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Two CTCF motifs impede cohesin-mediated DNA

loop extrusion
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In brief

Cohesin extrudes DNA into loops until
stalled by CTCF, but how CTCF achieves
this is unclear. Barth et al. identified two
CTCF motifs, YDF and KTYQR, which
distinctly hinder DNA loop extrusion: YDF
converts bidirectional cohesin into a
unidirectional extruder, while KTYQR
blocks extrusion, revealing how CTCF
positions cohesin genome wide.
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SUMMARY

Human cohesin extrudes DNA into loops and is positioned along the genome by stalling at the
human CCCTC-binding factor (CTCF) upon encountering its N-terminal region (NTR). The mechanism
underlying this stalling, however, is unresolved. Using single-molecule assays that monitor DNA loop
extrusion (LE) in the presence of NTR fragments, we identify two amino acid motifs, YDF and KTYQR,
which hinder LE. KTYQR is found to completely block LE activity, while YDF hinders cohesin from
completing LE step cycles and converts cohesin into a unidirectional extruder by strengthening the affinity
of STAG1 to DNA. We thus identify two distinct NTR motifs that stall LE via different yet synergistic mech-
anisms, highlighting the multifaceted ways employed by CTCF to modulate LE to shape and regulate

genomes.

INTRODUCTION

The spatial organization of the genome is crucial for processes
like transcription, replication, and DNA repair."? Central to chro-
mosomal architecture are DNA loops, which are progressively
extruded by the structural maintenance of chromosomes
(SMC) ATPases condensin I/ll, cohesin, and SMC5/6 in hu-
mans.>'° Cohesin (Figure 1A) forms DNA loops in inter-
phase'''* and extrudes DNA asymmetrically while frequently
switching direction,®'® forming large topologically associated
domains (TADs) whose boundaries are demarcated by
CCCTC-binding factor (CTCF).'>'*1620 DNA loops extruded
by cohesin and associated with CTCF-positioned loops and
TADs are implicated in a range of biological processes. For
instance, the regulation of specific genes depends on the proper
positioning of cohesin, CTCF, and TADs.?"? Especially during
development, (dis)activating specific gene-regulatory circuits
appears to depend critically on cohesin-mediated loop extrusion
(LE).?*72° Beyond transcription, DNA LE by cohesin also impacts
replication,”®*” possibly by interacting with parts of the repli-
some.*® CTCF positions DNA loops at TAD boundaries by stall-
ing cohesin, a tightly regulated process that is directional: the
majority of CTCF binding sites are oriented such that CTCF’s
N-terminal region (NTR) points toward the TAD interior,'*2%-33

4304 Molecular Cell 85, 4304-4317, December 4, 2025 © 2025 Elsevier Inc.
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indicating that the NTR mediates loop positioning. Indeed, previ-
ous single-molecule in vitro experiments showed that CTCF
stalls DNA LE by cohesin, particularly when approached from
its NTR.***> The interaction depends strongly, but not exclu-
sively, on a YDF motif®****~*% in the NTR (residues 226-228 of
CTCF; Figure 1A) that binds to a “conserved essential surface”
(CES) formed by the kleisin and STAG1/2 cohesin subunits.*' "
This motif is shared with other proteins that have been shown to
interact with cohesin in vivo and in vitro.?® Mutations in the YDF
motif reduce CTCF-anchored loops®' but have less impact on
cohesin enrichment at CTCF sites,”’ indicating that cohesin-
CTCF co-localization alone is insufficient to form these
loops®”#148750 or that the YDF motif is not the only mechanism
by which cohesin stalls at CTCF sites. The underlying mecha-
nism of how CTCF inhibits cohesin-mediated LE has been
coined a “mechanistic mystery.”*® Indeed, it remains an impor-
tant unresolved question how CTCF regulates cohesin-driven LE
and hence impacts critical cellular processes such as protocad-
herin isoform diversity,”® diseases such as cohesinopathies
(e.g., Cornelia de Lange syndrome®' and Roberts syndrome®?)
or cancer®® (e.g., acute myeloid leukemia and myelodysplastic
syndromes), and in V(D)J recombination.*°°

With the aim of understanding the molecular mechanisms by
which CTCF affects cohesin-mediated LE, we dissected the
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Figure 1. The NTR of CTCF impedes cohesin-mediated LE

(A) llustration of a DNA-bound human cohesin complex (bottom; based on PDB: 7W1M?") and CTCF (top). CTCF shows the N-terminal region (NTR; red) and
C-terminal region (CTR; gray) of CTCF, separated by 11 zinc fingers (cyan) that bind to DNA.

(B) Fluorescence visualization assay to observe cohesin-mediated LE on individual, surface-tethered DNA molecules.

(C) Example kymograph of LE that consistently extrudes in both directions (lower) or toward one direction (upper). Segmented extrusion phases (STAR Methods
and Ryu et al.>®) are shaded yellow for extrusion upward and blue for extrusion downward. Loop position (black) and size (purple) are shown below. Solid lines
depict smoothed data (STAR Methods).

(D) Violin plot of the frequency with which extrusion phases occur in the absence (control) or the presence of 2 uM CTCF NTR or CTR. White dots denote the mean,
the box shows the quartiles of the data, and whiskers extend to 1.5 x interquartile range. Statistical significance was assessed by a Kruskal-Wallis test
(**p < 0.001 and the Cliff’s Delta statistic is >0.33). n = 45, 91, and 40 DNA molecules from left to right.

(E) Fraction of traces that show direction changes in the absence (control) or the presence of 2 pM CTCF NTR or CTR. Error bar denotes the 95% binomial
confidence interval (Cl). Statistical significance was assessed by a two-sided Fisher’s exact test ("o < 0.01 and the 95% odds ratio Cl does not contain 1). n = 58,
1083, and 57 DNA molecules from left to right.

(F) Magnetic tweezer (MT) experimental setup used to measure individual LE steps.
(G) Example MT trace and illustration of the classification of LE stepping events into reversals (blue), consecutive LE steps (green), and loop loss (orange). Raw
data are shown in light gray; the black line shows the resulting fit from the step-finding algorithm (STAR Methods).

(H) Fraction of events classified as consecutive steps (green), reversals (blue), and loop loss (orange) for MT traces, with increasing concentrations of CTCF NTR.
Loss in activity (red) denotes that proportionally fewer steps are observed compared with the control measurement (INTR] = 0 pM). Error bars denote 95%
binomial Cls. n = 1,097, 109, 537, 46, 75, and 77 steps from 193, 19, 114, 16, 51, and 103 tethers, respectively, for increasing CTCF NTR concentration.

(I) The relative LE activity of cohesin, compared with the corresponding control ([peptide] = 0 uM), for increasing concentrations of CTCF NTR, CTR, and NTR in
combination with yeast condensin. The data correspond to the inverse of the red bar height of (H) and Figures STK and S1L, respectively. Fits serve as a guide for
the eye (STAR Methods). Lines denote the fit and the shaded error bars denote the mean and interpolated SD of the individual data points.

26,47,49

CTCF NTR into fragments and investigated their effects on LE
with single-molecule and bulk biochemical methods. We found
that the presence of the complete NTR reduces the frequency
of active LE phases and causes cohesin to mainly extrude loops
from one side only. The latter effect is attributed to an increase in
STAG1’s DNA affinity induced by the YDF motif, preventing DNA
strand exchange and direction switching. Although the YDF

motif reduces cohesin’s ATPase activity as well as hinders cohe-
sin from taking consecutive LE steps, its effect on cohesin is
weaker than that of the full NTR. We identified and studied a
second motif, KTYQR (residues 23-27 of CTCF"), which
independently reduces cohesin’s ATPase activity and blocks co-
hesin-mediated LE. These findings clarify how CTCF influences
cohesin’s LE dynamics and shapes genomes.
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RESULTS

The NTR of CTCF impedes cohesin-mediated DNA LE

To probe cohesin’s LE behavior in response to the CTCF NTR
and C-terminal region (CTR) (Figure S1A) on the single-molecule
level, we added purified 100 pM human cohesin®™%" (hence-
forth “cohesin”) and 250 pM NIPBL-Mau?2 to surface-tethered
A-DNA* (Figure 1B; STAR Methods), and measured its LE activity
in the presence of a buffer containing fragments of CTCF. This
approach probes LE by cohesin in a buffer with CTCF fragments
in solution, providing a high-throughput assay that probes the
essential interactions between cohesin and CTCF, which in cells
are both bound to DNA. Because short amino acid sequences
often bind to their interaction partners with lower affinity as iso-
lated peptides than in the context of folded proteins, we used
CTCF peptides in large excess over cohesin and controlled their
binding specificities by using scrambled and mutated peptides.
The LE dynamics in kymographs (Figure 1C; STAR Methods)
show that, as reported before,'® cohesin alternated between
active extrusion phases and diffusion/slipping phases, with sto-
chastic direction changes (Figure 1C) occurring upon exchange
of the NIPBL subunit.”® The following terminology is used to
describe cohesin’s directionality: cohesin is, like all SMCs,'® an
asymmetric loop extruder, i.e., it always extrudes DNA only
from one side at a time into the loop. Furthermore, it is a bidirec-
tional extruder, as it undergoes subsequent phases of asym-
metric extrusion (i.e., extruding DNA for a while “from the left”
and then for a while “from the right,” etc.) that are interrupted
by pauses during which the side from which the DNA is incorpo-
rated into the loop switches direction (Figure 1C, upper). This
contrasts a unidirectional extruder like yeast condensin, which
undergoes subsequent phases of asymmetric extrusion that al-
ways occur in the same direction (Figure 1C, lower).'®

In the presence of 2 pM NTR (residues 2-259) in this single-
molecule visualization assay, the frequency of active extrusion
phases decreased ~3-fold compared with conditions without
NTR (Figure 1D). Notably, the extrusion rate during active phases
remained unchanged (Figure S1B), suggesting that the NTR
particularly hinders cohesin to initiate LE phases. Bidirectional
extrusion (i.e., cohesin sequentially reels in DNA from the left
and right sides during traces) decreased from 35% to 12% of
cases in the presence of the NTR (Figure 1E), indicating that
the NTR converts cohesin into a predominantly unidirectional
extruder (consequently reeling in DNA from one side only). The
CTR had no effect on LE activity or directionality.

Magnetic tweezer (MT) experiments (Figure 1F; STAR
Methods), which are able to detect LE on individual DNA mole-
cules with single-step resolution,*"°5~°¢ showed three distinct
signatures (Figure 1G): consecutive downward steps (>1 step);
single downward steps followed by upward backsteps of the
same size, consistent with incomplete LE cycles (“reversals”;
STAR Methods; Ryu et al.*® and Janissen et al.®); and (rare)
large upward steps that resolved previous downward steps
(“loop loss”). Consecutive steps relate to cohesin’s stepwise
LE activity,**°%°® while we attribute reversals to incomplete LE
step cycles, e.g., as a consequence of the inability to hydrolyze
the ATP necessary to perform the LE step.°®>® Current mecha-
nistic models propose that DNA is reeled into the Smc lumen

4306 Molecular Cell 85, 4304-4317, December 4, 2025
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upon ATP binding, creating a downward step.**~®' Recent mo-
lecular dynamics simulations of SMC-driven LE suggest that
DNA may often slip out of the lumen,®® constituting unsuccessful
LE steps. We therefore consider reversals as failed attempts at
completing the LE hydrolysis cycle (Figure S1C). We developed
a step-finding algorithm that more accurately extracted steps
compared with our previous method (STAR Methods;
Figures S1D-S1H®S),

In the presence of the NTR of CTCF, cohesin’s LE
activity decreased in a concentration-dependent manner, with
fewer steps observed within our 12-min acquisition period
(Figure 1H; Figures S1land S1J), where the total activity dropped
t0 20% at 2 pM NTR compared with control experiments without
NTR. Both consecutive steps and reversals were equally
affected, maintaining a constant ratio (Figures S1M-S10).
Importantly, no dependence on CTCF was observed in similar
experiments using yeast condensin (Figure 1l; Figures S1K and
S1M-S10; STAR Methods), confirming the specificity of NTR’s
impact on human cohesin. Similarly, addition of the CTR
(Figures 11 and S1L-S10) had no effect whatsoever. Previously,
we observed that a fraction of loop-extruding cohesin molecules
can be stalled by full-length DNA-bound CTCF, even when
approached from its C-terminal side.>* Note that CTCF in these
experiments contained both the NTR and CTR, and we hypoth-
esized that—despite the encounter from the C-terminal side—
cohesin interacted with the CTCF’s NTR in these experiments.
Supporting this view, the residence time of cohesin on CTCF
was indistinguishable between N-terminal and C-terminal en-
counters (Extended Data Fig. 8 in Davidson et al.**), and this
interpretation quantitatively recapitulates the convergent rule
observed in vivo (Extended Data Fig. 5 in Davidson et al.®%).
The data presented here—namely, that the CTCF CTR does
not interfere with cohesin-mediated LE —further support this hy-
pothesis and align well with multiple independent recent studies
showing that the NTR, but not the CTR, interacts with cohe-
sin.3435:39.41,49.64 e conclude that the CTCF NTR biases cohe-
sin toward unidirectional extrusion (Figure 1E) and significantly
reduces cohesin’s LE activity in a concentration-dependent
manner (Figures 1D and 1l).

The YDF motif biases cohesin toward unidirectional
extrusion

The CTCF NTR contains a conserved YDF motif (residues 226—
228; Figure 2A; Figure S2A) that binds the CES on cohesin’s
STAG1/2 subunit,*"™*" which was observed to impact TAD for-
mation.”” To study the role of the YDF motif in inhibiting LE by co-
hesin, we used a very short NTR fragment containing the YDF
motif (residues 222-232; “YDF peptide”) and a mutated version
(“ADA peptide”; Figure 2B; Table S1). Increasing concentrations
of the YDF peptide significantly reduced cohesin’s ATPase activ-
ity (Figure 2C; STAR Methods) and decreased the frequency of
active extrusion phases (Figure 2D) by 1.5-fold, whereas
the ADA peptide had no effect on either activity. Variants of
the full CTCF NTR with YDF mutations (NTR™F and NTRAP4;
Figure 2B; Figure S3A; Table S1) reduced the frequency of extru-
sion phases by 2-fold (Figure 2D) but did not affect the extrusion
rate (Figure S3B). The partial inhibition of cohesin observed with
the NTR"PA fragment, but not with the ADA peptide, suggests
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Figure 2. CTCF’s YDF motif impairs cohesin’s LE activity and renders LE unidirectional

(A) Conservation annotation of the human CTCF sequence surrounding the conserved YDF motif.

(B) llustration of CTCF fragments used.

(C) Normalized ATPase activity of cohesin for various concentrations of CTCF peptide. Scrambled peptides contain the same amino acids as the non-scrambled
version but in random order. Statistical significance was assessed by an ANOVA with Holm-Sidak’s multiple comparison test (*p < 0.01; **p < 0.001).

(D) Violin plot of the frequency with which extrusion phases occur in the presence of 2 uM of the indicated CTCF fragment, as in Figure 1D. n = 45, 91, 40, 19, 49,
52, and 25 DNA molecules from left to right.

(E) Fraction of traces that show direction changes in the absence (control) or the presence of 2 pM of the indicated CTCF fragment, as in Figure 1E.n =58, 103, 57,
21, 51, 57, and 32 DNA molecules from left to right.

(F) Fraction of cohesin molecules for which NIPBL-AN exchanged between direction changes (left; n = 35, 23, 27 from left to right) and the fraction of cohesin
molecules on which NIPBL-AN exchanged without a direction change between successive extrusion phases (right; n = 65, 80, 64). Error bars denote the binomial
95% ClI. Statistical significance was assessed using a chi-squared test.

(G) Fraction of direction changes between successive extrusion phases during which NIPBL-AN exchanged (n = 64, 65, 59) and the fraction of direction changes
between successive extrusion phases during which NIPBL-AN remained (n = 36, 38, 32). Statistical significance was assessed using a chi-squared test
(*p < 0.05; **p < 0.01).

(H) Diffusion constant of DNA-STAG1*/~S°®'- YDF and DNA-STAG15°°"-ADA complexes versus the molar ratio of peptide to STAG1 derived from a mono-
exponential fit to FCS curves. Upper and lower dashed lines denote the theoretical diffusion constant of freely diffusing DNA and the DNA-STAG15°°'-YDF (or
-ADA) complex, respectively. Experiments were conducted with two biological replicates and 4-9 technical replicates. Data points and error bars represent the
mean + SD of these replicates, while solid lines display a LOWESS-smoothed trend of the means.

(I) The relative LE activity of cohesin, compared with the control ([peptide] = 0 uM), versus peptide concentration as in Figure 11. The data correspond to the inverse
of the red bar height of panels Figures 1H and S3F-S3I. Fits serve as a guide for the eye (STAR Methods). Lines denote fits and the shaded error bars denote the
interpolated SD of the individual data points.

(J) The relative LE activity, compared with the control, for 2 uM of the indicated peptides. Error bars denote the standard deviation from repeated experiments.
Statistical significance was assessed by a one-sided Welch’s t test (*p < 0.01; ***p < 0.001).

(K) The ratio of reversals to consecutive steps at increasing concentrations of the indicated peptides, from data in Figures 1H and S3F-S3I. See also Figure S3J.
(L) The ratio of reversals to consecutive steps for 2 uM of the indicated peptides, as in (J).
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that additional motifs beyond YDF contribute to cohesin regula-
tion by CTCF.

Unexpectedly, upon analyzing LE direction changes, we found
that the YDF motif alone caused cohesin to extrude unidirection-
ally, mimicking the effect of the full NTR (Figure 2E). Although the
Y226F mutation produced an intermediate (not statistically sig-
nificant) effect, the Y226A/F228A mutation and the ADA peptide
completely abolished the unidirectional bias. These results indi-
cate that the YDF motif alone drives cohesin’s unidirectional
extrusion. Direction changes in cohesin-mediated LE have
been demonstrated to require NIPBL exchange.®® To test
whether the YDF motif affects cohesin’s directionality by
preventing NIPBL exchange, we conducted single-molecule
fluorescence experiments with an equimolar mix of NIPBL-AN
molecules that were fluorescently labeled in two colors'®
(STAR Methods). The presence of the NTR or YDF peptides
was found to not alter the residence time of NIPBL-AN on cohe-
sin (Figure S3C), ruling out a slower NIPBL-AN exchange as the
cause of unidirectional extrusion. We then correlated NIPBL
presence, absence, and exchange with extrusion direction
switches. Both in the absence and presence of the NTR or the
YDF motif, almost all direction changes required an NIPBL-AN
exchange (Figure 2F). Similarly, NIPBL exchanged in ~50% of
cases when the extrusion direction was maintained between
successive extrusion phases (Figure 2F). In control experiments,
roughly 50% of the exchanges of NIPBL-AN coincided with a di-
rection switch (Figure 2G). However, in the presence of the NTR
or the YDF motif, we observed that 2.5-fold fewer NIPBL-AN ex-
change events led to direction changes (Figure 2G), suggesting
that the NTR and YDF motif prevent direction changes through
a mechanism unrelated to NIPBL exchange dynamics.

Direction switching in SMC-mediated LE is thought to involve
DNA strand exchange between the extruding and anchoring
sides of the SMC complex.®°>°¢ Data showing that yeast con-
densin, a strictly unidirectional extruder, extrudes bidirectionally
upon deletion of its anchoring Ycg1 subunit®® led us to hypothe-
size that the YDF motif might inhibit DNA strand exchange by
enhancing the DNA-binding affinity of STAG1. To test this, we
conducted fluorescence correlation spectroscopy (FCS) experi-
ments that measure the diffusion constant of fluorescently
labeled DNA in the presence of purified STAG1, Scc12%17420,
and YDF peptide (STAR Methods). Increasing concentrations
of the YDF peptide caused the DNA’s diffusion constant to shift
from that of freely diffusing molecules to STAG1-bound com-
plexes, indicating an increased DNA affinity (Figure 2H; ECsq =
4.5 +0.1 pM with Scc1 and 5.4 +0.8 pM without Scci; not
measurable in the presence of ADA peptide). This effect was
partially dependent on Scc1 and largely absent with the ADA
peptide (Figure 2H).

MT experiments with increasing YDF peptide concentrations
showed a ~30% decrease in cohesin’s LE activity at 2 pM
(Figures 21 and 2J; Figures S3D-S3F). Although the number of
consecutive steps decreased (Figures S3F and S3K), the fraction
of reversals remained constant up to 1 pM YDF peptide
(Figures S3F and S3L), resulting in an increased ratio of reversals
to consecutive steps (Figures 2K and 2L). These effects were ab-
sent with the ADA peptide (Figures S21, S2J, S2L, S3G, and S3J-
S3L). YDF-mutated NTR variants (NTRFPF and NTRAPA) also
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reduced cohesin activity like the wild-type NTR but had progres-
sively weaker effects, which were detected only at higher con-
centrations (Figures 21 and 2J; Figures S3H and S3I). Similar to
the wild-type NTR (Figure S1M), NTR™F and NTR"P” did not
affect the fraction of reversals and consecutive steps
(Figures 2K and 2L; Figures S3J-S3L). The reduced effect of
these mutations on cohesin-mediated LE is likely due to lower
binding affinity of the YDF mutations compared with the wild-
type YDF motif to the CES,"' as observed previously for similar
motifs in WAPL.*®

Cohesin-mediated LE is essential for the formation of TADs, as
observed in Hi-C matrices.'®'**2° A prevailing hypothesis
suggests that cohesin stalls at a CTCF site on the encountering
side and extrudes toward the opposite side until blocked by a
second CTCF. However, single-molecule experiments revealed
that cohesin rarely reverses direction after encountering
CTCF,** and fully looped TADs are rarely observed in vivo.5”¢®
Our findings indicate that the CTCF NTR inhibits cohesin, and
the YDF motif prevents cohesin from switching direction and
extruding away from the encountered CTCF.

To explore to what extent stalling of cohesin, rather than direc-
tion reversal, can explain Hi-C maps, we performed 3D polymer
simulations (STAR Methods),?®"° varying two key parameters:
(1) the probability of CTCF stalling cohesin and (2) the likelihood
that this stalling also prevents extrusion away from the encoun-
tered CTCF (Figure S4A). We ranked parameter combinations by
the geometric standard deviation between simulated contact
frequencies as a function of genomic distance s [P(s)] and exper-
imental P(s) curves from Haarhuis et al.*' and Fudenberg et al.”®
Simulations in which the majority of cohesins were prevented
from switching direction upon encountering CTCF outperformed
those with one-sided stalling, resembling experimental Hi-C data
more closely (Figures S4B and S4C). For example, the highest-
ranking simulation (where CTCF stalls cohesin with 95% proba-
bility and symmetrically blocks extrusion 75% of the time;
Figure S4F) produced fewer secondary CTCF-CTCF loops than
its counterpart assuming one-sided stalling (Figure S4G), align-
ing well with experimental Hi-C maps®' (Figure S4H). We also
explored whether cohesin can be stalled by CTCF during diffu-
sion and slipping phases (and not only during active extrusion
phases) but this had a negligible impact (Figures S4D and S4E;
STAR Methods). Furthermore, we compared the colocalization
of CTCF and cohesin using experimentally reported®’ and simu-
lated chromatin immunoprecipitation sequencing (ChlP-seq)
tracks (Figures S41-S4K). In vivo, 41.5% of CTCF peaks were re-
ported to colocalize with an SMC1 peak, and 95.1% of the SMC1
peaks colocalized with a CTCF peak. Analogous to the compar-
ison of contact matrices, we ranked simulations by their agree-
ment with these experimentally obtained values. Overall, simula-
tions in which CTCF prevents cohesin from switching directions
with a non-zero probability were in better agreement with in vivo
colocalization data. Finally, we computed the fraction of time
during which a TAD is fully looped in order to compare with
recent single-particle-tracking data of fluorescently labeled,
CTCF-delimited TAD boundaries.”® The authors reported a rela-
tively low fraction of time during which the TAD exists in a fully
looped state. In our simulations, we found that TADs exist in a
fully looped state 6.7% of the time when CTCF stalls cohesin
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on both sides >90% of the time. This is in excellent agreement
with previous experimental observations of ~6% (Gabriele
et al.%"), and this fraction increases to 14.3% in our simulations
when continued extrusion on the non-CTCF-bound side is
allowed < 90% of the time.

These results support the notion that CTCF NTR largely in-
hibits cohesin upon encounter, rarely allowing extrusion away
from CTCF. Instead, CTCF-CTCF loops may be formed in vivo
by dimerization of cohesin®™%2 (Brunner et al.”"). Taken
together, the simulations indicate that experimentally observed
Hi-C maps, ChlP-seq, and imaging data are well explained by
stalled cohesin, which does not extrude away from encountered
CTCEF sites (Figure S4). The YDF motif biases cohesin toward
unidirectional extrusion by strengthening the DNA affinity of
STAG1 to DNA (Figure 2H), likely preventing DNA strand ex-
changes. The wild-type NTR reduces cohesin’s activity most
significantly, followed by NTRPF and the YDF motif alone. The
effect of the YDF peptide is dependent on the YDF motif, as mu-
tation to ADA alleviates this inhibition (Figures S2I and S2J).
Whereas the YDF motif alone increases the fraction of reversals
relative to consecutive steps, the full NTR reduces both
(Figures 2K and 2L; Figures S3K and S3L). We conclude that
CTCF’s NTR regulates cohesin activity through mechanisms
that extend beyond the YDF motif alone.

The KTYQR motif in the CTCF NTR inhibits cohesin-
mediated LE

Nora et al.“® identified CTCF regions that impact TAD insulation,
including the NTR (NTR2'®9), an RNA-binding zinc-finger
domain (NTR?%428) and YDF motif. We evaluated NTR'™°,
which contains a conserved KTYQR motif at residues 23-27
(Figure 3A; Figure S2B) that is known to bind PDS5A.° We
tested the effect of a fragment containing the KTYQR maotif (res-
idues 16-31; “KTYQR peptide”; Figure 3B; Table S1) on cohe-
sin’s LE dynamics and found that it strongly affected it: the
KTYQR peptide reduced cohesin’s ATPase activity by ~60%,
similar to the YDF peptide (Figure 3C), and it halved the fre-
quency of active LE phases (Figure 3D), comparable to the
NTRFPF and NTRAP* mutants, although it did not affect the LE
rate (Figure S5B) or directionality (Figure 3E).

To probe the effects of the NTR without the KTYQR motif on
cohesin, we expressed and purified an N-terminal truncation of
the NTR (NTR2'®9) as well as an alanine-substituted mutant
(NTR2327A, Figure 3B; Figure S5A; Table S1). Both variants
caused only a modest reduction in LE frequency (20% and
25% lower median values, respectively; Figure 3D), suggesting
that the KTYQR motif is the major determinant. Although they
did not affect the LE rate (Figure S5B), both variants converted
cohesin into a unidirectional extruder (Figure 3E), consistent
with the major role of the YDF motif in setting the directionality.

In MT experiments, the KTYQR peptide significantly reduced
cohesin’s LE activity (Figures 3F and 3G; Figures S3C-S3E),
achieving effects similar to 2 uM YDF peptide, but the inhibiting
effect appears at lower concentrations (Figures 21, 3F, and 3G).
By contrast, the N-terminal truncation NTR2'®° and the
alanine-substituted mutant NTRZ®27A showed no noticeable
reduction in LE activity (Figure 3G). Unlike YDF, the KTYQR pep-
tide reduced both consecutive and reversal steps equally
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(Figures 3H and 3lI; Figures S5H and S5I). NTR variants lacking
KTYQR (NTR2™® and NTR?24) did not affect overall LE
activity (Figures 3F and 3G; Figures S5F and S5G) but increased
the occurrence of reversals while reducing consecutive steps
(Figures S5H and S5I), thereby raising the ratio of reversals to
consecutive steps (Figures 3H and 3l). These findings suggest
that the absence of the KTYQR motif amplifies the YDF motif’s
effect in the NTR, favoring reversal steps at the expense of
productive extrusion.

Previously, it was shown that the CTCF NTR—in particular the
YDF motif—stabilizes cohesin-mediated loops.*’ To assess
whether the CTCF NTR (or any fragment thereof) increases the
loop lifetime in vitro, we measured the lifetime of extruded loops
in control experiments and in experiments including NTR pep-
tides (Figure S5N). We found no significant changes, pointing
to an effect beyond the pure interaction between cohesin and
CTCF NTR, possibly via an interplay of CTCF and WAPL in vivo.

We thus conclude that the YDF and KTYQR motifs of the NTR
of CTCF distinctly and independently affect cohesin-mediated
LE action. Although both motifs suppress cohesin’s overall activ-
ity (Figure 3G), they exhibit different effects on LE dynamics: the
YDF motif preferentially inhibits consecutive LE steps at lower
concentrations, while KTYQR reduces both consecutive and
reversal steps without altering extrusion directionality.

Finally, we examined whether the combined effect of the YDF
and KTYQR peptide fragments could replicate the effect of the
full NTR on cohesin-mediated LE. In MT experiments, adding
both peptides reduced cohesin’s LE activity significantly more
than either peptide alone but still less than their additive individ-
ual effects or the full NTR (Figures 3J and 3K). Notably, the com-
bination of YDF and KTYQR peptides impaired cohesin’s ability
to take consecutive LE steps to a degree similar to the full NTR
and surpassing the effect that the YDF peptide has alone
(Figure S5L). However, their effect on reversal steps was inter-
mediate between that of the individual peptides and the full
NTR (Figure S5M), reducing the effect on the ratio of consecutive
to reversal steps (Figure S5K; Figure 3L). These results suggest
that the full NTR exerts additional suppression on reversal steps,
while the YDF and KTYQR motifs together account for a large
part of the effect NTR has on the complete inhibition of consec-
utive LE activity.

CTCF and cohesin are predicted to interact through
KTYQR binding to STAG1 and YDF binding to STAG1 and
the hinge
The YDF motif binds to cohesin at the CES, a surface formed by
STAG1/2 and Scc1.*’™" To explore whether and how other
CTCF NTR regions, such as the KTYQR peptide, bind to and
affect cohesin, we used AlphaFold-Multimer’>"® to predict
putative binding sites across cohesin subunits and CTCF NTR
fragments. Cohesin was segmented into subunits (NIPBL-
Mau2, STAG1/2, ATPase heads, and hinge regions with Scc1
segments; STAR Methods; Tables S2 and S3) and CTCF was
divided into three overlapping fragments (#1: 1-100, including
KTYQR; #2: 90-190; and #3 180-264, including YDF; Table S2).
AlphaFold predicted interactions between STAG1/2 and
CTCF fragments #1 and #3 (Figure 4A; Figures S6A-S6C)
and between the Smc hinge and fragment #3 (Figures S6D and
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Figure 3. CTCF’s KTYQR and YDF motifs inhibit LE by cohesin

(A) Conservation annotation of the human CTCF sequence surrounding the KTYQR motif.

(B) lllustration of the short KTYQR peptide as well as CTCF NTR and the corresponding truncation and mutation.

(C) Normalized ATPase activity of cohesin in the presence of the indicated concentration of CTCF peptide.

(D) Violin plot of the frequency with which extrusion phases occur in the presence of 2 uM of various CTCF fragments, as in Figures 1D and 2D. n = 45, 40, 91, 19,
29, 62, and 58 DNA molecules from left to right.

(E) Fraction of traces that show direction changes in the absence (control) or the presence of 2 uM of the indicated CTCF fragment. n =58, 57, 1083, 21, 39, 72, and
75 DNA molecules from left to right.

(F) Relative LE activity of cohesin, compared with the control ([peptide] = 0 uM), for increasing concentrations of the indicated peptides as in Figures 11and 2I. Data
correspond to the red bar height of panels Figures 1H and S5E-S5G. Fits serve as a guide for the eye (STAR Methods). Lines denote the fit and the shaded error
bars denote the interpolated SD of individual data points.

(G) Relative LE activity for various peptides at 2 uM, compared with control. Error bars denote the standard deviation from repeated experiments. Statistical
significance was assessed by a one-sided Welch’s t test (*p < 0.01; **p < 0.001).

(H) The ratio of reversals to consecutive steps at increasing concentrations of the indicated peptides, from data in Figures 1H and S5E-S5G.

(I) Ratio of reversals to consecutive steps for 2 uM of the indicated peptides, as in (G).

(J) Relative LE activity of cohesin, compared with the control ([peptide] = 0 pM), versus concentration of the indicated peptides as in Figures 11, 21, and 3F. The data
correspond to the inverse of the red bar height of panels Figures 1H, S3F, S5E, and S5J.

(K) Ratio of reversals to consecutive steps at increasing concentrations of the indicated peptides, from data as in (J).

(L) The ratio of reversals to consecutive steps for 2 uM of the indicated peptides for the same data as in (J).

S6E). Consistent with previous experimental findings, interac-  tively), the KTYQR motif was found to bind to a conserved
tions between STAG1/2 and fragment #3 were mediated by surface, N-terminal to the CES (Figure 4A; Figures S6A and
the CES and the YDF motif.”" A new finding, however, is thatin  S6B). As AlphaFold does not quantitate binding affinities, the
most predictions (16/25 or 25/25 for STAG1 and STAG2, respec-  KTYQR motif may bind transiently or with low affinity, making it
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Figure 4. CTCF’s YDF and KTYQR account for most of CTCF’s effect on cohesin

(A) AlphaFold prediction of the STAG15°°" complex and 25 predictions of the placement of the YDF and KTYYQR peptides. STAG1 was colored according to the
conservation score (STAR Methods).

(B) Fraction of fluorescently labeled KTYQR peptide bound to STAG1 versus the molar ratio of STAG1 to KTYQR peptide (STAR Methods). Experiments were
conducted with two biological replicates and 4-9 technical replicates. Data points and error bars represent the mean + SD of these replicates, while solid lines
display a Savitzky-Golay-smoothed (window of 7 points, order 1) trend of the means.

(C) Overview of the effect of the NTR, YDF motif, KTYQR motif, and CTR on various characteristics of LE by cohesin (O: no effect; +: intermediate effect; ++: strong
effect).

(D-G) lllustrations of the effect of the YDF, KTYQR, and their combination on DNA LE by cohesin. Without YDF or the KTYQR motif, DNA is bound relatively weakly
to STAG1, potentially allowing occasional direction changes via DNA strand exchange. Binding of YDF to the STAG1 CES increases DNA affinity, preventing
strand exchange and forcing unidirectional extrusion. KTYQR binds STAG1 adjacent to the CES and reduces ATP hydrolysis, lowering LE activity while still

allowing direction changes. Together, these two motifs combine unidirectional LE with ATPase inhibition.

challenging to detect in bulk®' or with in vivo binding assays.*® To
experimentally test the AlphaFold prediction, we performed FCS
using a fluorescently labeled KTYQR peptide and purified
STAG1 (STAR Methods). Increasing the molar ratio of STAG1
over the KTYQR peptide showed an increasing fraction of
KTYQR peptide with a diffusion constant corresponding to a
STAG1KTYOR complex (STAR Methods; Figure 4B), indicating
that KTYQR indeed binds to STAG1.

AlphaFold also predicted an interaction between the YDF
motif and the Smc hinge in 18/25 predictions (Figures S6D and
S6E). This interaction might regulate LE by cohesin and the hinge

opening to modulate sister chromatid cohesion.”*"” Supporting
this, Nagasaka et al.”® identified a separation-of-function mutant
(SM(C1K540D/K637D/KB48D) that retains LE but is defective in cohe-
sion, similar to other hinge mutants previously identified in
yeast.”” Curiously, this mutant was also reduced in forming
CTCF-anchored loops but not TADs in vivo.”® It is tempting to
speculate that an interaction between the cohesin hinge and
YDF inhibits LE and thus contributes to the formation of CTCF-
anchored loops. This might also modulate cohesin’s tendency
to undergo unsuccessful LE step cycles (reversals) due to
changes in the DNA-binding affinity of the Smc hinge, which is
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involved in LE.”® However, these effects remain speculative and
will need to be experimentally tested.

Together, the results suggest that the KTYQR motif inhibits co-
hesin by binding to STAG1/2, while the YDF motif may regulate
LE through interactions with the CES and the hinge. Possibly,
the YDF-hinge interaction may also regulate cohesion.

DISCUSSION

Our study provides mechanistic insights into how CTCF inhibits
cohesin-mediated LE.'?1416-18:20.34.3580 g data clearly show
that the NTR—rather than the CTR of CTCF—is responsible for
the interaction with cohesin. Nevertheless, prior in vitro studies
observed that cohesin was also able to halt LE when approached
from the C-terminal side of CTCF.** Our findings suggest that in
such cases, cohesin may interact with CTCF’s N terminus. Sup-
porting this, the residence times of cohesin and CTCF are similar
between N- and C-terminal encounters.*

Although previous studies established CTCF’s crucial role in
stalling cohesin, implying YDF-CES binding of STAG1/2 in vivo,*’
the molecular details remained unclear. To reveal the underlying
mechanism, we studied the effects of the CTCF NTR on cohesin-
mediated LE in vitro and revealed the individual contributions of
the YDF and KTYQR motifs therein (Figure 4C). The YDF motif re-
duces cohesin’s activity by decreasing ATPase activity, reducing
consecutive loop-extrusion steps, and driving extrusion unidi-
rectionally by increasing STAG1’s DNA-binding affinity, which
presumably prevents DNA strand exchange (Figures 2, 4D, and
4F).5>5%8T Although the KTYQR motif also reduces ATPase ac-
tivity, it halts overall LE activity, in contrast to YDF (Figures 3F,
3G, and 4E). Combined, these two motifs fully suppress cohe-
sin’s ability to take consecutive LE steps (Figures 3J-3L and 4G).

Although previous studies oftentimes assumed that
cohesin is converted into a unidirectional extruder upon CTCF
encounter,®'® our results instead suggest that CTCF-bound co-
hesin complexes do not further extrude DNA on the unbound
side. This finding could help explain the low fraction of time dur-
ing which a TAD is fully looped.®” Together, these insights help
explain how CTCF establishes TAD boundaries by halting rather
than redirecting cohesin-mediated LE. TADs formed by cohesin
and CTCF also provide an environment that facilitates the
functional establishment of enhancer-promoter contacts,®%:%*
thereby contributing to the gene-regulatory network of the
genome. In addition, cohesin and CTCF are directly involved in
regulating specific enhancer-promoter interactions.?'?2#+%5
These regulatory sequences are often located at large genomic
distances (>100 kbp).?%®” Cohesin and CTCF therefore appear
to be critical for enabling long-range enhancer-promoter interac-
tions that would otherwise be highly improbable. Moreover,
binding of CTCF between enhancers and promoters in the
correct orientation provides a mechanism by which cells can
control the expression of the affected genes.

Furthermore, it will be interesting to test whether transcription
factors like YY1%® or Mediator®® can stall LE by cohesin and
whether this stalling is analogous to the CTCF of potentially
different cohesin-interacting motifs®>°' that permit extrusion
on the opposite side of the roadblock. Understanding how the
landscape of motifs beyond CTCF (e.g., on the replisome,””*®
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the transcription machinery,®” and examples cited above) differ-
entially regulate cohesin activity may further elucidate the gov-
erning rules of genome architecture and function and inform
therapeutic strategies for cohesinopathies and cancers where
CTCF, cohesin, or other loop-extrusion-altering processes are
disrupted.

Our study reveals that CTCF’s NTR modulates cohesin’s LE
activity and directionality through its YDF and KTYQR motifs
via distinct, independent mechanisms. Future studies may aim
to capture the temporal sequence of conformational changes
in cohesin leading to LE to further elucidate the particular binding
states within the LE cycle. Such studies could also address in
more detail how modulating STAG1’s DNA-binding affinity leads
to a change in both the cohesin’s ATPase activity and the LE
initiation efficiency.

Limitations of the study

We dissected the CTCF N terminus to interrogate in detail which
parts cause cohesin to stall DNA LE upon encountering DNA-
bound CTCF. We first characterized the previously established
YDF motif and then extended this to the KTYQR motif, both of
which affect cohesin’s LE dynamics and efficiency. We observed
that the combined YDF and KTYQR motifs do not yet fully explain
the loss of activity observed with the complete CTCF NTR. Thus,
our experiments do address two major factors, but not all contri-
butions, of the NTR to cohesin. It is possible that the polymeric
nature of the NTR (as the YDF and KTYQR motifs lie on the
same peptide) enables the two motifs to act more cooperatively
than they would as two separate short peptides in solution. Also,
flanking amino acids or yet another motif might contribute to the
enhanced effect of the full NTR compared with the YDF and
KTYQR motifs in isolation.

Furthermore, we used AlphaFold predictions to evaluate the
putative NTR-cohesin binding regions. Here, the computation-
ally identified YDF-hinge interaction remains speculative, as
further mutagenesis experiments are needed to experimentally
verify its role.

Finally, although STAG1 and STAG2 form distinct complexes
in vivo, all experiments in this manuscript were carried out using
cohesin®™&1, However, due to the high sequence similarity
between STAG1 and STAG2 in their central regions, to which
the N terminus of CTCF is thought to bind, we do not expect dif-
ferences between STAG1 and STAG2.
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Data and code availability
® Sample single-molecule fluorescence data of cohesin-mediated DNA
LE (raw and median filtered data with 200 ms frame time) have been
deposited on Zenodo (https:/doi.org/10.5281/zenodo.16710550).%°
Access to the full dataset (that is too large for deposition on public
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repository) and any additional information required to reanalyze the data
reported in this study is available from the lead contact upon request.

® Original Python code to analyze MTs and AlphaFold data has been
deposited on Zenodo (https://doi.org/10.5281/zenodo.15036494).%*
Original Python code to analyze single-molecule fluorescence data
has been deposited on Zenodo (https://doi.org/10.5281/zenodo.
10420524)."%:9°

® Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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10xHis-CTCF(578-727)-Halo-Flag; mz92.1)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

CTCF NTRAPA expression This paper ID267

plasmid (pLib 10xHis-Halo-

CTCF(1-267)Y226A: F228A. 330)

pMal-C5X-MPB-3c-nCTCF This paper JT188

pMal-C5X-MPB-3c-nCTCF -FdF This paper JT195

pMal-C5X-MPB-3c-nCTCF -d1-89 This paper JT191

pMal-C5X-MBP-3c-nCTCF-23-27A This paper 2327

P-GGGCGGCGACCT-Bio IDT JT41

P-AGGTCGCCGCCC-Bio IDT JT42

Software and algorithms

Prism V9 GraphPad RRID:SCR_002798

LabView 2011 National Instruments RRID:SCR_014325

IgorPro V6.37 Wavemetrics RRID:SCR_000325

Python 3.10 Python.org RRID:SCR_008394

Openmmlib github.com/mirnylab/openmm- N/A
polymer-legacy

PyMol pymol.org RRID:SCR_000305

AlphaFold 3 alphafoldserver.com RRID:SCR_025885

Deposited data

Magnetic tweezers and AlphaFold This paper® Zenodo: https://doi.org/10.5281/zenodo.
analysis code 15036494
Single-molecule fluorescence data This paper'>°° Zenodo: https://doi.org/10.5281/zenodo.
analysis code 10420524
Example single-molecule This paper®® Zenodo: https://doi.org/10.5281/zenodo.
fluorescence data 16710550

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cloning procedures were carried out in Escherichia coli DH5x. Bacmids were generated in E. coli DHIOEmBacY as described.®
E. coli strains were grown at 37° C in LB (prepared in-house).

Spodoptera frugiperda Sf9 cells derived from pupal ovarian tissue of the female fall armyworm (Thermo Fisher Scientific; B82501)
were cultured at 100 rpm and 27 °C in Grace medium (prepared in-house) supplemented with 10% fetal calf serum (Gibco;
A5256801), 2 mM L-glutamine (Gibco; 25030-024), 1x Penicillin-Streptomycin (Sigma-Aldrich; P0781) and 0.1% Poloxamer 188
(Gibco; 24040-032).

For baculovirus infection of Sf9 cells, 1x10° Sf9 cells were seeded on a 6 well plate in 3 ml Sf-900 SFM media (ThermoFisher Sci-
entific; 12658027), transfected with bacmid DNA using Fugene 6 (Promega) and incubated for 96 hours at 27 °C. The baculovirus-
containing cell supernatant (V0) was then collected and used to infect 50 ml Sf9 cells at a density of 1 x10° cells/ml in Grace medium
supplemented as described above. Cells were grown at 100 rpm and 27 °C, centrifuged 72 hours after infection and 9 ml cell super-
natant (V1) was then used to infect 750 ml Sf9 cells at a density of 1.2 x10° cells/ml in Grace medium supplemented as above. Be-
tween one and four 750 ml cultures were infected per construct, depending on the predicted yield of recombinant protein. Cells were
centrifuged around 54 hours after infection, washed in PBS, frozen in liquid nitrogen and stored at -80 °C.

METHOD DETAILS

Human cohesin, NIPBL-Mau2, STAG1, and NIPBL-AN expression and purification

Wild-type human cohesin, NIPBL-Mau2, and STAG1 were expressed in and purified from Sf9 insect cells as described previously.
All steps were carried out at 4°C unless stated otherwise. Sf9 insect cell pellets containing cohesin or NIPBL-Mau2, respectively,
were subjected to Dounce homogenization in recombinant cohesin purification buffer 1 (25 mM NaH2PO4/Na2HPO4, pH 7.5;
500 mM NaCl; 5% glycerol) containing 10 mM imidazole, pH 7.5, 0.05% Tween 20, 1 mM PMSF, 3 mM beta-mercaptoethanol,
10 pg/ml aprotinin, 2 mM benzamidine, and cOmplete EDTA-free protease inhibitor cocktail. The lysate was clarified by centrifugation
at 48,000 g for 45 minutes, and the resulting supernatant was incubated with 5 ml of Ni2+-charged Toyopearl AF-chelate-650M resin
for 3 hours. Three successive washes were performed using 10 bead volumes of recombinant cohesin purification buffer 1 containing
15 mM imidazole, pH 7.5, and 0.01% Tween 20. Elution was achieved using 25 ml of recombinant cohesin purification buffer 2
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(25 mM NaH2PO4/Na2HPO4, pH 7.5; 150 mM NaCl; 5% glycerol; 300 mM imidazole, pH 7.5; 0.01% Tween 20). The eluted material
was then incubated with 5 ml of FLAG-M2 agarose resin for 3 hours, followed by 3 washes of 10 bead volumes each with cohesin
purification buffer 3 (25 mM NaH2P0O4/Na2HPO4, pH 7.5; 150 mM NaCl; 5% glycerol; 50 mM imidazole, pH 7.5). Proteins were eluted
with 25 ml of recombinant cohesin purification buffer 3 supplemented with 0.5 mg/ml 3xFLAG peptide. The eluted protein was
concentrated to approximately 0.5 ml using Vivaspin 20 ultrafiltration units (100 kDa MWCO; Sartorius; VS2042), flash-frozen in liquid
nitrogen, and stored at -80°C.

NIPBL-AN was expressed and purified as above except that before elution from FLAG-M2 agarose, FLAG-M2 agarose beads were
resuspended to one bead volume in 25 mM NaH2PO4/Na2HPO4 pH 7.5, 150 mM NaCl, 5 % glycerol, 50 mM imidazole pH 7.5.
NIPBL- AN was then split in half, and fluorescently labeled with Atto550 and JF646, respectively, as described previously.®® Here’s
a rewritten version maintaining all methodological details:

Stock solutions of Janelia Fluor 646 SE and HaloTag Amine (O2) Ligand were prepared at 20 mM and 50 mM, respectively, in di-
methylformamide (DMF). A 248.7 pl conjugation reaction was assembled by combining HaloTag Amine (O2) Ligand with JF646 SE in
DMF under continuous stirring, followed by addition of 1.3 ul diisopropylethylamine to achieve final concentrations of 7 mM JF646 SE,
2.3 mM HaloTag ligand, and 31 mM diisopropylethylamine. The reaction proceeded at room temperature for ~16 hours in the dark.
Following a 10-fold dilution in solvent A (5% acetonitrile, 0.1% formic acid), the product was purified through five consecutive reverse
phase HPLC runs on an Ultimate 3000 system fitted with a Kinetex 5p XB-C18 100A, 250 x 4.6mm column. The mobile phase con-
sisted of solvent A (5% acetonitrile, 0.1% formic acid) and solvent B (acetonitrile, 0.1% formic acid), with a linear gradient from 0 to
100% B over 30 min at 0.8 mI/min. Collected peak fractions were combined, subjected to lyophilization, redissolved in DMSO, flash-
frozen in liquid nitrogen, and maintained at -80°C. Protein fractions were incubated with purified HaloTag protein for 15 min at room
temperature, followed by SDS-PAGE analysis and visualization using a Bio-Rad ChemiDoc MP.

For Atto550-HaloTag ligand synthesis, Atto550 NHS-ester was dissolved at 20 mM in dimethylformamide (DMF). A 245 pl conju-
gation reaction was prepared by combining HaloTag Amine (O2) Ligand with Atto550 NHS-ester in DMF under stirring conditions,
followed by supplementation with 5 pl diisopropylethylamine to yield final concentrations of 25 mM Atto550 NHS-ester, 8.3 mM
HaloTag ligand, and 115 mM diisopropylethylamine. The conjugation procedure followed the protocol established for Janelia Fluor
646 SE, with the modification that the crude reaction was diluted 10-fold in solvent A (40% acetonitrile, 0.1% Trifluoroacetic acid) and
chromatographic separation employed a gradient of solvent A (40% acetonitrile, 0.1% Trifluoroacetic acid) to solvent B (acetonitrile,
0.1% Trifluoroacetic acid) from 0 to 100% B over 30 min at 0.8 ml/min.

For fluorescent labeling of recombinant NIPBL-AN with Atto550-HaloTag Ligand and JF646-HaloTag Ligand, the purification was
divided into two equal portions. Each portion was treated with excess Atto550-HaloTag Ligand or JF646-HaloTag Ligand and al-
lowed to react for 15 min at room temperature while shielded from light. Following extensive washing with recombinant cohesin pu-
rification buffer 3, protein elution and concentration were performed as above. Labeling efficiency determination yielded values of
86 + 4% for NIPBL-AN-A550 (N = 7) and 85 + 5% for NIPBL-AN-JF646 (N = 5).

As before,®® protein and fluorophore concentrations were measured at 280 nm for NIPBL-AN and at 550/646 nm for A550/JF6486,
yielding a fraction of 86 + 4 % labeled NIPBL-AN-A550 (N = 7) and 85 + 5 % labeled NIPBL-AN-JF646 (N = 5) molecules. FCS was
performed on samples of 10 nM NIPBL-AN-A550/JF646 in a buffer containing 40 mM Tris-HCI pH 7.5, 50 mM NaCl, 2.5 mM MgCi2,
1 mM DTT at room temperature. The resulting autocorrelation functions were well described by a fit with a single component, indi-
cating that no free fluorophores were present.

Yeast condensin expression and purification

Wild-type yeast condensin was expressed and purified from Saccharomyces cerevisiae as described previously.” Typically, 0.5 | of
preculture was grown on -URA-TRP medium supplemented with 2 g/I D-glucose (Merck Sigma G8270), six liters of main culture on
-URA-TRP supplemented with 2 g/l D-raffinose (Biosynth R-1000), and condensin expression was induced with 2 g/l D-galactose
(Biosynth G-1700). Cell lysates were prepared using a FreezerMill in buffer A (50 mM TRIS-HCI, pH 7.5; 200 mM NaCl; 5% glycerol;
5 mM B-mercaptoethanol; 20 mM imidazole) containing 1x cOmplete EDTA-free protease inhibitor mix. Following centrifugation to
remove insoluble material, the clarified lysate was applied to a 5-mL HisTrap column, and bound protein was eluted using buffer A
supplemented with 220 mM imidazole. The eluted fractions were treated with 1 mM EDTA, 0.2 mM PMSF, and 0.01% Tween-20, then
subjected to overnight incubation with Strep-Tactin Superflow high capacity resin. Elution was performed using buffer B (50 mM
TRIS-HCI, pH 7.5; 200 mM NaCl; 5% glycerol; 1 mM DTT) supplemented with 10 mM desthiobiotin. The resulting eluate underwent
concentration via ultrafiltration, followed by size-exclusion chromatography on a Superose 6 column equilibrated in buffer B contain-
ing 1 mM MgCI2. Purified protein was flash-frozen and kept at —-80°C.

Expression and purification of CTCF fragments

Various fragments of human CTCF (Uniprot #P49711, see Table S1) were cloned into a pMAL-C5X derived plasmid, resulting in MBP
fusions with a flexible linker and a 3C protease site at the fusion point (MBP-NSSSNNNNNNNNNNLGIEGRISHMSMGGRDIVDGSEF-
LEVLFQ |GP-CTCF). Plasmids were transformed into E. coli ER2566 cells (New England Biolabs, thuA2 lacZ::T7 gene1 [lon] ompT
gal sulA11 R(mcr73::miniTn10-TetS)2 [dcm] R(zgb-210::Tn10-TetS) endA1 A(mcrCmrr)114::1S10) containing a Rosetta®-2 plasmid
(Novagen), and selected on LB media containing 100 pg/ml ampicillin and 34 pg/ml chloramphenicol. For expression, overnight pre-
cultures were diluted 1:100 into 1 liter prewarmed LB with fresh antibiotics, cultures were grown in baffled flasks shaking at 200 rpm at
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37°C until the OD600 reached ~0.6, and expression was induced by the addition of IPTG to a final concentration of 1 mM. After
3 hours of induction, the cells were harvested by centrifugation (8 min, 4500 rpm, JLA8.1000 rotor), washed in 50 ml PBS, and re-
suspended in buffer A (50 mM Tris-HCI pH 7.5, 300 mM NaCl). Cells were lysed using a French Press (Constant Systems) at 20
kpsi, 4°C and unbroken cells, debris and aggregates were pelleted in a Ti45 rotor (30 min, 40.000 rpm, 4°C). The lysate was applied
to 2 ml prewashed amylose resin (NEB #E8021) and incubated for one hour while rotating at 4°C. Subsequently, the resin was washed
with 50 ml of buffer A and finally, CTCF fragments were eluted with 15 ml of buffer A supplemented with 1 mM p-mercaptoethanol and
homemade 3C protease. CTCF fragments were concentrated using a Vivaspin centrifugal concentrator (10 kDa cut-off) and further
purified by size exclusion chromatography (SEC) on a Superdex 200 Increase 10/300 column pre-equilibrated with buffer B (50 mM
Tris-HCI pH 7.5, 150 mM NaCl, 5% (w/v) glycerol, 0.05 mM TCEP).

To purify the CTCF CTR (10xHis-CTCF(578-727)-TEV-Halo) and NTR"P” (10xHis-CTCF(2-259)-TEV-Halo), baculovirus-infected in-
sect Sf9 cell pellets from cultures supplemented with 0.1 mM ZnCl, were lysed by Dounce homogenisation and resuspended in CTCF
buffer (35 mM Hepes pH 7.5, 350 mM NaCl, 5% glycerol) supplemented with 0.1 mM ZnCls,, 0.05% Tween-20, 5 mM imidazole, 1 mM
PMSF, EDTA-free cOmplete tablet (1 per 50 ml) (Roche, 11873580001), 3 mM betamercaptoethanol, 10 pg/ml aprotinin, 2 mM ben-
zamidine and benzonase. The lysate was cleared by centrifugation at 18,000 g for 45 min at 4°C. The soluble fraction was incubated
with NiNTA agarose (Qiagen, 30230) for 90 min at 4°C and washed first with CTCF buffer supplemented with 0.1 mM ZnCl,, 0.01 %
Tween-20, 35 mM imidazole, 1 mM PMSF and 2 mM benzamidine and then with CTCF buffer supplemented with 35 mM imidazole
only. Protein was eluted with CTCF buffer supplemented with 300 mM imidazole. The eluate was concentrated using a Vivaspin
30 kDa MWCO concentrator (Sartorius) and buffer was exchanged using a Zeba 7 kDa MWCO desalting column equilibrated in
CTCF buffer. Protein was then flash-frozen and stored at -80°C.

In addition to these longer protein fragments, smaller fragments were synthesised in-house or ordered from Genscript (Table S1).
Peptides were synthesised on a Liberty Blue peptide synthesiser (CEM) using standard Fmoc chemistry. For each amino acid cycle, a
4 min coupling with DIC/Oxyma was performed. Peptides were purified on a Phenomenex Luna C18(2) using a 2-45% in 45 min
0,1%TFA/ACN+0,1%TFA gradient. The identity of the peptide was confirmed using MALDI-MS (4800 MALDI TOF/TOF, Sciex)

Expression and purification of Scc1 fragment

A codon optimized gene for residues 252-420 of the human cohesin kleisin subunit (Uniprot 060216) was synthesized with a 3C pro-
tease site, an N-terminal cysteine and a C329S mutation, and cloned into the BamHI and EcoRl sites of pGEX-6P-1. The resulting
plasmid pED145 was transformed into Escherichia coli ER2566 cells (New England Biolabs, fhuA2 lacZ::T7 gene1 [lon] ompT gal
sulA11 R(mcr73::miniTn10-TetS)2 [dcm] R(zgb-210::Tn10-TetS) endA1 A(mcrCmrr)114::1S10) containing a Rosetta™-2 plasmid
(Novagen), and selected on LB media containing 100 mg/ml ampicillin and 34 mg/ml chloramphenicol. For expression, overnight
pre-cultures were diluted 1:100 into 1 liter prewarmed LB with fresh antibiotics, cultures were grown in baffled flasks shaking at
200 rpm at 37°C until the ODgqo reached ~0.6, and expression was induced by the addition of IPTG to a final concentration of
1 mM. After 3 hours of induction the cells were harvested by centrifugation (10 min, 4000 rpm, JLA8.1000 rotor), washed in 50 ml
PBS, and resuspended in buffer A (50 mM Tris/HCI pH 7.5, 200 mM NaCl, 5% (w/v) glycerol, 0.05 mM TCEP). Cells were lysed using
a French Press (Constant Systems) at 20 kpsi, 4°C and unbroken cells, debris and aggregates were pelleted in a Ti45 rotor (30 min,
40.000 rpm, 4°C). The lysate was applied to 2 ml prewashed glutathione resin (Thermo Fisher 25237) and incubated for one hour while
rotating at 4°C. Subsequently, the resin was washed with 50 ml of buffer A and finally the kleisin fragment was eluted in 15 ml of buffer
A supplemented with homemade 3C protease. The kleisin fragment was concentrated using a Vivaspin centrifugal concentrator
(10 kDa cut-off), fluorescently labelled with Alexa Fluor™ 647 C2 Maleimide (Thermo Fisher A20347) and further purified by size exclu-
sion chromatography (SEC) on a Superdex 200 Increase 10/300 column pre-equilibrated with buffer A.

Synthesis of dsDNA construct for fluorescence-based loop extrusion experiments

The synthesis of the dsDNA construct based on A phage DNA was described previously.* A-DNA containing a biotin on both ends,
was made by hybridizing and ligating short oligonucleotides containing 5 phosphate and 3’ Biotin on the single-stranded DNA
ends of Lambda DNA (NEB, N3011S). For this we used oligonucleotides, JT41 (P-GGGCGGCGACCT-Bio) and JT42
(P-AGGTCGCCGCCC-Bio) (IDT). Tag DNA ligase (NEB, M0208L) was used to ligate the oligonucleotide on Lambda, using 10 times
molar access of oligonucleotide to Lambda DNA. The mixture was incubated for 10’ at 65°C and then 1hour at 50°C in Taq DNA ligase
buffer. The biotin-Lambda DNA was then cleaned up from free oligonucleotides and enzymes using an AKTA pure system (Cytiva),
with a homemade gel filtration column containing approximately 46 mL of Sephacryl S-1000 SF gel filtration media (Cytiva), run with
TE + 150mM NaCl buffer at 0.2 mL/min. The fractions containing the Biotin-Lambda DNA were aliquoted and stored at —20 °C.

Synthesis of dsDNA construct for magnetic tweezers loop extrusion experiments

Singly biotinylated, linear dsDNA constructs with a length of 1.5 kbp were synthesised via PCR and enzymatically ligated to
digoxigenin-enriched DNA handles, as described previously.” Briefly, a biotinylated DNA fragment of 1.5 kbp length was produced
by using biotin-labeled forward and reverse primers that contain a Bsal restriction site on pBluescript Il SK+. To create the digoxi-
genin-enriched handle, a 485 bp fragment from pBluescript Il SK+ (Stratagene, Agilent Technologies Inc., USA) was amplified by PCR
in the presence of 1:5 digoxigenin-11-dUTP:dTTP (Jena Bioscience, Germany). Prior to ligations of the DNA fragment and handle, the
amplicons were digested with the non-palindromic restriction enzyme Bsal-HFv2 (New England Biolabs, UK). The ligation of the
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DIG-handle and biotinylated DNA fragment was carried out overnight using T4 DNA ligase (New England Biolabs, UK). The final
dsDNA construct was cleaned up from the access of handle by running on a 1% agarose gel and extracting the dsDNA construct
using a gel purification kit (A9282, Promega) and stored at -20°C until use.

ATPase assay

20 nM recombinant human cohesin tetramer, 50 nM recombinant human NIPBL-Mau2, and 10 ng/pl A-DNA were incubated in
ATPase reaction buffer (final composition: 25 mM NaH,PO4/Na,HPO,4 pH 7.5, 50 mM NaCl, 2.5 mM MgCl,, 1 mM DTT, 0.1 mg/ml
BSA, 2 mM ATP, and 10 nM U32FIATP (Hartmann Analytic; SRP-501) at 37 C. Reactions were stopped by adding 1% SDS and
10 mM EDTA in a 10 min interval with 40 min endpoint. Where indicated, reactions were supplemented with CTCF peptide (freshly
dissolved in 50 mM NaH,PO,/Na,HPO, pH 7.5, 100 mM NaCl, 5% glycerol). Reaction products were separated on polyethylenei-
mide plates (Sigma; 1055790001) by thin-layer-chromatography using 0.75 M KH,PO, (pH 3.4), analysed by phosphor imaging
with a Typhoon Scanner (GE Healthcare), and quantified using ImagedJ. The measured ATPase rates were normalised to the
ATPase rate of cohesin in absence of CTCF fragments of the respective experiment day.

Synthesis of 5(6)-Carboxyfluoresceine-labeled KTYQR peptide

Peptide was synthesized on a Liberty Blue peptide synthesizer (CEM) using standard Fmoc chemistry. For each amino acid cycle,
4 min coupling with DIC/Oxyma was performed. N-terminal 5(6)-Carboxyfluoresceine was added under the same conditions as an
amino acid. Peptide was purified on a Phenomenex Luna C18(2) using a 2-45% in 45 min 0,1%TFA/ACN+0,1%TFA gradient. The
identity of the peptide was confirmed using MALDI-MS (4800 MALDI TOF/TOF, Sciex)

Single-molecule DNA loop extrusion assays

LE experiments and imaging were performed as described previously.®® LE reactions by human cohesin were carried out in a buffer
containing 40 mM Tris-HCI pH 7.5, 30 mM NaCl, 2.5 mM MgCl,, 2.5% D-glucose, 2 mM Trolox, 10 nM catalase, 18.75 nM glucose
oxidase, 100 nM Sytox Orange, 0.5 mg/ml BSA, 1 mM DTT, 1 mM ATP with 100 pM cohesin and 200 pM NIPBL-Mau2 at 37°C. For
experiments with NIPBL-AN-A550/JF646, 100 pM cohesin, 15 pM NIPBL-AN-A550, and 15 pM NIPBL-AN-JF646 was used with
25 nM Sytox Green instead of Sytox Orange. 2 uM peptide was added were indicated. All data were acquired using an exposure
time of 200 ms for LE experiments without double-labeled NIPBL-AN and using an exposure time of 300 ms in experiments with dou-
ble-labeled NIPBL-AN.

Measuring DNA loop extrusion activity and steps with magnetic tweezers
The magnetic tweezers instrument and experimental methodology used in this study was previously described in detail.’®°® Bead x,
y, z position tracking was achieved with a spatial resolution of ~2 nm.® The concentration of cohesin was 100 pM together with
250 pM NIPBL-Mau2; the varying concentrations of the different CTCF fragments that were additionally added are denoted within
the results description and Figures. Experiments were conducted at 22.3°C in a buffer containing 40 mM Tris pH 7.5, 40 mM
NaCl, 2.5 mM MgCl,, 1 mM DTT, 1 mM ATP, 0.05% Tween-20, 0.25 mg/ml BSA. Experiments with yeast condensin were conducted
with 1.5-2 nM condensin at 22.3°C in a buffer containing 40 mM Tris pH 7.5, 40 mM NaCl, 2.5 mM MgCl,, 1 mM DTT, 1 mM ATP,
0.25 mg/ml BSA. Data was acquired for 12 min after protein flush-in and lowering the applied force from 7 pN to 0.3 pN.

Datasets were processed using custom-written Igor v6.37-based scripts, removing traces that showed surface-adhered magnetic
beads, ruptured tethers, as well as tethers containing more than one dsDNA.*%°® The bead Z-positions of all traces conducted at
identical conditions were pooled and filtered to 1 Hz (moving average) for subsequent quantitative LE-step analysis.

Fluorescence correlation spectroscopy

Fluorophore diffusion measurements were conducted using version 1 coverslips on a Picoquant Microtime 200 microscope, oper-
ated with Symphotime software at room temperature. A 60x Olympus UPSLAPO 60XW water immersion objective (working distance:
280 pm, numerical aperture: 1.2) was used to focus 485 nm (used for experiments with Cy3-labeled dsDNA) and 530 nm lasers (used
for experiments with 5(6)-Carboxyfluoresceine-labeled KTYQR peptide). Prior to the experiment, the molecular brightness of Atto488
or Atto550 fluorophore solutions was optimised by adjusting the objective’s correction collar. Emission light was directed through a
50 pm pinhole, split by a dichroic mirror, and filtered using a 520/35 optical band pass filter (Semrock) and a 563/9 band pass filter
(Chroma). Fluorescence emission was collected by single-photon avalanche-diode detectors (PD5CTC and PD1CTC, Micro Photon
Devices, Bolzano).

To examine affinity changes of STAG15°°! to DNA in dependence of the YDF peptide, 10 nM of a Cy3-labeled 40 bp dsDNA
(3'-CGTAGTCGGAGATGCGATTTGCATACCACCAG CGTAGTCG-5’), 150 nM Scc125'42 15 nM STAGH, and the indicated excess
of YDF peptide over STAG1 were incubated in a buffer containing 10 mM HEPES pH 7.5, 25 mM NaCl and 2.5 mM MgCl, for 30 min at
room temperature. Scc12%'*20 was omitted where indicated and an equal volume of Scc12%'%20 storage buffer was added instead.
ADA peptide was used instead of YDF peptide where indicated. To examine binding of 5(6)-Carboxyfluoresceine-labeled KTYQR
peptide to STAGH, increasing concentrations of STAG1 were incubated with 20 nM labeled KTYQR peptide in a buffer containing
10 mM HEPES pH 7.5, 25 mM NaCl and 2.5 mM MgCl, for 30 min at room temperature.
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AlphaFold predictions and structure analyses

Structure predictions of cohesin subunits and CTCF fragments were performed with AlphaFold v2,”>"® downloaded from https://
github.com/google-deepmind/alphafold. We used the default parameters except that all models were relaxed with a maximum num-
ber of 20 outer and 200 inner iterations. The sequences of the individual cohesin and CTCF fragments are listed in Table S2 and the
individual chains as input to the AlphaFold-multimer pipeline are listed in Table S3.

3D polymer simulations

3D polymer simulations were performed as described by Banigan et al.,®° with small modifications. A genomic region comprising
5600 monomers (1 monomer = 2 kb) was simulated containing 8 repeating elements of TADs spanning 400, 100, and 200 monomers
respectively. These 8 elements were averaged to generate the contact maps shown in Figures S4F-S4H. Loop extruders switched
their extrusion side and extruders underwent diffusion and slipping phases according to the experimentally observed rates.® When
extruders encountered a barrier (CTCF), extruders stopped with the stall probability. If stalled, extruders stalled on both sides with the
probability to stall symmetrically, i.e. extruders were not allowed to switch extrusion directions anymore and extrude away from
CTCF. Additionally, extruders either could or could not be stalled by CTCF during diffusion and slipping phases.

In brief, 1D simulations were carried out by modeling each event as a Poisson process. At each LEF time step dt, an event is
executed with probability k;dt, where k; is the rate of event i. 3D polymer simulations were subsequently performed using molecular
dynamics in OpenMM®"-?® utilizing the openmm-polymer library (https://github.com/mirnylab/openmm-polymer-legacy), integrated
with fixed-time-step LEF simulations as described in Fudenberg et al.”® and Goloborodko et al.?® Within the polymer simulation
framework, LEFs establish crosslinks between their occupied sites. Following each LEF dynamics time step, polymer configurations
are advanced through Langevin dynamics for 200 time steps with dt = 80. Polymer chains comprise L sequential subunits connected
via the pairwise bonding potential

k
Us(r) = 5(r = b)°
where r = r; — rj represents the displacement between monomers i and j, the spring constant k = 2 kT/52, 8 =0.1, and b denotes
monomer diameter. LEF-crosslinked monomers are constrained by an identical bonding potential. Excluded volume interactions be-
tween monomers are represented by a weak repulsive potential:
£ r \12
Uexc(r) = = (*rm) ((rorm)z — 1) + Eexc

€ m\O

valid forr<o where ¢ = 1.05b,rp,, = %, em = 46656/823543, and eexc = 1.5KT.

Initial conditions for each simulation consist of a random walk conformation for the polymer and velocities drawn from a normal
distribution to establish temperature T. Temperature maintenance at T is achieved through periodic velocity rescaling. Simulations
were run on nodes with access to a NVIDIA Tesla V100S using DelftBlue DHPC.'%°

Simulations were run for the following combination of parameters, totaling 338 simulations:

e Stall probability = [0, 0.01, 0.05, 0.1, 0.5, 0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95]
® Probability to stall symmetrically = [0, 0.01, 0.05, 0.1, 0.5, 0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95]
® CTCF can stall during diffusion and slipping phases = [yes, no]

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and segmentation of kymographs
Kymographs were quantified and segmented as described in Barth et al.?® In brief, images were cropped and processed by a
median filter with a window size of 5 frames and the background was subtracted using a Top-Hat filter of size 10 pixels. The
intensity of the DNA loop is normalised to the intensity along the entire DNA molecule and multiplied by the known length of the
DNA molecule (48.5 kbp). The DNA loop position was determined as the relative position of the loop from one end of the DNA.
Segmentation of cohesin-mediated LE phases was performed semi-automatically under assistance of a change point detection
algorithm that was subsequently manually curated since an entirely automatic segmentation was not robust and returns
spurious results on some traces or on parts of traces. After filtering, the change point detection was performed using a win-
dow-based change point detection algorithm,®" which were subsequently merged and classified based on the error estimation
of the assay.**®® The direction of each LE and DNA loop slipping phase was subsequently annotated by subjecting the DNA
loop position over time within each segment to a linear regression and classifying the segment as direction1/direction2 based
on the slope of the linear fit. Note that the nomenclature of the direction is arbitrary. Here, the first direction to which the loop
travels is called direction 1.

A LE trace was labeled as unidirectional if all LE phases in the trace pointed in the same direction and as bidirectional otherwise.
The frequency of LE phases was computed by dividing the number of LE phases by the time between the start of the first and last LE
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phase of every trace. The direction switching frequency was computed by dividing the number of direction switches by the time be-
tween the start of the first and last LE phases of every trace.

The displayed DNA loop size and position traces (Figure 1C) were filtered using a Savitzky—Golay filter with a window length of 51
frames (5.1 s) and order 1 (implemented as part of the scipy package'%).

To analyse the relationship between NIPBL-AN exchange and cohesin’s extrusion direction switching, we monitored instances
where the fluorescence intensity of one label was replaced by another, or where the intensity of one label disappeared and reap-
peared at least two frames later. The intensity of NIPBL-AN-A550/JF646 was calculated as the average intensity in the respective
channel at the loop position, using a 5-pixel window around the loop centroid. Background intensity was subtracted by averaging
the intensity in a region adjacent to the cropped DNA molecule, free from non-specific fluorescently labeled molecules during the
loop lifetime.

We determined the number of bleaching steps by plotting the fluorescence intensity at the loop over time and counting the step-
wise decreases to the background level, assisted by a hidden Markov model (HMM) analysis.'®® Only NIPBL-AN complexes asso-
ciated with a DNA loop were considered. The NIPBL-AN residence time (Figure S3C) was calculated as the interval between the
disappearance and preceding appearance of a NIPBL-AN molecule.

To correlate NIPBL-AN exchanges with extrusion direction changes, we counted direction changes during periods when NIPBL-
AN dissociated from cohesin. Conversely, we also calculated the fraction of events where a direction change occurred concomitantly
with a NIPBL exchange (Figures 2F and 2G).

Analysis of magnetic tweezers traces

The step-finding procedure is based on the quantitative method described by Smith in 1998 for detecting edges in noisy time-series
data.’® The algorithm was first made accessible for utilisation in the Python programming environment within the framework of the
stepfinder Python package developed for the identification of steps in one-dimensional data with low signal-to-noise ratio'®® and
subsequently refined to suit the specific requirements of single-molecule force spectroscopy experiments.

In brief, the algorithm enables the identification of steps with consistent reliability despite variable noise levels in the data as follows:
at each time point x;, the difference between the forward and backward estimation A; = X;, — X;_ of a Chung-Kennedy filter'°®
applied to the time-series data is compared to the local root-mean-square (RMS) noise, calculated from the weighted moving var-
iances w;, s;,. over the same window:

A;
Y———
vV Wi, Siy +W; _S; _,
where the weights w correspond to the normalised switching factors of the Chung-Kennedy filter and are defined as
st

=P, o P
s;.l+s”,

Wi. =
with p being the nonlinearity factor (edginess) proposed by Chung and Kennedy. In practice, p = 20 was chosen. The quantity Y; is
also colloquially referred to as the step score, reflecting its role as a dimensionless indicator of step strength relative to the local
noise level.

The noise component in the denominator is a function of the experimental conditions, e.g. magnetic tweezer force and DNA length.
It consists of the weighted moving variance calculated to the mean of the data and averaged over a window and does not exhibit
peaks at step locations, unlike the standard deviation. When an edge is encountered in the data, the output function Y responds
with a triangular waveform peaking at the location of the edge itself.

The benefit of this edge detector is that its probability distribution is known, allowing for the calculation of confidence limits for the
presence and absence of a step at each time point."%

This relationship is leveraged to define an initial threshold for the detection of a peak in Y

2 minimum step size
Ye = 3 local noise

(Equation 1)

which ensures that the probability Pr for the detection of a true step (efficiency) is maintained at a constant level.

It can be shown that assuming an SNR of 1 and thus choosing y. = 2/3 leads to the detection of steps with an efficacy (true positive
rate) of 95%.

In addition, a downstream rejection procedure was applied to verify whether Equation 1 is satisfied for each detected individual
step. For this purpose, the local step noise was computed within an interval around the index of the event, which was determined
by the minimum allowed step spacing corresponding to two times the filter window. Based on this noise component and y., a dynam-
ically adapting acceptance threshold value (in units of the input signal), for the current slice of the time trace was back-calculated
corresponding to the minimum allowed step size in Equation 1. Above-threshold step sizes were considered valid, while below-thres-
hold step sizes were rejected and the neighboring plateaus were merged. After each rejection, the quality of the remaining events was
reassessed in an iterative procedure until the stepfinder output consisted of valid steps only (Figures S1C and S1D). To address the
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fact that statistical predictors such as the probability of true and false outputs and localization accuracy of the stepfinder are also a
function of the filter window width W, the algorithm systematically evaluated a sequence of 50 window sizes ranging from 0.5 s to
5.0 s. The final filter window size was selected by identifying the window width Wopt that minimized the standard deviation opg
of step scores Y; in putative non-step (i.e., below-threshold) regions. This criterion reflects the assumption that a narrow background
score distribution indicates optimal separation between true steps and noise. To ensure robust step detection and avoid overfitting,
the final window used for analysis was conservatively set to g Wopt. To further evaluate the suitability of each candidate filter window,
the step scores Y; of all accepted steps were again normalized by the standard deviation of background scores oy, (i.€., the same
value minimized during the window optimization). This yielded an apparent signal-to-noise ratio for each step, SNR; =Y/o,g, Which
quantifies the prominence of a detected step relative to the variability of background (non-step) scores. The mean and median of
these individual SNR values were computed for each window size and served as additional metrics of step detection quality. While
not directly used in the optimization, they typically approach their maximum near the window width that minimizes the background
score variability, thereby supporting the choice of W, as the filter setting that best separates steps from noise.

This procedure, named LowForceAutoStepfinder (LFAS) was evaluated against a previously employed method to identify steps in
MT traces of SMC-mediated LE (AutoStepfinder).°® To this end, we computed the true positive rate (TPR) of detected steps using
step validation data as conducted previously.*® In brief, 1.5 kbp-long dsDNA was tethered between the glass surface and magnetic
bead as described above and a force of 0.3 pN or 1 pN was applied. The piezo holding the objective was set to step up or down every
10 seconds for a range of step sizes (Figures S1E and S1F). Both stepfinder algorithms were applied to these traces. These datasets
were then compared to the known steps from the piezo motion. In line with the previous stepfinder evaluation,®® a step detection was
judged correct if there was a piezo step nearby within 10% (~1 s) of the expected dwell time and 30% of the expected step size. We
found that the LFAS has a higher TPR at smaller forces (in particular at 0.3 pN used in this study) and smaller induced step size
(Figure S1G) and was thus used throughout this study.

Fitting of activity reduction and reversal/consecutive step ratio data

To fit the activity reduction in dependence of the peptide concentrations from MT experiments, the correlation between the peptide
concentrations and the activity reduction data was first assessed using Spearman’s correlation coefficient (function scipy.stats.s-
pearmanr of the scipy package'%). If the correlation coefficient was below 0.8, the data points were not subject to a fit, but described
by a horizontal line with a height equal to the average value of the data points and the error bar equals the + SD of the data points (e.g.
CTR and NTR+condensin data in Figure 1M). When the Spearman’s correlation coefficient exceeded 0.8, a piecewise linear model
was fitted to the data that consisted of a horizontal line up to a concentration xo and a line with a negative slope thereafter in loga-
rithmic space (e.g. NTR data in Figure 11), i.e.

Bifx < xg
B — mlog(x/xo) ifx>xo

where B is an offset, m denotes the slope of the line in logarithmic space, and xo denotes the concentrations at which the horizontal
line transitions into the line with a negative slope.

To fit the ratio of reversal to consecutive steps in dependence of peptide concentrations, the same approach was used, but the
data points were fitted to the following function if the Spearman’s correlation coefficient exceeded 0.8 (e.g. YDF data in Figure 2K):

L

T B )

This function is a logistic function with x and xg on a logarithmic scale. L + B denotes the supremum of the function, and k is the
logistic growth rate.

To provide a simple and robust description of the observed increase in reversals and the decrease in consecutive steps as a func-
tion of peptide concentrations, an exponential model was applied if, again, the Spearman’s correlation coefficient exceeded 0.8:

y(x) = A-exp(—kx)+B

where the amplitude A indicates the magnitude of change, and k is the convergence rate describing how quickly the system ap-
proaches its asymptotic value B, which represents either a maximum (for A <0) or a baseline (for A > 0).

Analysis of FCS data

For fitting of the FCS curves (using PAM'%"), the size of the confocal volume was determined from measurements of the free dye by
fitting a single-component diffusion model with triplet state (a diffusion constant of 297 pm?/s was used'®). The axial and lateral sizes
of the confocal volume were fixed for further analysis.

FCS curves of Cy3-labeled dsDNA binding to STAG1 were fitted with a single-component diffusion model with triplet state. The
resulting diffusion constant was in good agreement with the theoretical diffusion constant of freely diffusing DNA (MW 26 kDa)
and of dsDNA in complex with STAG1, Scc125142°, and YDF peptide (combined MW 182 kDa). Because the diffusion constant be-
tween the free and bound DNA differs only by a factor ~2, a two-component diffusion model with triplet state was overfitting the data.
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The ECsq values of STAG1 - + Scc1 - DNA data was estimated by converting the measured diffusion constants to the bound fraction
of DNA by normalizing between the diffusion constant of unbound and STAG1-Scc1-bound DNA, respectively. Then, a non-linear
regression of the data to the Hill equation, DNAoung = [X]"/(Ka" + [X]"), Where [X] is the excess of peptide over STAG1, was performed
to estimate the K value which, here, equals ECsq.

FCS curves of 5(6)-Carboxyfluoresceine-labeled KTYQR peptide were fitted with a two-component diffusion model with triplet
state with fixed diffusion constants of the free peptide (MW 2 kDa) and the KTYQR peptide in complex with STAG1 (combined
MW 139 kDa). The relative amplitude of the bound and unbound fraction is shown in Figure 3K.

Conservation score annotation

Conservation scores were computed using the ConSurf webserver (consurf.tau.ac.il).’%'"°

AlphaFold structure predictions analyses

After the structure prediction, individual predictions of a combination of cohesin subunits and CTCF fragments were aligned on the
NIPBL, STAG1, STAG2, or Smc3, respectively, using custom scripts using PyMOL."'" The structures were also rendered in PyMOL.
The structural similarity of individual amino acids within CTCF fragments #1-3 (and scrambles thereof) was computed as follows: the
C o coordinates were extracted from the PDB files and the distance of each amino acid in prediction pi to the corresponding amino
acid in prediction p; was computed, where i # j. Subsequently, the median distance of each amino acid in the prediction p; to all other
predictions was computed and displayed as one individual line (the median distance of each amino acid in prediction p; to all other
predictions) in Figure S6C.

Analysis of 3D polymer simulations

From the resulting polymer configurations, contact maps and the contact frequency as a function of genomic distance s (P(s)) were
computed from 4000 conformations using the openmmlib package (https://github.com/mirnylab/openmm-polymer-legacy) with a
contact radius of 5 monomers. The simulated P(s) curves were quantitatively compared to experimental P(s) curves from wild-
type Hap1 cells as reported by Haarhuis et al.>' and the goodness of fit between simulated and experimental P(s) curves was
computed as the geometric standard deviation of the ratio of simulated to experimental P(s) as before.”® Each parameter combina-
tion was ranked by its goodness of fit either for a fixed combination of the stall probability and whether CTCF can stall cohesin during
diffusion and slipping phases (Figures S4B and S4C) or overall (Figures S4D and S4E). Similarly, we computed the colocalization of
CTCF and SMC1 in experimentally obtained ChiP-seq data from Haarhuis et al.®" which yielded that 41.5% of CTCF peaks colocal-
ized with an SMC1 peak and 95.1% of the SMC1 peaks colocalized with a CTCF peak with a window of 2 kb, matching the simulated
genomic resolution. The variability across chromosomes was 25% for CTCF and 50% for SMC1. Similarly, we computed the coloc-
alization percentages across simulation parameters, where we used only the “leg” of the SMC closer to any CTCF to mimic the SMC1
ChiP-seq experiment. We used these values to rank simulation parameters (Figures S4J and S4K) by computing their Mahalanobis
distance, accounting for the fact that CTCF and SMC1 distributions are correlated due to the known fact that CTCF and cohesin
interact, as well as for the different variance of colocalization percentages across chromosomes.

STATISTICAL ANALYSES

Statistical tests were performed using the scipy module'®?

presented data are stated in the figure captions.

or using GraphPad Prism 9. Details of statistical test performed on the
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