𝜎?#$#%$$!
3 = 𝛼 ⋅ 0.342 ,C

D#
⋅ σQ*+*,++-. 

Illustratively, the absolute and relative error is evaluated for fixed end-to-end length 𝑅 and fixed loop 

size 𝐿!""# in Extended Data Fig. 10i-j. For relevant end-to-end length values and loop sizes, the relative 

error of the DNA tension measurement is < 17%. 
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Supplementary Table 1. Cloning scheme: Plasmid (number and name), Cloning reaction, templates used and primers
#64 pBlueScript-GoldenGate
KLD cloning Primers Sequence Template
PCR (Q5 NEB E0555L) JT290 CGACAAGGTCTCGTCCACTAGTTCTAGAGCGG #61 pBlueScript-noBsaI

JT291 CGACAAGGTCTCGTCGTATATCGATACCGTCGACCT
KLD reaction NEB M0554S

#61 pBlueScript-noBsaIsite
KLD cloning
PCR (Q5 NEB E0555L) JT288 GGACCCACGCTCACCGGCTC #18 pBlueScriptII SK+ (stratagene)

JT289 CGCGGTATCATTGCAGCACTG
KLD reaction NEB M0554S

#66 pGGA-JT292JT293
Blunt ligation Primers Sequence Template
PCR (Q5 NEB E0555L) JT292 CGACAAGGTCTCGACGAAATGCGCGTATGGGGATGG Lambda NEB N3011S

JT293 CGACAAGGTCTCGGGCTCCGTGGGCCAGGTGGT
PCR (Q5 NEB E0555L) JT403 CCTGTAGTCTTCTTAATTAAGACGTCAG pGGAselect NEB N0309AAVIAL

JT401 GTACCAAGTCTTCGAATTCGGATC
Blunt ligation Enzymes used: T4 PNK (NEB M0201), DPNI (NEB R0176), T4 DNA Ligase (NEB M0202)

#67 pGGA-JT294JT295
Blunt ligation Primers Sequence Template
PCR (Q5 NEB E0555L) JT294 CGACAAGGTCTCCAGCCGCGACTTACCATGTAT

JT295 CGACAAGGTCTCCATACCGCGATGGTTGGAGTTCCA Template GeneBlock34 (IDT):

PCR (Q5 NEB E0555L) JT403 CCTGTAGTCTTCTTAATTAAGACGTCAG pGGAselect NEB N0309AAVIAL
JT401 GTACCAAGTCTTCGAATTCGGATC

Blunt ligation Enzymes used: T4 PNK (NEB M0201), DPNI (NEB R0176), T4 DNA Ligase (NEB M0202)

#69 pGGA-JT310JT314JT311JT315
Gibson Assembly Primers Sequence Template
PCR (Q5 NEB E0555L) JT310 TCGAGGGATCCGAATTCGAAGACTTGGTACCGACAAGGTCTCCGTATATGAAAGAGACGACCACTGCCAGLambda NEB N3011S

JT314 GCTAACCAATTCCTAGGCAGGTCATTG
PCR (Q5 NEB E0555L) JT315 CACTGTTGCCAATGACCTGCCTAG Lambda NEB N3011S

JT311 TTCTGACGTCTTAATTAAGAAGACTACAGGCGACAAGGTCTCCCTGACGCTGGCATTCGCATC
PCR (Q5 NEB E0555L) JT403 CCTGTAGTCTTCTTAATTAAGACGTCAG pGGAselect NEB N0309AAVIAL

JT401 GTACCAAGTCTTCGAATTCGGATC
Gibson Assembly NEB E5520 (NEB HiFi mix)

#118 pGGA-JT298JT299 noCTCF
KLD cloning Primers Sequence Template
PCR (Q5 NEB E0555L) NH3 TGTGCTCAACAGACGTTTACTGTTC #65 pGGA-JT298JT299

NH4 TCCTGTAATAAGCAGGGCCAG
KLD reaction NEB M0554S

#65 pGGA-JT298JT299
Blunt ligation Primers Sequence Template
PCR (Q5 NEB E0555L) JT298 CGACAAGGTCTCGTCAGACGCGCCGGACGCTACCAGC

JT299 CGACAAGGTCTCGACTTCAAATCTTTCTGTATGAAGATTTGAGCACGTTGGCC Template GeneBlock35 (IDT):

PCR (Q5 NEB E0555L) JT403 CCTGTAGTCTTCTTAATTAAGACGTCAG pGGAselect NEB N0309AAVIAL
JT401 GTACCAAGTCTTCGAATTCGGATC

Blunt ligation Enzymes used: T4 PNK (NEB M0201), DPNI (NEB R0176), T4 DNA Ligase (NEB M0202)

#71 pGGA-JT312JT316JT313JT317
Gibson Assembly Primers Sequence Template
PCR (Q5 NEB E0555L) JT312 TCGAGGGATCCGAATTCGAAGACTTGGTACCGACAAGGTCTCGAAGTAAGAGACCTGGGCAGACAGGACTGLambda NEB N3011S

JT316 TTCACATAAAACATTTTGCATCAGCGAC
PCR (Q5 NEB E0555L) JT313 TTCTGACGTCTTAATTAAGAAGACTACAGGCGACAAGGTCTCGTGGATCCGGGAGTGATTTCCGTCTLambda NEB N3011S

JT317 GTGGTCAGGTTGTGGTGATTGGTC
PCR (Q5 NEB E0555L) JT403 CCTGTAGTCTTCTTAATTAAGACGTCAG pGGAselect NEB N0309AAVIAL

JT401 GTACCAAGTCTTCGAATTCGGATC
Gibson Assembly NEB E5520 (NEB HiFi mix)

GCGCCGGACGCTACCAGCTTCTTTCCCGTTGGTGGGATGCCTACCGCAAGCAGCTTGGCCTGAAAGACTTCTCTCCGAAAAGTCAGGACGCTGTGGCATTGCAGCAGATTAAGGAGCGTGGCGCTTTACCTATGATTGATCGTG
GTGATATCCGTCAGGCAATCGACCGTTGCAGCAATATCTGGGCTTCACTGCCGGGCGCTGGTTATGGTCAGTTCGAGCATAAGGCTGACAGCCTGATTGCAAAATTCAAAGAAGCGGGCGGAACGGTCAGAGAGATTGATGT
ATGAGCAGAGTCACCGCGATTATCTCCGCTCTGGTTATCTGCATCATCGTCTGCCTGTCATGGGCTGTTAATCATTACCGTGATAACGCCATTACCTACAAAGCCCAGCGCGACAAAAATGCCAGAGAACTGAAGCTGGCGAA
CGCGGCAATTACTGACATGCAGATGCGTCAGCGTGATGTTGCTGCGCTCGATGCAAAATACACGAAGGAGTTAGCTGATGCTAAAGCTGAAAATGATGCTCTGCGTGATGATGTTGCCGCTGGTCGTCGTCGGTTGCACATCA
AAGCAGTCTGTCAGTCAGTGCGTGAAGCCACCACCGCCTCCGGCGTGGATAATGCAGCCTCCCCCCGACTGGCAGACACCGCTGAACGGGATTATTTCACCCTCAGAGAGAGGCTGATCACTATGCAAAAACAACTGGAAG
GAACCCAGAAGTATATTAATGAGCAGTGCAGATAGAGTTGCCCATATCGATGGGCAACTCATGCAATTATTGTGAGCAATACACACGCGCTTCCAGCGGAGTATAAATGCCTAAAGTAATAAAACCGAGCAATCCATTTACG
AATGTTTGCTGGGTTTCTGTTTTAACAACATTTTCTGCGCCGCCACAAATTTTGGCTGCATCGACAGTTTTCTTCTGCCCAATTCCAGAAACGAAGAAATGATGGGTGATGGTTTCCTTTGGTGCTACTGCTGCCGGTTTGTTTTGAA
CAGTAAACGTCTGTTGAGCACATAGCGCCCCCTGGTGGCCATCCTGTAATAAGCAGGGCCAGCGCAGTAGCGAGTAGCATTTTTTTCATGGTGTTATTCCCGATGCTTTTTGAAGTTCGCAGAATCGTATGTGTAGAAAATTAAA
CAAACCCTAAACAATGAGTTGAAATTTCATATTGTTAATATTTATTAATGTATGTCAGGTGCGATGAATCGTCATTGTATTCCCGGATTAACTATGTCCACAGCCCTGACGGGGAACTTCTCTGCGGGAGTGTCCGGGAATAATT
AAAACGATGCACACAGGGTTTAGCGCGTACACGTATTGCATTATGCCAACGCCCCGGTGCTGACACGGAAGAAACCGGACGTTATGATTTAGCGTGGAAAGATTTGTGTAGTGTTCTGAATGCTCTCAGTAAATAGTAATGA
ATTATCAAAGGTATAGTAATATCTTTTATGTTCATGGATATTTGTAACCCATCGGAAAACTCCTGCTTTAGCAAGATTTTCCCTGTATTGCTGAAATGTGATTTCTCTTGATTTCAACCTATCATAGGACGTTTCTATAAGATGCGTG
TTTCTTGAGAATTTAACATTTACAACCTTTTTAAGTCCTTTTATTAACACGGTGTTATCGTTTTCTAACACGATGTGAATATTATCTGTGGCTAGATAGTAAATATAATGTGAGACGTTGTGACGTTTTAGTTCAGAATAAAACAATT
CACAGTCTAAATCTTTTCGCACTTGATCGAATATTTCTTTAAAAATGGCAACCTGAGCCATTGGTAAAACCTTCCATGTGATACGAGGGCGCGTAGTTTGCATTATCGTTTTTATCGTTTCAATCTGGTCTGACCTCCTTGTGTTTTGT
TGATGATTTATGTCAAATATTAGGAATGTTTTCACTTAATAGTATTGGTTGCGTAACAAAGTGCGGTCCTGCTGGCATTCTGGAGGGAAATACAACCGACAGATGTATGTAAGGCCAACGTGCTCAAATCTTCATACAGAAAGA

CCGCGACTTACCATGTATCTCGTGCGGAACGCTCACGTCTGCTCAGTGGGATGCCGGACATTACCGGACAACTGCTGCGGCACCTCAACTCCGATTTAATGAACGCAATATTCACAAGCAATGCGTGGTGTGCAACCAGCACA
AAAGCGGAAATCTCGTTCCGTATCGCGTCGAACTGATTAGCCGCATCGGGCAGGAAGCAGTAGACGAAATCGAATCAAACCATAACCGCCATCGCTGGACTATCGAAGAGTGCAAGGCGATCAAGGCAGAGTACCAACAG
AAACTCAAAGACCTGCGAAATAGCAGAAGTGAGGCCGCATGACGTTCTCAGTAAAAACCATTCCAGACATGCTCGTTGAAGCATACGGAAATCAGACAGAAGTAGCACGCAGACTGAAATGTAGTCGCGGTACGGTCAGA
AAATACGTTGATGATAAAGACGGGAAAATGCACGCCATCGTCAACGACGTTCTCATGGTTCATCGCGGATGGAGTGAAAGAGATGCGCTATTACGAAAAAATTGATGGCAGCAAATACCGAAATATTTGGGTAGTTGGCGA
TCTGCACGGATGCTACACGAACCTGATGAACAAACTGGATACGATTGGATTCGACAACAAAAAAGACCTGCTTATCTCGGTGGGCGATTTGGTTGATCGTGGTGCAGAGAACGTTGAATGCCTGGAATTAATCACATTCCCCT
GGTTCAGAGCTGTACGTGGAAACCATGAGCAAATGATGATTGATGGCTTATCAGAGCGTGGAAACGTTAATCACTGGCTGCTTAATGGCGGTGGCTGGTTCTTTAATCTCGATTACGACAAAGAAATTCTGGCTAAAGCTCTTG
CCCATAAAGCAGATGAACTTCCGTTAATCATCGAACTGGTGAGCAAAGATAAAAAATATGTTATCTGCCACGCCGATTATCCCTTTGACGTATACGAGTTTGGAAAGCCAGTTGATCATCAGCAGGTAATCTGGAACCGCGAA
CGAATCAGCAACTCACAAAACGGGATCGTGTGGCCACCAGGGGGCGCTAAAAGAAATCAAAGGCGCGGACACGTTCATCTTTGGTCATACGCCAGCAGTGAAACCACTCAAGTTTGCCAACCAAATGTATATCGATACCGG
CGCAGTGTTCTGCGGAAACCTAACATTGATTCAGGTACAGGGAGAAGGCGCATGAGACTCGAAAGCGTAGCTAAATTTCATTCGCCAAAAAGCCCGATGATGAGCGACTCACCACGGGCCACGGCTTCTGACTCTCTTTCCG
GTACTGATGTGATGGCTGCTATGGGGATGGCGCAATCACAAGCCGGATTCGGTATGGCTGCATTCTGCGGTAAGCACGAACTCAGCCAGAACGACAAACAAAAGGCTATCAACTATCTGATGCAATTTGCACACAAGGTATC
GGGGAAATACCGTGGTGTGGCAAAGCTTGAAGGAAATACTAAGGCAAAGGTACTGCAAGTGCTCGCAACATTCGCTTATGCGGATTATTGCCGTAGTGCCGCGACGCCGGGGGCAAGATGCAGAGATTGCCATGGTACAG
GCCGTGCGGTTGATATTGCCAAAACAGAGCTGTGGGGGAGAGTTGTCGAGAAAGAGTGCGGAAGATGCAAAGGCGTCGGCTATTCAAGGATGCCAGCAAGCGCAGCATATCGCGCTGTGACGATGCTAATCCCAAACCTT
ACCCAACCCACCTGGTCACGCACTGTTAAGCCGCTGTATGACGCTCTGGTGGTGCAATGCCACAAAGAAGAGTCAATCGCAGACAACATTTTGAATGCGGTCACACGTTAGCAGCATGATTGCCACGGATGGCAACATATTA
ACGGCATGATATTGACTTATTGAATAAAATTGGGTAAATTTGACTCAACGATGGGTTAATTCGCTCGTTGTGGTAGTGAGATGAAAAGAGGCGGCGCTTACTACCGATTCCGCCTAGTTGGTCACTTCGACGTATCGTCTGGAA



#124 pGGA-CTCFdiv
KLD cloning Primers Sequence Template
PCR (Q5 NEB E0555L) JT444 TAGCGCCCCCTGGTGGCCAAAAGAAATCAAAGGCGCGGAC #67 pGGA-JT294JT295

NH2 CACGATCCCGTTTTGTGAGTTG
KLD reaction NEB M0554S

#121 pBS-30-1xCTCF
Backbone #64 pBlueScript-GoldenGate
Insert #66 pGGA-JT292JT293
Insert #67 pGGA-JT294JT295
Insert #69 pGGA-JT310JT314JT311JT315
Insert #118 pGGA-JT298JT299 noCTCF
Insert #71 pGGA-JT312JT316JT313JT317
Golden Gate reaction NEB E1601

#128 pBS-30-1xCTCFdiv
Backbone #64 pBlueScript-GoldenGate
Insert #66 pGGA-JT292JT293
Insert #124 pGGA-CTCFdiv
Insert #69 pGGA-JT310JT314JT311JT315
Insert #118 pGGA-JT298JT299 noCTCF
Insert #71 pGGA-JT312JT316JT313JT317
Golden Gate reaction NEB E1601



Supplementary Table 2: Correction factor 𝛼 and persistence length 𝐿! for varying concentrations of 

Sytox Orange (SxO) and Sytox Green (SxG). 

SxO/SxG 

concentration [nM] 

Correction factor 

𝜶 

Persistence length 𝑳𝒑 

[nm] 

0 1 46.1 

10 1.0258 41.9 

50 1.0523 36 

100 1.0649 35.1 

200 1.0948 37.1 

500 1.3829 37.2 
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Extended Data Figure 1h. Box denotes area included in the manuscript

Extended Data Figure 3a. Boxes denote areas included in the manuscript

Extended Data Figure 3f. Box denotes area included in the manuscript

Extended Data Figure 1i. Box denotes area included in the manuscript
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Supplementary Figure 1. Raw gel images.
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Supplementary Figure 2. FACS gating strategy for selection of cells expressing CTCF-Halo-Flag. HeLa Kyoto 
parental cells (left panel) or HeLa Kyoto cells transfected with donor and Cas9 nickase plasmids and incubated with 
Halotag TMR ligand (right panel) were sorted for PE-A (TMR) and GFP-A (autofluorescence). CTCF-Halo-Flag cells 
inside the gate were selected. The percentage of cells selected is denoted in the graph.
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