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SUMMARY
Ring-shaped structural maintenance of chromosomes (SMC) complexes like condensin and cohesin extrude
loops of DNA. It remains, however, unclear how they can extrude DNA loops in chromatin that is bound with
proteins. Here, we use in vitro single-molecule visualization to show that nucleosomes, RNA polymerase, and
dCas9 pose virtually no barrier to loop extrusion by yeast condensin. We find that even DNA-bound nanopar-
ticles as large as 200 nm, much bigger than the SMC ring size, also translocate into DNA loops during extru-
sion by condensin and cohesin. This even occurs for a single-chain version of cohesin in which the ring-form-
ing subunits are covalently linked and cannot open to entrap DNA. The data show that SMC-driven loop
extrusion has surprisingly little difficulty in accommodating large roadblocks into the loop. The findings
also show that the extruded DNA does not pass through the SMC ring (pseudo)topologically, hence pointing
to a nontopological mechanism for DNA loop extrusion.
INTRODUCTION

Chromosome organization in eukaryotic cells is vital for genome

segregation, gene regulation, and recombination (Nasmyth,

2001; Spector, 2003). Structural maintenance of chromosome

(SMC) complexes such as condensin and cohesin play a key

role in the three-dimensional organization of the chromosome

(Naumova et al., 2013; Uhlmann, 2016; Xiang and Koshland,

2021). These SMC complexes are DNA-binding adenosine tri-

phosphatase, in which an SMC heterodimer and kleisin subunit

form a ring-like structure (Hirano, 2016; Lee et al., 2020). SMC

complexes organize the genome by extruding DNA loops in a

processive and adenosine triphosphate (ATP)-dependent

manner (Davidson and Peters, 2021; Goloborodko et al., 2016;

Hassler et al., 2018; van Ruiten and Rowland, 2018). Both cohe-

sin and condensin have been shown to extrude loops in vitro on

bare DNAmolecules that were tethered onto a surface (Davidson

et al., 2019; Ganji et al., 2018; Golfier et al., 2020; Kim et al., 2019;

Kong et al., 2020).

It remains unclear, however, how SMC complexes deal with

the abundant proteins that are part of chromatin in cells. In vivo,

SMC complexes will encounter lots of DNA-binding proteins

such as nucleosomes as well as large obstacles such as the

DNA replisome, with a size of approximately 20 nm (Sun et al.,
C
This is an open access article und
2015), or a transcribing RNA polymerase that, with its RNA tran-

script and spliceosome, can have a globular diameter of more

than 70 nm (Watson, 2004), i.e., even bigger than the approxi-

mately 35-nm ring size of SMCs. Some data indicate that

SMCs can bypass DNA-bound objects; e.g., Kim et al. (2019)

and Kong et al. (2020) found that nucleosomal DNA was com-

pacted by cohesin and condensin, and yeast condensin was

shown to be able to bypass another condensin to form higher-or-

der DNA loops (Kim et al., 2020). Yet, other evidence has

indicated a slowing down or blocking of DNA loop extrusion by

specific proteins. For example, the DNA-binding protein

CCCTC-binding factor (CTCF) regulates topologically associ-

ating domains and long-range interactions by blocking loop

extrusion through specific binding to cohesin (Li et al., 2020).

Furthermore, in vivo data suggest that transcribing RNA poly-

merases are able to push cohesin to the 30-end of highly tran-

scribed genes in eukaryotes (Busslinger et al., 2017; Heinz

et al., 2018), and Brand~ao et al. (2019) theoretically predicted

that transcription slows SMC complexes down but does not

block SMC translocation in Bacillus subtilis. Under conditions

in which cohesin diffuses along DNA, SMCs were reported to

be blocked by objects larger than 20 nm (Davidson et al.,

2016; Stigler et al., 2016). Overall, it therefore remains unre-

solved whether loop-extruding SMC complexes will block, stall,
ell Reports 41, 111491, October 18, 2022 ª 2022 The Author(s). 1
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 1. Visualization of a condensin encountering an obstacle while extruding a DNA loop

(A) Loop extrusion assay.

(B) Two scenarios for condensin encountering an obstacle during loop extrusion: the obstacle can either pass into the loop or get blocked.

(C) Snapshots of condensin bypassing a DNA-bound protein (dCas9) and including it in the loop during DNA loop extrusion with side flow.

(D) Snapshots of DNA loop extrusion where the loop encounter accommodates a protein.

(E) Kymograph for the event in (D).

(F) Localizations of the protein (magenta) and DNA puncta (green) from the kymograph.

(legend continued on next page)
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bypass, dissociate, or push obstacles that are present on the

DNA upon encounter.

One might expect that this relates to the topology of the SMC

complex during DNA loop extrusion. SMCs can embrace DNA in

their ring structure, as cohesin was found to mediate sister chro-

matid cohesion through topological entrapment (Ivanov and

Nasmyth, 2005), while condensin was reported to topologically

link chromatid arms for their structural rigidity in mitosis (Cuylen

et al., 2011a). Whether topological entrapment is necessary for

loop extrusion is under debate. While most models (B€urmann

et al., 2019, 2021; Cuylen et al., 2011b; Gruber et al., 2017; Haer-

ing et al., 2008; Higashi et al., 2020; Marko et al., 2019; Nichols

and Corces, 2018; Wilhelm et al., 2015) assume some form of

DNA entrapment, recent data on human cohesin with a cova-

lently closed-ring structure indicated its ability to extrude loops

(Davidson et al., 2019), suggesting a possible pseudo- or non-

topological loading of the SMC complex during DNA loop extru-

sion, where, respectively, the DNA gets inserted into the SMC

ring without opening the ring or where the DNA loop does not

get embraced by the SMC ring at all but DNA binding occurs

externally.

Here, we systematically study the effect of DNA-binding pro-

teins on DNA-loop extrusion for both yeast condensin and (cova-

lently closed) human cohesin. Strikingly, we find that particles as

large as 200 nm, i.e., much bigger than the approximately 35-nm

condensin ring size, can be translocated into DNA loops during

extrusion. This demonstrates that SMCs can handle protein-

loaded chromatin substrates for loop extrusion without any

problems, and provides evidence for a nontopological mecha-

nism of SMC-driven DNA loop extrusion.

RESULTS

Visualization of a condensin encountering an obstacle
while extruding a DNA loop
Loop extrusion was visualized in vitro bymonitoring an Alexa 647

fluorescently labeled roadblock protein on fluorescently labeled

DNA (sytox orange [SxO]) (Figure 1A). Roadblock proteins were

bound to 48.5-kb l-DNA, which was anchored onto a streptavi-

din-coated passivated glass surface at both its ends through

biotin linkers (Figure S1) and imaged with homebuilt highly in-

clined and laminated optical sheet microscopy. Upon addition

of condensin (0.5 nM) and ATP (5 mM), fluorescence spots

locally formed on DNA, whose intensity grew until the slack

was removed between the two DNA ends. Inplane buffer flow

perpendicular to the DNA confirmed that these were extruded

DNA loops. Consistent with previous findings (Ganji et al.,

2018), condensin extruded a DNA loop asymmetrically, and

consequently, the DNA-bound roadblock was reeled toward

the loop or remained fixed with respect to the loop position

(Figures 1C and S1I–S1L). Events where the roadblock wasmov-
(G) Color scheme denoting the various fluorescence intensities of different regio

(H) Illustration of the Brownian fluctuations of the roadblock at different stages o

(I) Kinetics of the DNA loop size formation for a passing event. Intensities are den

black) and SMC-roadblock distance (orange).

(J) Same as (I), but for a stalling and subsequent passing event.

(K) Same as (I), but for a blocking event.
ing toward the loop to subsequently co-localize with the loop

were identified as an encounter and considered for further

analysis.

Upon encounter, loop extrusion by condensin either blocked,

or the roadblock traversed the stem of the condensin-mediated

DNA loop to subsequently translocate into the extruded

DNA loop (Figure 1B). Figure 1C shows an example of such a

traversal, where the DNA formed a loop that grew in size until it

encountered the roadblock (here dCas9), whereupon it con-

tinued to grow such that the loop encompassed the roadblock

protein (Video S1). When the loop spontaneously disrupted after

9min, the protein was still bound to the DNA and, as expected, at

its initial position. Alternatively, a roadblock can be blocked at

the stem of the loop upon encounter (Video S2). We never

observed pushing of the roadblock along the DNA or disruption

of the loop upon the encounter. To avoid imposing additional

tension within the DNA by the side flow, which can slow down

or stall loop extrusion (Ganji et al., 2018; Je-Kyung et al.,

2021), most roadblock experiments were performed without

side flow (Figure 1D). Kymographs were used to visualize loop

formation and roadblock positions over time (see Figures 1E

and 1F). Upon encounter, a continued movement of the now

co-localized loop and roadblock signaled the passing of the

roadblock into the loop, since the SMC still drove the loop

expansion. Quantification of the loop size from the intensities

(Figure 1G) provided further details; see Figures 1I, 1J and 1K

for examples of a passage, a stalling and passing, and a blocking

event, respectively.

We found that the mean square displacement (MSD) of the

roadblock along the DNA serves as a good marker for discrimi-

nating whether the roadblock got blocked or passed into the

extruded loop. For a passage event, the MSD (Figure 1I, bottom)

could be seen to rapidly decrease until the condensin-roadblock

encounter, and rapidly increasing again after the encounter. This

is explained from, respectively, the tightening up of the DNA be-

tween its two ends in the early phase of loop extrusion (i.e., going

from I to II in Figure 1H) and the increased distance from the

roadblock (inside the loop) to the loop stem, which is associated

with an increased Brownian motion (III in Figure 1H), since the

DNA within the loop is not under tension. The MSD (Figure 1I,

bottom) changes much more distinctly over time than the loop

size (Figure 1I, top), making it a discriminating measure for infer-

ring whether the roadblock did or did not become incorporated

into the extruded DNA loop.

Loop-extruding condensin traverses DNA-bound
proteins such as nucleosomes, RNA polymerase, and
dCas9
In probing the effects of roadblocks on condensin-driven DNA

loop extrusion, we first examined nucleosomes, the basic build-

ing block of chromatin with a diameter of approximately 11 nm
ns on DNA.

f the encounter.

oted in colors outlined in (G). Bottom curve shows the MSD (moving average;
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B Figure 2. Loop-extruding condensin tra-

verses nucleosomes and other DNA-bound

proteins

(A) Schematic of nucleosomes on DNA.

(B) AFM image of single nucleosomes on DNA.

(C) Kymograph for a passage event.

(D) Corresponding loop kinetics and MSD traces.

(E and F) Kymograph (E) and corresponding loop

kinetics and MSD traces (F) for a blocking event.

(G) Fraction of the roadblocks passed (blue) and

blocked (orange) for nucleosomes, RNAP, and

dCas9.

(H) Schematics of RNAP and dCas9 (adapted from

Wikimedia Commons).
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(Figure 2A). Nucleosomes were reconstituted from yeast histone

octamers with Alexa 647 on H3A (see STAR Methods) and

assembled as single nucleosomes on DNA (Figures 2B and

S2A–S2D), yielding 2–5 isolated nucleosomes per l-DNA in our

optical assay. Both passing and blocking events were observed

(Figures 2C–2G), but passing events were much more frequent

(88% ± 4%) (Figure 2I). A small fraction of the encounters

showed stalling and passing with pausing time of approximately

10 s (Figure S2P). Notably, the blocking events almost always

occurred at the end of a loop extrusion where the forces within

the DNA were approximately similar to the stalling force for

condensin (Figure S2M). Other proteins with similar diameters,

specifically RNA polymerase (RNAP) from Escherichia coli

and dCas9 (Figure 2H), showed similar passing fractions as
4 Cell Reports 41, 111491, October 18, 2022
the nucleosome, namely 92% ± 5% and

87% ± 8%, respectively. This indicates

that approximately 10-nm-sized DNA-

binding proteins can be readily accom-

modated into the extruded loop.

Condensin and ohesion can pass
roadblocks bigger than their ring
size
Next, we asked if yet larger obstacles on

DNA would block DNA-extruding con-

densin. Gold nanoparticles were chosen

to controllably vary the size of the road-

blocks, as they can be obtained with a

narrow size distribution with a median

diameter of 10–125 nm. Gold particles

were functionalized with SH-PEG-NH2/

SH-PEG-COOH (see STAR Methods),

which minimized interactions with DNA,

condensin, and the glass surface. The

amine (–NH2) groups facilitated binding

to Alexa 647 and to a dCas9-Snaptag

that allowed sequence-specific anch-

oring of the nanoparticle to the DNA via

dCas9. Transmission electron micro-

scopy (TEM) imaging (Figures 3B–3D),

which visualized the gold core but not

the outer organic layer, showed a narrow

size distribution. The hydrodynamic dia-
meter was estimated from fluorescence correlation curves (Fig-

ure S2J), and a comparison of the TEM and hydrodynamic diam-

eters yielded a thickness of 7.9 ± 1.2 nm for the passivation layer.

For the largest particle in our study, we used polystyrene nano-

particles with the same functionalization that added 16 ± 2 nm to

the 182 ± 8 nm diameter as measured by EM, leading to a 198 ±

10 nm total diameter of these 200-nm polystyrene nanoparticles.

Condensin-driven loop extrusion was examined for functional-

ized nanoparticles of different sizes that were bound onto DNA.

Figure 3F–3M provides examples for gold nanoparticles with a

hydrodynamic diameter of 39 nm. We observed different out-

comes upon encounter of the condensin with the roadblock,

viz., passing (Figures 3F–3I; Videos S3 and S4), stalling and

passing (Figures 3J, 3K, and S2P), and blocking (Figures 3L
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and 3M). The application of a side flow unequivocally demon-

strated that a 39-nm particle can be inserted into the loop (Fig-

ure 3F). From the statistics of passing versus blocking, 39-nm

particles show similar high passing fractions (94% ± 6%;

including stalling and passing events) to the nucleosomes

(88% ± 4%).

The most striking finding of our study is that DNA-bound

particles with a diameter as large as 200 nm can pass into the

loop during the process of DNA loop extrusion. Figure 4C

shows representative side-flow images of DNA loop extrusion

in the presence of a 200-nm particle, where the particle

can be seen moving toward the loop, then encountering the

loop, and subsequently passing into the loop (Video S5).

Figures 4C–4E show another example of a passage event

where a 200-nm particle gets incorporated into the extruded

DNA loop, as evidenced from the increase in both the loop

size and the clear minimum in the MSD at the encounter.

Notably, this 200-nm size is much larger than the condensin

ring (cf. Figure 4A for a comparison to scale), as the circular

SMC complex has a diameter of approximately 35 nm (Gruber

et al., 2003), as is evident from atomic force microscopy imag-

ing (Figures S2E and S2F), whereas theoretically one could ima-

gine an approximately 110-nm ring diameter (Figure S2I) when

combining the approximately 50-nm long smc arms and

stretching the kleisin to its full maximal length, which, however,

is nonphysiological.

As displayed in Figure 4B, the fraction of DNA-bound nanopar-

ticles that traversed the condensin to get incorporated into the

DNA loop decreased from more than 90% for particle sizes up

to 40 nm, to 57% ± 9% for the 200-nm particles. The very large

passing fractions for the smaller particles indicate that the vast

majority of biologically relevant DNA-binding proteins will be

readily accommodated into extruded DNA loops. While the

passing fraction decreases with increasing particle size, it is

remarkable that more than 50% of the 200-nm particles still

get translocated into the extruded loop, implying that very large

protein complexes on DNA will traverse into the DNA loops.

Approximately 10%–20% of all encounters exhibited stalling

before subsequent passing, with a characteristic stalling time

of approximately 40 s (Figure S2P).

To explore the generality of these findings, we performed

similar experiments with human cohesin, which was also shown

to extrude DNA loops (Davidson et al., 2019; Kim et al., 2019).

For both 30-nm and 200-nm DNA-bound nanoparticles, we

observed that these roadblocks were able to pass the cohesin

complex during loop extrusion. Figure 4G shows a typical
Figure 3. Functionalized gold nanoparticles as controlled steric obsta

(A) Schematic showing the binding of a functionalized gold nanoparticle to the D

(B) TEM image of functionalized gold nanoparticles of sizes 14 nm showing unifo

(C) Idem for 186-nm polysterene beads.

(D) Size distribution of the functionalized gold nanoparticles from the TEM image

(E) Correlation between hydrodynamic diameter obtained from fluorescence corr

additional thickness of 15.7 nm on the nanoparticles.

(F) Snapshots of DNA loop extrusion with side flow for a 39-nm gold nanoparticl

(G) Snapshots of loop extrusion without side flow with a 39-nm gold nanoparticle

(H–M) Kymograph of DNA (green) and nanoparticle (red) corresponding to passin

and MSD traces corresponding to passing (I), stalling before passing (K), and blo

6 Cell Reports 41, 111491, October 18, 2022
example of a passage event that shows that cohesin behaves

very similar to condensin, although the encounter andMSD anal-

ysis is slightly more involved because of the two-sided nature of

loop extrusion for cohesin (see SI and Figure S3). Interestingly,

both the 30-nm and 200-nm particles traverse cohesin to pass

into the loop with similar efficiencies of 47% ± 8% and 45% ±

15% respectively, (Figure 4B, right).

Our observation that 200-nm particles can be translocated

into DNA loops by extruding SMC complexes suggests that

the DNA that is being extruded is not encompassed by the

approximately 35-nm SMC ring structure. Alternatively, it is

possible that large obstacles get translocated across an SMC

complex by transiently opening the SMC ring structure. To rigor-

ously test this important question, we examined a single-chain

variant of human cohesin in the roadblock assay. In this engi-

neered version of cohesin (Figure S2G), the three ring-forming

subunits SMC3, SCC1, and SMC1 are expressed as a single

fused polypeptide chain. Similar to wild-type cohesin, this fusion

protein folds into a ring-like structure in which SMC1 and SMC3

heterodimerize via the hinge domain to close the ring. This hinge-

hinge interaction is furthermore cross-linked via cysteine

residues, resulting in the formation of a covalently closed ring

structure to which the other holocomplex subunits (STAG1 and

NIPBL) can bind (Davidson et al., 2019). Remarkably, our data

(Figures 4B, 4F, and 4G) show that these single-chain cohesin

complexes do pass the 30-nm and 200-nm particles during

loop extrusion with a similar efficiency (40% ± 6% and 44% ±

16%, respectively) to that of wild-type cohesin. These data

demonstrate that the roadblock passage during loop extrusion

does not involve ring opening of the SMC complex.

DISCUSSION

From systematically investigating the effects of DNA-binding

roadblocks on DNA loop extrusion by SMC complexes, we

conclude that an SMC complex can effectively traverse road-

blocks, a finding that even holds for surprisingly large obstacles.

Our results directly show that DNA-bound protein complexes

such as nucleosomes and other approximately 10-nm sized

DNA-binding proteins pose no barrier to condensin-induced

loop extrusion. Our finding that RNAPs do not block DNA loop

extrusion is consistent with Hi-C experiments on bacterial con-

densin (Brand~ao et al., 2019), and the approximately 14-s stalling

times that we observed are similar to the estimated in vivo stall-

ing time of approximately 10 s for highly transcribed operons

(Brand~ao et al., 2019).
cles

NA through dCas9.

rm sizes and absence of aggregates.

s.

elation spectroscopy and diameters obtained from TEM. A linear fit shows an

e (red) on the DNA (green) that ends up within the loop.

(red) on the DNA (green).

g (H), stalling before passing (J) and blocking (L) events. (I, K, M) Loop kinetics

cking (M) events.



A

C

D

E

F

G

H

B

Figure 4. Condensin and cohesin can pass roadblocks bigger than their ring size

(A) Sketch of a Cas9 200-nm nanoparticle and condensin on DNA, to scale.

(B) Fraction of roadblocks passed into the loop or blocked by yeast condensin, human cohesin, and single-chain cohesin, for different particle sizes.

(C) Snapshots of loop extrusion by condensin on a DNA that accommodates a 200-nm roadblock in a passing event. At 54.7 s, a side flow was applied and the

particle can be seen inside the loop.

(D) Kymograph of a passage event where condensin traverses a 200-nm roadblock.

(legend continued on next page)
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Our data have important consequences for understanding the

activity of SMCs in cells, since the ability of SMC complexes to

overcome very large protein complexes on DNA has obvious ad-

vantages in its processing of cellular chromatin. Vice versa, the

finding that SMC complexes are largely unobstructed by phys-

ical barriers along the DNA indicates that SMC barriers such as

CTCF must function according to other principles, e.g., must

be governed by biochemical interactions, similar to what was

recently proposed for how CTCF blocks cohesin by binding to

the SA2-SCC1 subcomplex of cohesin (Li et al., 2020).

The very large size of nanoparticles that can be accommo-

dated in loop extrusion also has consequences for the mecha-

nistic modeling of the SMC motor proteins, as it indicates that

SMC complexes can readily bypass obstacles that are clearly

larger than its approximately 35-nm ring size. Covalent linking

of the interfaces of cohesin did not affect its passing ability,

showing that a temporary opening of the ring structure is not

needed for the loop extrusion process and roadblock traversals.

This has implications for our understanding of the topology

through which the SMC complex interacts with DNA during

loop extrusion (cf. Figure 4H for a visual explanation of the

possible topological modes). Early molecular models for loop

extrusion suggested that the SMC ring topologically embraces

the DNA upon loading and during DNA loop extrusion (see,

e.g., B€urmann et al., 2019, 2021; Marko et al., 2019). More

recently, also pseudotopological (Davidson et al., 2019; David-

son and Peters, 2021; Higashi et al., 2021) and nontopological

loading (Davidson et al., 2019; Srinivasan et al., 2018) of the

DNA were considered. Furthermore, after releasing the findings

of this article on a preprint server (Pradhan et al., 2021), new

models were proposed (Shaltiel et al., 2022; Nomidis et al.,

2022) that considered a pseudotopological mechanism for

loop extrusion. Prompted by our preprint data, these authors at-

tempted to account for the passage of large obstacles within

their model (SI Figure S25 in Shaltiel et al., 2022, and SI Figure S6

in Nomidis et al., 2022). However, this alternative interpretation

of our data makes a number of predictions that are not sup-

ported by the experimental results (Pradhan et al., 2022a). Spe-

cifically, when the SMC encounters a large roadblock, these

models predict the appearance of two loops, not one, since

the roadblock—with its size that cannot pass the ring struc-

ture—obstructs the merging of the two preformed loops postu-

lated in themodels, and hence leads to the formation of a second

loop. One could assume (as these authors appear to do) that the

preformed loop might slip into the new loop, to again form one

joint loop, but this is not the case, as can be seen from consid-

ering the force balance for the extruded DNA loop (which in

our experiments are typically >10 kb). Summing up, the recently

proposed pseudotopological models imply the appearance of

two loops upon roadblock encounter as well as that the particle

gets stuck at the SMC. Both predictions are, however, not

confirmed by our experimental observations. Instead, the data

from the current study provide evidence in favor of a nontopolog-
(E) Loop kinetics and MSD trace for the event in (D).

(F) Kymograph of a passage event where single-chain human cohesin traverses

(G) Loop kinetics and MSD trace for event (F).

(H) Models of topological, pseudotopological, and nontopological embracing of

8 Cell Reports 41, 111491, October 18, 2022
ical mode for DNA loop extrusion, where DNA binds externally to

the SMC complex.

The inclusion of large DNA-bound particles into extruded loop

that are produced by SMCs (most strikingly, even by single-

chain cohesin) discards the possibility of (pseudo)topological

entrapment of the extruded DNA in the process of loop extrusion

(in the strict definition of Figure 4H where the extruded

DNA passes through the SMC ring). Notably, however, these ex-

periments are agnostic about the question of whether or not a

DNA is entrapped in other biological processes involving

SMCs, where such a topological loading likely is very relevant.

It will be interesting to expand the approach of the current road-

block study even further, e.g., by examining Smc5/6 SMC com-

plexes (Pradhan et al., 2022b) or cohesin for a variety of co-factor

conditions to examine the generality of our findings and to gain

further understanding of the control of chromosome structure

by SMC-driven DNA loop extrusion.

Limitations of the study
Our experiments provide a visually striking demonstration that

SMC-driven loop extrusion has surprisingly little difficulty in ac-

commodating large DNA-bound protein complexes into the

extruded DNA loop. The experiments unambiguously show

that these large objects do not block loop extrusion by SMC

proteins. Like every technique, however, our methodology also

has its technical challenges and limitations. For example, exper-

iments on protein roadblocks (nucleosomes, RNAP, and dCas9)

can be hindered by the photobleaching and a low signal-to-noise

ratio (SNR): The fluorescence of the roadblock protein has to sur-

vive long enough for the encounter with the SMC complex to be

observed, and the SNR of protein roadblocks can be low as the

signal comes from a single fluorophore on a single molecule that

is fluctuating in position within the field of view. Such a lower

SNR adds uncertainty to the localization precision of the protein

roadblock, thus increasing the noise of the calculated MSD,

which can make it challenging to precisely localize the time point

for the encounter between the roadblock and condensin. More

generally, we present in vitro experiments, and inevitably, it is al-

ways a question to what extent in vitro data resemble the in vivo

behavior of SMC complexes. While our experiments clearly

demonstrate the intrinsic capabilities of SMCs to bypass huge

roadblocks and accommodate them into the extruded DNA

loops, it remains of interest to see how this plays out in the

crowded environment of chromatin in the nucleus.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

E. Coli strain, BL21-codonplus-DE3-RIL Agilent Cat#230245

E. Coli strain, BLR(DE3) Novagen Cat#69450

Chemicals, peptides, and recombinant proteins

Lambda DNA New England Biolabs Cat# N3011S

dCas9 (SNAP-tag) New England Biolabs Cat# M0652T

13NEBuffer3.1 New England Biolabs Cat# B7203S

Alexa647 NHS ThermoFisher Scientific Cat# A20006

Benzyl guanine NHS New England Biolabs Cat# S9151S

Gold nanoparticles NanoPartz Inc. N/A

Sytox Orange ThermoFisher Scientific Cat# S11368

Pfu-turbo Agilant 600410

DpnI New England Biolabs NEB R0176S

TCEP Sigma-Aldrich 646547-10x1ML

IPTG Santa Cruz Biotechnology Sc-202185

Protease complete inhibitor Roche 11836145001

C2-Maleimide Alexa647 ThermoFisher Scientific Cat# A20347

NoLimit 10kb DNA ThermoFisher Scientific SM1751

Slide-A-Lyzer mini 3.5K ThermoFisher Scientific 88400

Taq DNA ligase New England Biolabs M0208L

C2-Maleimide-Alexa647 ThermoFisher Scientific A20347

LB Broth (Lennox) Sigma-Aldrich L3022-1KG

Experimental models: Organisms/strains

Saccharomyces Cerevisiae Ganji et al. (2018) N/A

SF9 insect cells Thermo Scientific B82501

Oligonucleotides

tracrRNA: Alt-R� CRISPR-Cas9 tracrRNA Integrated DNA Technologies 1072532

CR10643: AAGTGATGCGAAAAAAACAGCGG Integrated DNA Technologies N/A

CR19879: TGTATGAAGATTCACAACCGGGG Integrated DNA Technologies N/A

CR31232: GAAATCCACTGAAAGCACAGCGG Integrated DNA Technologies N/A

CR38428: GCTTGGAACTGAGAAGACAGCGG Integrated DNA Technologies N/A

3BiotinPrimer: P-GGGCGGCGACCT-Bio Integrated DNA Technologies N/A

5BiotinPrimer: P-AGGTCGCCGCCC-Bio Integrated DNA Technologies N/A

TL-CH-13 : GCGCAGGATTTCAAAACC

TGTCTGCGTTTTCAGAGCAGCG

Integrated DNA Technologies N/A

TL-CH-14: CGCTGCTCTGAAAACGC

AGACAGGTTTTGAAATCCTGCGC

Integrated DNA Technologies N/A

TL-CH-5: CAAAACTTGTTGCCATGCA

AGTCTGCCAAGACTGC

Integrated DNA Technologies N/A

TL-CH-6: GCAGTCTTGGCAGACTTGCAT

GGCAACAAGTTTTG

Integrated DNA Technologies N/A

Recombinant DNA

pET-Duet.H3(D82C)-H4 This work N/A

pCDFduet.H2A(K120C)-H2B This work N/A

pET-Duet.H3-H4 This work N/A

pCDFduet.H2A-H2B This work N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

pET-Duet.H3(D82C)-H4 This work N/A

pCDFduet.H2A-H2B This work N/A

pET-Duet.H3-H4 This work N/A

pCDFduet.H2A(K120C)-H2B This work N/A

Software and algorithms

python Python Software Foundation Python 3.8

Custom analysis This work https://doi.org/10.5281/

zenodo.6959500

FCS data fitting https://pam.readthedocs.io/

en/latest/pam.html

N/A

FCS data collection https://www.picoquant.com/ SymPhoTime 64

Micromanager: data recording https://micro-manager.org/ Micro-Manager 2.0.0
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Cees

Dekker (c.dekker@tudelft.nl).

Materials availability
Most reagents were obtained commercially and are described in themanuscript. All unique reagents generated in this study are avail-

able from the lead contact with a completed Materials Transfer Agreement as applicable.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d Custom codes and representative data are available at Zenodo: https://doi.org/10.5281/zenodo.6959501. The repository

contains statistical data in the file ‘‘AuNP_RoadBlock.xlsx’’ and the code to obtain the statistics figures (Figures 2G and 4B)

in ‘‘le_stasticis_stalling_force.ipynb’’.

d Any additional information required to analyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Yeast strains
Pentameric S. cerevisiae condensin complexes were purified from Saccharomyces cerevisiae strains are derived of W303. Cultures

were grown at 30�C in –URA–TRP dropout media containing 2% raffinose to OD600 of 1. Expression was induced with 2%galactose

for 8 h.

Insect cells
SF9 insect cells were used to express cohesin. After expression, cultures were harvested after 48–60 h at 27�C, washed in PBS,

frozen in liquid nitrogen and stored at �80�C.

Bacterial strains
BL21-codonplus-DE3-RIL: Species: E. coli B, Genotype: F– ompT hsdS(rB – mB –) dcm + Tetr gal l(DE3) endA Hte [argU ileY leuW

Camr ], Growth Conditions: LB Broth (Lennox), 37�C 180RPMBLR(DE3): Species: E. Coli, Genotype: F-ompT hsdSB(rB
�mB

�) gal lac
ile dcm D(srl recA)i306:Tn10 (tetR) (DE3), Growth Conditions: LB Broth (Lennox), 37�C 180RPM.

METHOD DETAILS

DNA and condensin preparation
Condensin holocomplex from S. cerevisiae was purified using our previously published protocol (Ganji et al., 2018). Lambda DNA

containing a biotin on both ends, was made by hybridizing and ligating short oligonucleotides containing 50 phosphate and 30 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). Taq DNA ligase (NEB, M0208L) was used to ligate the oligonucleotide on
e2 Cell Reports 41, 111491, October 18, 2022
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Lambda, using 10 times molar access of oligonucleotide to Lambda DNA. The mixture was incubated for 100 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 46mL of Sephacryl S-1000 SF gel filtra-

tion media (Cytiva), run with TE + 150mMNaCl buffer at 0.2mL/min. The fractions containing the Biotin-Lambda DNA were aliquoted

and stored at �20�C.

Protein roadblocks
Nucleosome reconstitution and AFM imaging

Histone octamers were purified and assembled as established by Sanchez et al. (in preparation). pET-Duet.H3(D82C)-H4 and

pCDFduet.H2A(K120C)-H2B were made, using site-directed mutagenesis with pfu-Turbo (Agilent) and Dpn1 (NEB), from pET-

Duet.H3-H4 with primers TL-CH-13 (GCGCAGGATTTCAAAACCTGTCTGCGTTTTCAGAGCAGCG), TL-CH-14 (CGCTGCTCTGAAA

ACGCAGACAGGTTTTGAAATCCTGCGC) and pCDFduet.H2A-H2B with primers TL-CH-5 (CAAAACTTGTTGCCATGCAAGTCTGC

CAAGACTGC), TL-CH-6 (GCAGTCTTGGCAGACTTGCATGGCAACAAGTTTTG).

Histone proteins were co-expressed in Escherichia Coli strain BL21-codonplus-DE3-RIL (Agilent) from pET-Duet.H3(D82C)-H4

and pCDFduet.H2A-H2B or pET-Duet.H3-H4 and pCDFduet.H2A(K120C)-H2B (Kingston et al., 2011). Cells were grown to � OD

0.4 and expression was induced by adding 0.4 mM isopropyl 1-thio-ß-D-galactopyranoside (Santa Cruz Biotechnology Inc), and

shaking at 180 rpm for 16h at 18�C. Cells were subsequently sonicated in a Qsonica Q500 sonicator for 2 min with cycles of 5 s

on and 5 s off and an amplitude of 40%, in 0.5M NaCl, 20mM Tris-HCl pH8, 0.1mM EDTA, 1mM DTT, 0.3mM PMSF and protease

complete inhibitor (Roche). Supernatant containing the Histone complexes were purified on a 5mL Hi-Trap Heparin column (Cytiva)

and eluted with a gradient of 0.5–2M NaCl, 20mM Tris-HCl pH8, 0.1mM EDTA, 1mM DTT. Fractions were analyzed using SDS-Page

and further purified on a Superdex 200 increase (Cytiva) in 2MNaCl, 20mMTris-HCl pH8, 0.1mMEDTA and 1mMDTT, analyzed on a

12%SDS-Page gel, concentrated and then labeled with C2-Maleimide-Alexa647 (ThermoFisher). For labeling, 1 mg/mL Histone-oc-

tamers were dialyzed in 50mMMOPS pH7, 2M NaCl. TCEP (Sigma-aldrich) was added to 1mM and 0.2mMC2-Maleimide-Alexa647

was added. This was incubated for 2hours at 21�C, quenched with 1mM DTT and then purified on a Superdex 200 increase column

and checked with an SDS-page gel for intact labeled Histone-octamers.

Nucleosome assembly was done using salt dialysis (Kong et al., 2020). For every assembly several different ratios of Alexa

647-Histone-octamere/DNA were made. 136nM Alexa 647-Histone-octamere, �0.15nM Biotin-Lambda DNA and 2.5-15nM 10kb

DNA (ThermoFisher, SM1751) where combined in 2M NaCl, 10mM Tris-HCL pH8, 1mM EDTA and transferred to a slide-A-lyzer

mini dialysis device, 3.5K MWCO (ThermoFisher, 88,400). It was then dialyzed at 4�C in 100mL of 2M NaCl, 10mM Tris-HCl pH8,

1mM EDTA, 5mM b– mercaptoethanol. We added 10 mM Tris-HCl pH 8.0, 1 mM EDTA, pH 8, 5 mM b–mercaptoethanol at a rate

of 0.5mL/min using a peristaltic pump until the buffer reached �0.4M NaCl. We then transferred the slide-A-lyzer to a beaker glass

with 100mL 10mM Tris-HCl pH 8.0, 1mM EDTA, pH 8.0, 5mM b–mercaptoethanol and incubated for another 2hours. Subsequently

we analyzed the sample on an agarose gel and checked on a typhoon if labeled histones where comigrating with the DNA and

checked proper nucleosome assembly on the AFM.

After treating amicawith 0.0001% (wt/vol) poly-L-Ornithine for 1.5min, we rinsed themica using 3mLMiliQwater and dried it using

N2 gas. Then, the sample of the nucleosome assembly was deposited onto the mica for 1 min and rinsed by 3 mL MilliQ water. After

drying the sample using N2 gas, we imaged it using a Bruker Multimode AFM, with a Nanoscope V controller and Nanoscope version

9.2 software (Ryu et al., 2020). Using Bruker ScanAsyst-Air-HR cantilevers (stiffness: 0.4 N/m, tip radius: 2 nm). PeakForce Tapping

mode was used with an 8-kHz oscillation frequency. To reduce sample distortion induced by tip-sample interaction, we used low a

peak force set-point value (<100 pN). To obtain high resolution images, 2.5 3 2.5 mm2 scan areas with 2,500 3 2,500 pixels2 were

scanned at 0.5-Hz scanning speed. For imaging condensin and cohesin holocomplexes, we deposited 2 nM protein complexes onto

a 0.00001% (wt/vol) poly-L-Ornithine treated mica for 10 s, and the mica was washed using 3mLMiliQ water and dried using N2 gas.

Then, the sample was imaged with the same AFM parameters described above.

We performed image processing of the AFM images using Gwyddion version 2.53 by removing background subtraction and

filtering transient noise (Ryu et al., 2021). Afterward, we subtracted (planar and line by line) background polynomials after excluding

the masked grains of DNA-protein images and applied plane background subtraction. Finally, we de-convoluted the AFM images

using a blind tip estimation and surface reconstruction to minimize the tip convolution effect, the widening of images induced by

non-zero AFM tip size. To measure the diameter of nucleosomes (Figures S2C and S2D), we masked each nucleosome complex

bound to DNA on the AFM images and performed mean diameter measurement in the Gwyddion software.

RNA polymerase labeling and binding to DNA

Wild-type E. coli RNA polymerase core-enzyme (a2bb0u) with an SNAP-tag and transcription initiation factor s70 were purified and

expressed as previously described (Nayak et al., 2013). Purified RNAP was covalently attached to Alexa 647-benzylguanne accord-

ing to the protocol provided by the provider and further purified using a Sepharose 6 gel-filtration column (Cytiva). The labeling

efficiency of the core-enzyme was 35%. RNAP holoenzyme was reconstituted by incubating labeled RNAP with s70 in 1:10 ratio

in a buffer containing 10 mM Tris-HCl, pH 8, 150 mM NaCl, 0.1 mM EDTA, 5 mM ZnCl2, 1 mM DTT, 5% glycerol. Prior to anchoring

l-DNA onto the surface, 1 nM l-DNA was incubated with 10 nM RNAP holoenzyme in imaging buffer (50 mM TrisHCl pH 7.5, 50 mM

NaCl, 2.5 mMMgCl2, 1 mM DTT, 5%(w/v) D-dextrose, 2 mM Trolox, 40 mg/mL glucose oxidase, 17 mg/mL catalse) for 5 min at room

temperature.
Cell Reports 41, 111491, October 18, 2022 e3
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dCas9 binding to DNA

The protocol for dCas9 binding to DNA was adapted from the protocol described by Ti�sma et al. (2022). gRNA was obtained by an-

nealing a mixture of Alt-R Crispr-Cas9 tracrRNA and crRNA (IDT) at 90�C for 1 min. To prepare dCas9/gRNA construct, 120 nM of

dCas9-Snaptag and 1.2 mM gRNA were incubated in NEBuffer3.1 for 30 min at 37�C for 30 min. The dCas9/gRNA construct were

stored in aliquots at �80�C until further use. crRNA target sequences were chosen using the Chopchop webtool (https://

chopchop.cbu.uib.no/).

The dCas9/gRNA was attached to the target sequences on l-DNA by incubating 120 pM biotinylated l-DNA and 12 nM dCas9/

gRNA in NEBuffer3.1 for 45 min at room temperature. We call this construct ‘‘l-DNA/dCas9’’ in short. To add a label on dCas9

attached to l-DNA, 100 nM SNAP-Surface Alexa Fluor 647 was incubated with the ‘‘l-DNA/dCas9’’ for 45 min at room temperature.
Target sequences for binding dCas9 to lambda DNA, related to Figures 2–4

ChopChop Rank Target sequence including PAM Lambda DNA location Efficiency by ChopChop

16 AAGTGATGCGAAAAAAACAGCGG seq:10643 75.57

5 TGTATGAAGATTCACAACCGGGG seq:19879 79.29

3 GAAATCCACTGAAAGCACAGCGG seq:31232 81.03

12 GCTTGGAACTGAGAAGACAGCGG seq:38428 76.97
Gold and polystyrene nanoparticle functionalization
For each size, 100 mL of gold nanoparticles (Nanopartz) stock was incubated on a shaker at 4�C overnight with SH-PEG-COOH and

SH-PEG-NH2 with concentrations given on the table below. Unbound PEG was removed by dilution (15x) with MilliQ water, centri-

fugation (speeds in the table below), and removal of the liquid supernatant after centrifugation. The dilution and centrifugation step

was repeated at least five time to get rid of the unbound PEG. The PEG functionalized gold nanoparticles were incubated with 10mM

Alexa 647 NHS and 0.1 mM Benzyl Guanine NHS (BG-NHS) in 50 mM borate buffer at 4�C overnight. The unbound dye and BG-NHS

was removed by dilution with MilliQ water, centrifugation and removal of the supernatant. The dilution and concentration step was

repeated for at least five times to remove most of BG-NHS. We estimate around 1 to 10 BG and around 100 Alexa 647 molecules per

nanoparticle. The dye functionalized gold nanoparticles were stored at 4�C for further use.200 nm amine functionalized polystyrene

particles (Nanocs) were incubated with 10 mM SMCC (succinimidyl4-[N-maleimidomethyl]cyclohexane-1-carboxylate) in borate

buffer pH 8 for 30 min in ice bath which leaves maleimide groups on the surface for further reaction with thiol groups. The unreacted

SMCCwere removed by dialysis. Themaleimide functionalized polystyrene particles were immediately functionalized with Alexa 647

and BG-NHS as per the table below.

Functionalized gold nanoparticles were incubated with 0.5 mg/mL BSA for 5 min and then mixed with l-DNA/dCas9 for 45 min at

room temperature at a ratio of 10:1 (particles: DNA). l-DNAs with nanoparticles bound on them were then used to anchor onto the

functionalized glass substrate.
Concentration of functionalization groups for particle functionalization, related to Figures 3 and 4

Size/nm SH-PEG-COOH/mM SH-PEG-NH2/mM Alexa 647-NHS/mM BG-NHS/mM Centrifugation speed/g

14 10 5 10 0.1 20000

21 10 2.5 10 0.1 10000

29 10 1 10 0.1 2500

50 10 0.4 10 0.1 1100

125 10 0.2 10 0.1 400

200 (polystyrene) 10 1 10 0.1 400
Nanoparticle size measurement from TEM images and FCS

Hydrodynamic diameters were estimated through FCSmeasurement. Fluorescence time traces and autocorrelations were recorded

in a Picoquant MicroTime 200 confocal microscope. The functionalized gold nanoparticles with Alexa 647 on their surface were

excited with 640 nm laser with powers giving to 10000 photons per second in average at the detector. The concentration of the par-

ticles was kept around 1 nM. The autocorrelation curves (Figure S2J) were fitted with

GðtÞ = ½1 � t + te
� t
tT � 1

Nð1 � tÞ
�
1+ t

tD

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

1+
�
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tD

��
u0
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�2
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where t is the lag time, tT is the triplet blinking time of the Alexa 647 fluorophore, N is the number of molecules in the detection vol-

ume, u0and uz are the lateral and longitudinal width of the point spread function of the microscope, and tD is the diffusion time of the

particle.

u0 and uz were determined by calibrating the microscope with the known diffusion coefficient (3.3 mm2s�1) of Alexa 647. The hy-

drodynamic diameter (2Rh) was calculated from that as Rh = kBT
6prD , where D =

u2
0

4tD
and T is the temperature, r is the viscosity and

D is the diffusion coefficient.

Functionalized gold nanoparticles were incubated with 0.5 mg/mL BSA for 5 min and then mixed with l-DNA/dCas9 for 45 min at

room temperature at a ratio of 10:1 (particles: DNA). These l-DNAs with nanoparticles bound on themwere then used to anchor onto

the functionalized glass substrate.

We performed TEM and SEM imaging to verify the sizes of the nanoparticles. The functionalized nanoparticles were diluted 1:20

times with MilliQ and then deposited on carbon grids coated copper TEM grids (Ted Pella) using a JEOL JEM-1400 transmission

electron microscope with an acceleration voltage of 120 keV. For particles larger than 100nm, the nanoparticles were deposited

on a copper tape and imaged using a FEI Helios G4 CX in SEM mode at 10KeV.

Single molecule loop extrusion assay and data analysis
Flow cells were prepared with PEG/PEG-biotin passivated glass slides as described previously (Ganji et al., 2018). Microscope

slides were cleaned with acid piranha (sulfuric acid (5parts) and hydrogen peroxide (1 part)) and silanized with 3- (2-aminoethyl)

aminopropyl] trimethoxysilane in methanol containing 5% glacial acetic acid which leaves free amine groups on the surface. The

slides were then treated with 5 mg/mL methoxy-PEG-N-hydroxysuccinimide (MW 3500, Laysan Bio) and 0.05 mg/mL biotin-

PEG-N-hydroxysuccinimide (MW3400, Laysan Bio) in 50 mM Borate buffer, pH 9. The pegylated slides were dried with a gentle

flow of nitrogen, sealed, and stored at �20�C until further use. Flow cells were then assembled with the functionalized glass

slides as described before (Ganji et al., 2018). The channels in the flow cell were incubated with 100 nM streptavidin in

Tris20 buffer (40 mM TrisHCl pH7.5, 20 mM NaCl, 0.2 mM EDTA) for 1 min. The unbound streptavidin was washed with

Tris20 buffer. The surface was further passivated by incubating the channel with 0.25 mg/mL BSA in Tris20 for 10 min 30 mL

of 5 pM of l-DNA with the roadblock on the DNA and 20 nM SxO in Tris20 was flowed into the channel at 4 mL/min. The

free DNA in the channel were removed by flowing 100 mL Tris20. The buffer in the channel was replaced with imaging buffer

containing 100 nM SxO. The imaging buffer scavenges oxygen and lengthens the observation time of the fluorophores by

reducing photo bleaching.

We visualized the DNA and roadblocks in a home built Highly Inclined and Laminated Optical sheet (HILO) microscope (Tokunaga

et al., 2008) with a 60x oil immersion, 1.49NA CFI APO TIRF (Nikon) objective. HILO allows excitation of molecules in a thin sheet of

light that is 1-10 mm above the glass substrate; hence reducing background from free floating dyes in the solution and increasing

signal-to-noise ratio of the SxO on DNA and Alexa 647 labeled roadblocks. The SxO on DNA was excited with 0.1 W/cm2 561 nm

laser light and single Alexa 647 on proteins were excited with 100 W/cm2 637 nm in alternative excitation (ALEX) mode to simulta-

neously visualize the DNA and roadblock proteins. The gold nanoparticles with 10–100 Alexa 647 molecules on the surface were

excited with 10–100 W/cm2 637 nm laser light. The two lasers were illuminated alternatively with exposure time of 100 ms allowing

simultaneous observation of the DNA and the roadblocks.

Data analysis

Fluorescence images were analyzed in a custom written software in python programming language (Kim et al., 2022). The images

were denoised using a machine-learning-based method called ‘‘Noise2void’’, as published before (Krull et al., 2019). Fluorescence

intensities along the DNA axis were averaged with 5 pixels on both side of the axis to obtain a kymograph (e.g. Figure 4D).

Kymographs for the roadblock were obtained with the same axis as the DNA. The intensities of the kymographs was corrected

such that non-DNA part of the kymograph had zero intensity. Each vertical line on the kymograph represent a snapshot of

the DNA at one time point. Peaks on each line were obtained using the ‘‘find_peaks’’ algorithm in scipy (Virtanen et al., 2020) which

finds all the local maxima by comparing the neighboring values. The intense peaks from all the peaks obtained were selected

with >50% threshold of the peak prominence (relative peak intensities). The peak position represents the loop positon and the

loop intensity (Intloop) was determined by summing intensities from 7 pixels around the peak position. The intensities of regions ahead

(Intahead) and behind the loop(Intbehind), and loop-to-roadblock (Intloop to roadblock) were determined. The intensities were converted to

DNA bases as follows:

d DNA size in the loop (bp), Iloop =
Intloop348502

Total DNA intensity

d DNA size ahead of the loop (bp), Iup =
Intahead348502

Total DNA intensity

d DNA size below the loop (bp), Idown =
Intbehind348502

Total DNA intensity

d DNA size roadblock to and including loop (bp), Idist =
ðIntloop + Intloop to roadblockÞ348502

Total DNA intensity
Cell Reports 41, 111491, October 18, 2022 e5
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Mean square displacement of the roadblock was obtained from the positions of the roadblock at different times as below:

MSDðtÞ =
1

50

Xt + 50

t

�����xðt + 1Þ � xðtÞj2

where the number 50 denotes the window size of 50 frames. The loop kinetics were smoothed using the Savitzky-Golay method with

a second order polynomial with a moving window of 50-100 points.

The result of the encounter between a roadblock and an SMC complex was inferred from both the kinetics and MSD traces.

The event was considered an encounter when a roadblock moved toward a loop during loop extrusion and colocalized with the

loop. The encounter was inferred from the kymograph. We categorized the results of the encounters into three options: i) the

roadblock ended up inside the loop, corresponding to ‘‘passing’’, ii) it remained at the stem of the loop corresponding to ‘‘block-

ing’’, and iii) a transient pause occurred at the stem of the loop followed by passing into the loop, corresponding to ‘‘stalling and

passing’’. An increase in both loop size and MSD after the encounter indicated passing. A constant loop size and MSD upon

encounter indicated blocking. An increase in loop size and a constant MSD was also observed occasionally (particularly for co-

hesin) and was counted as blocking. A constant loop size and MSD, occurring for more than a second, followed by an increase

in both corresponded to stalling and passing. Dissociation of roadblock upon encounter with SMC complex was observed only

very rarely.

Human cohesin and single-chain cohesin experiments
Recombinant human cohesinSTAG1, NIPBL-MAU2, STAG1 and single-chain cohesin were expressed and purified as described pre-

viously (Davidson et al., 2019). Recombinant cohesin was diluted to 10 nM andNIPBL-MAU2was diluted to 50 nM in ice-cold storage

buffer (25mMsodium phosphate pH 7.5, 150mMNaCl, 50mM imidazole, 5%glycerol) on ice and brieflymixed by pipetting. Cohesin

andNIPBLwere then immediately added to imaging buffer (40mMTris pH 7.5, 50mMNaCl, 2.5mMMgCl2, 5%glucose, 0.25mg/mL

BSA, 1 mMDTT, 0.05% Tween 20, 2 mMATP) supplemented with the oxygen scavenging buffer as described above, equilibrated to

37�C. Imaging buffer supplementedwith protein was then immediately introduced in the flow cell at 10–30 pMfinal concentrationwith

a 4-fold molar excess of NIPBL-MAU2 at high flow rate (20-40 mL/min) for 30 s and flow was turned off to observe loop extrusion

events.

Single-chain cohesin was crosslinked by incubation with 0.23 mM BMOE for 10 min on ice. The reaction was quenched by the

addition of DTT to 10 mM. For crosslinking controls, BMOE was either omitted or BMOE was quenched with DTT before addition

of single-chain trimer (Figure S3A). Crosslinked single-chain cohesin was then incubated with 12-fold molar excess of recombinant

STAG1 on ice for at least 30 min (up to 8h). Single-chain cohesin was then added to imaging buffer at 10-30 pM with 4-fold molar

excess of NIPBL-MAU2 as for recombinant human cohesin. To check the crosslinking efficiency, � 500 fmol of non-crosslinked

and crosslinked cohesin were run on a 6% Tris-Glycin protein gel and stained by Coomassie. All experiments with recombinant

human cohesin and single-chain cohesin were performed at 37�C.
Analysis of cohesin roadblock encounters

Loop extrusion by recombinant human cohesin and single-chain cohesin has been reported to be two-sided (Davidson et al.,

2019; Kim et al., 2019), in contrast to loop extrusion by yeast condensin that extrudes DNA asymmetrically (3). This fact makes

analysis of roadblock encounters with cohesin slightly more involved compared to encounters of roadblocks with condensin.

For example, we found that cohesin has a tendency to start extruding loops close to the roadblock on the DNA (�60% of loops

initiate at the position on the DNA that colocalizes with a roadblock). For loops which initiate sufficiently far from the roadblock,

moving of the loop toward the roadblock makes it unequivocally possible to determine which side of the loop encounters the road-

block. However, this is not possible for loops initiating too close to the roadblock. Furthermore, two-sided extruders may keep

extruding DNA into the loop from the non-blocked side, thus making loop growth not a sufficient proxy to classify encounters

as passing or blocking.

To carefully dissect roadblock encounters with two-sided loop extruders, we distinguish four scenarios, which are illustrated in

Figure S3B. Blocking of the loop extrusion process (case 1) is demarcated by a colocalized DNA loop and roadblock puncta in

the kymograph, by halting loop growth and by a decrease of roadblock MSD during initial loop extrusion, and a continuously low

MSD as the roadblock is located at the loop base. This case is analogous to the blocking scenario for one-sided extruders. Alterna-

tively, cohesin loop extrusionmay be blocked on the side of the roadblock, but continue to extrude on the other side (case 2), in which

case DNA loop and roadblock appear to translocate together in the kymograph. The loop keeps growing, yet the MSD of the particle

decreases steadily as the loop grows, which allows assignment of the event as blocking, rather than passing aswould be judged from

the growing loop intensity on its own. A similar argumentation holds for passing events. In the case where the loop continues to grow

on the side of the roadblock (case 3), loop and roadblock translocate together, the loop grows and the MSD shows a characteristic

minimum at the moment of encounter. For situations in which the loop grows or slips from both sides (case 4), loop and MSD trans-

locate together in the kymograph, yet not necessarily unidirectionally, and the loop size can both grow and shrink. In these cases, a

passing event is characterized by a minimum in the MSD as the loop size either remains constant (loop grows on the roadblock side

and shrinks on the other side, effectively keeping the loop size constant; we refer to this as ‘loop diffusion’, see Figure S3F) or in-

creases. A minimum in MSD might also be associated with a decrease in loop size (slipping of DNA out the loop), which releases
e6 Cell Reports 41, 111491, October 18, 2022
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tension in the DNA, in which case the event cannot be attributed as ‘passing’. Thus, the combination of a minimum in MSD and a

kymograph with a constant or rising loop size is used as a proxy to distinguish passing and blocking events.

QUANTIFICATION AND STATISTICAL ANALYSIS

The fitting of curves (e.g. Figure 3E) was done with Scipy package in Python (version 3.8). Smoothing of data (e.g. Figures 1I, 1J, and

1K) were done with interpolation by Savitzky-Golay method in Scipy. Error bars (Figure 4B) of distribution were calculated using

‘‘binomial proportion confidence interval’’. Violin plots showing the kernel probability density were obtained using ‘‘seaborn’’ pack-

age in Python. Plots were created using matplotlib and seaborn packages.
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