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Condensin-driven loop extrusion on
supercoiled DNA

Eugene Kim'?, Alejandro Martin Gonzalez®', Biswajit Pradhan'?, Jaco van der Torre' and
Cees Dekker ®124

Condensin, a structural maintenance of chromosomes (SMC) complex, has been shown to be a molecular motor protein that
organizes chromosomes by extruding loops of DNA. In cells, such loop extrusion is challenged by many potential conflicts,
for example, the torsional stresses that are generated by other DNA-processing enzymes. It has so far remained unclear how
DNA supercoiling affects loop extrusion. Here, we use time-lapse single-molecule imaging to study condensin-driven DNA
loop extrusion on supercoiled DNA. We find that condensin binding and DNA looping are stimulated by positively supercoiled
DNA, and condensin preferentially binds near the tips of supercoiled plectonemes. Upon loop extrusion, condensin collects
nearby plectonemes into a single supercoiled loop that is highly stable. Atomic force microscopy imaging shows that condensin
generates supercoils in the presence of ATP. Our findings provide insight into the topology-regulated loading and formation of

supercoiled loops by SMC complexes and clarify the interplay of loop extrusion and supercoiling.

ers for DNA organization in all organisms'. These SMCs

organize chromosomes into loops as a result of DNA loop
extrusion, a hypothesis that was directly confirmed by recent
single-molecule experiments’*. However, these in vitro studies
typically used a straight piece of naked DNA, whereas DNA in cells
is supercoiled, entangled and bound by a myriad of DNA-binding
proteins. Torsional stresses, which are inevitably induced by tran-
scription and replication fork progression, cause DNA to adopt
superhelical structures with locally underwound or overwound
DNA, known as negative or positive supercoiling, respectively. Such
supercoiling typically involves large structural rearrangements of
the DNA through the formation of plectonemes in which the DNA
helix is coiled onto itself (Fig. 1a). It remains unknown how the
loop-extrusion activity of SMC proteins deals with the supercoiling
states of DNA that are abundant in cells.

Previous reports pointed to various DNA-supercoiling-specific
interactions of SMC complexes. In yeast, mitotic DNA was found
to manifest positive supercoiling that was dependent on the
SMC2 subunit of condensin’, condensin was suggested to reduce
transcription-induced underwound DNA?, and chromatin immu-
noprecipitation and sequencing (ChIP-seq) data suggested that
cohesin can trap torsional stresses ahead of the replication fork’. In
mammalian cells, it was shown that cohesin-mediated DNA loops
induce topological stresses'’. Gel-based'"'"> and electron-imaging"’
studies of condensinl from Xenopus egg extract showed an
ATP-dependent generation of supercoiling in plasmids, and human
condensinI showed similar results'*. Other in vitro studies showed
that yeast condensin’® and Smc5/6'® can stabilize plectonemes on
supercoiled DNA, whereas the cohesin heterodimer Smcl/3 was
reported to compact DNA in a supercoiling-dependent fashion'’.
Despite all these data, mechanistic insights are largely lacking, and it
remains unclear how these findings are linked to the recently found
DNA-loop-extrusion activity of SMC proteins.

Here, we use real-time single-molecule imaging to study the
dynamic interplay of DNA supercoiling and DNA loop extrusion

S MC complexes such as condensin and cohesin are key play-

by yeast condensin. We find that DNA binding and loop extrusion
by condensin are stimulated by positive supercoiling. Condensin is
found to preferentially bind to the tip of plectonemes, whereupon
it starts loop extrusion. Surprisingly, we find that loop extrusion by
condensin absorbs all plectonemes on supercoiled DNA and locks
them into a single supercoiled loop that is highly stable. The result-
ing supercoiled DNA loop subsequently acts as a favorable substrate
for recruiting additional condensins. Atomic force microscopy
(AFM) imaging shows that condensin generates DNA supercoiling
in an ATP-dependent manner. Finally, we discuss how our in vitro
observations of the strong effect of DNA supercoiling on loop extru-
sion mechanics may impact DNA loop extrusion in cells.

Results

Loop-extruding condensin absorbs nearby plectonemes into one
supercoiled loop. To study the interaction between condensin and
supercoiled DNA, we generated positively supercoiled DNA by
adding intercalating SYTOX Orange (SxO) dyes onto torsionally
constrained 42-kilobase (kb) DNA substrates that were attached to
a passivated surface at both ends with multiple binding groups'®*
(Fig. 1a). Visualization was done using highly inclined and lami-
nated optical sheet (HILO) microscopy. Similarly, negatively super-
coiled DNA could be made by attaching pre-SxO-loaded DNA to
the surface and subsequently reducing the SxO concentration'®.
The handedness of generated DNA supercoiling was confirmed by
control experiments using Escherichia coli topoisomerasel, which
selectively relaxes negative supercoils only (Extended Data Fig. 1).
All experiments were done on positively supercoiled DNA unless
denoted otherwise.

Individual plectonemes were directly observable as local inten-
sity maxima along the DNA, and their position, intensity and num-
ber dynamically changed over time very frequently, consistent with
findings from previous reports'®*. Stretching these DNA spots
sideways by applying buffer flow perpendicular to the attached
DNA showed elongated DNA structures with a higher intensity than
the rest of the DNA tether, indicating a plectoneme with two DNA
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Fig. 1| Condensin-mediated loop extrusion collects and stabilizes plectonemes into a single supercoiled DNA loop. a, Schematic of intercalation-induced
DNA supercoiling assay used for this study. b, Snapshots showing single-molecule visualizations of double-tethered, SxO-stained supercoiled

DNA (left) containing multiple plectonemes (top left) that can be stretched into a single plectoneme (bottom left), and the images of the same
nonsupercoiled molecule after nicking (right). Arrows indicate the direction of buffer flow. Data represent four independent experiments. ¢,d, Snapshots
(c), fluorescence-intensity kymograph (d, top) and the corresponding individual DNA peak positions (d, bottom), showing a loop extrusion event on
supercoiled DNA. Scale bar in ¢ indicates 2 um. e, Corresponding number of total DNA peaks in d. f, The total amount of DNA within the DNA peaks in ¢
and d versus time. Data in c-f represent 11 independent experiments. g, Comparison of the number of DNA peaks before (top) and after (bottom) the loop
extrusion from n=36 molecules. h, Rate of loop extrusion for relaxed DNA, positively supercoiled DNA and negatively supercoiled DNA, from n=49, 36
and 17 molecules, respectively. The box plots span from the 25th to 75th percentiles, the center line shows the median and whiskers show maximum and

minimum values. Pvalue is 1.5x107'°; two-sided t-test.

helices that were mutually intertwined (Fig. 1b). Unlike the open
loops that we observed for nicked DNA?, we did not observe any
temporary separation of the two arms, consistent with the plec-
tonemic DNA structure. Upon nicking the same molecule with a
prolonged exposure of excitation light, the plectonemes abruptly
disappeared, the DNA image changed to exhibit a homogenous
intensity, and side flow stretched the DNA into an arc shape, all con-
firming that the DNA relaxed to a torsionally unconstrained state
upon nicking.

Upon the addition of condensin (1-2nM) in the presence
of ATP (5mM) to supercoiled DNA, the dynamic plectonemic
state changed into a single spot that grew in intensity over time
(Fig. 1c,d). More specifically, at time ¢ ~ 67 s in Fig. 1d, a single DNA
intensity peak appeared among the multiple plectoneme peaks and
gradually increased in size as it moved along the DNA, until it stalled
(t~120s). This observation is clearly reminiscent of the character-
istic dynamics of condensin-mediated loop extrusion. Strikingly,
however, for this supercoiled DNA, all of the plectonemes that were
continuously present at £ <67s disappeared upon the onset of the
condensin-mediated DNA loop extrusion, whereupon all DNA
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intensity was concentrated at the loop location (t~77s, Fig. 1d; see
Extended Data Fig. 2 and Supplementary Video 1 for more exam-
ples). Figure le quantifies our observation and shows that one to
four plectonemes (mean, 2.6) were present before t=67s, whereas
a single peak was observed after the loop extrusion (t~77s). The
final amount of DNA that was collected to the loop location was not
much larger than the amount of DNA within the plectonemes that
were initially present (Fig. 1f), indicating that condensin gathered
the plectonemic DNA during loop extrusion but not substantially
more. These data indicate that upon the formation of a loop, con-
densin collects the plectonemes along the 42-kb DNA and stabilizes
them at its location.

The behavior that condensin-driven DNA loop extrusion leads
to an abrupt transition from a dynamic plectonemic state to a stable
loop by the collection of plectonemes into a single position was
consistently observed in nearly all loop extrusion events that we
analyzed (n=32 out of 36, Fig. 1g). There were a few exceptions
in which one or more plectonemes remained after loop formation
(Extended Data Fig. 2). Note that in the latter cases, condensin
was bound near the tethered end of DNA and the (asymmetric)
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Fig. 2 | Condensin loads near a plectoneme tip and moves downward along the plectoneme upon loop extrusion. a,b, Snapshots (a), a kymograph

(b, top) and the associated positions of SxO-stained DNA and Atto 647N-labeled condensin peaks (b, bottom), showing co-localizations of condensins
and DNA plectonemes. Data in a and b represent eight independent experiments. ¢, Enrichment of condensin at DNA plectonemes relative to the amount
of DNA outside plectonemes. Data shows the mean +95% confidence interval (n=49 molecules). d, Snapshot (left) and kymograph (right) showing
condensin localization near the plectoneme tip. The dashed box indicates the area of the image included to build the kymograph (right), as indicated with
a yellow arrow. Data represent three independent experiments. e, Binding distribution of condensin along the length of DNA plectonemes estimated from
the kymographs as in d for n=27 molecules, where the scale 0-1 denotes the position from the stem to the tip along the plectoneme. f, Snapshots (top)
showing condensin moving from the plectoneme tip (11s) toward the stem (>20s). Simultaneously, the plectoneme becomes compacted (20s) and
moves together with condensin during extrusion, while it grows back its length (40-53s). Data represent three independent experiments. Schematics
(bottom) show the corresponding molecular pictures of asymmetric loop extrusion by condensin on supercoiled DNA.

DNA loop extrusion was limited by reaching the end position of
the DNA. Given that the linking number (a measure of the degree
of supercoiling writhe) is conserved in a topologically constrained
DNA molecule, the vanishing of plectonemes along the two arms
of the DNA molecule indicates that the local region of the extruded
loop should be highly supercoiled.

We compared the speed of DNA loop extrusion between super-
coiled and relaxed DNA (Fig. 1h), as obtained from the slope of
the initial linear part of the loop growth versus time (cf. Fig. 1d
between 69s and 895s). The observed mean rate (Fig. 1h) for super-
coiled DNA (~0.4kbs™; for both positive and negative supercoil-
ing) was almost a factor three lower than that of torsionally relaxed
DNA (~1.1kbs™). This may indicate that the resulting supercoiled
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topology of the DNA loop that is being extruded slows down the
speed of loop extrusion.

Condensin loads near a plectoneme tip upon loop extrusion.
Where does condensin bind to supercoiled DNA, and how does
it relocate upon loop extrusion? To address these questions, we
co-imaged DNA with condensin complexes that were labeled with a
single fluorophore (Atto 647N). Interestingly, we observed that con-
densin often bound at a plectoneme, then diffused together with it
along the DNA, whereupon it unbound without extruding a DNA
loop (Fig. 2a,b). We found that about 30% of all binding events led
to loop extrusion, while the rest led to unbinding events (n=41).
Such temporary binding events of condensin, which did not induce
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Fig. 3 | Condensin is located at the stem or at the middle of a plectoneme after extrusion of a supercoiled loop. a,b, Snapshots (a) and kymographs (b)
showing loop extrusion on supercoiled DNA. The yellow arrow in b indicates the binding of condensin that subsequently led to loop extrusion. ¢, Snapshot
(top) and schematic (bottom) of a molecule in a and b in side flow, revealing the location of condensin along the plectoneme at the stem after extrusion

of the supercoiled loop. d-f, Snapshots (d), kymographs (e) and the resulting snapshot with side flow (f) of the supercoiled loop extrusion event, which
shows a condensin located at the middle of a plectoneme after extrusion. Data in a-f represent five independent experiments. g, Fractions of occurrence of
different condensin positions after extrusion of supercoiled DNA (n=36 molecules).

loop extrusion, were also reported for nonsupercoiled DNA?'. The
enrichment of condensins at plectonemes, estimated by normalizing
the co-localization probability of condensin and plectoneme peaks
with the average amount of DNA inside plectonemes (Fig. 2b; see
Methods), revealed that condensins were four times more likely to be
observed at plectonemes than outside of plectonemes (n=49; Fig. 2c).
This shows that condensin has a higher binding affinity to plectone-
mic supercoiled DNA than to regular nonplectonemic DNA.
Subsequently, we determined the preferred binding location
of condensin within a plectoneme (stem, middle or tip). To this
end, we quantified the binding locations of condensin complexes
on side-flow-stretched plectonemes (Fig. 2d). Kymographs plotted
along the length of a stretched DNA plectoneme clearly showed
that the majority of condensins initially bound near the plectoneme
tip (Fig. 2d). Quantification of the binding events (n=27 mol-
ecules; Fig. 2¢) showed a peak at a position of ~0.9, where a value 0
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corresponds to the plectoneme stem and 1 corresponds to the tip,
indicating that the majority of condensins bound in the vicinity of
the plectoneme tip. This suggests that condensin favors binding
at the apical loops of the DNA plectoneme tip, instead of at DNA
crossings at the plectoneme body or at the stem. This is further sup-
ported by the AFM data, which showed that condensin binding was
enriched near the apices of plectonemes (Extended Data Fig. 3).
Upon loop extrusion, the plectoneme-tip-bound condensins
moved downward, ending up in the middle or bottom of the plec-
toneme (11, Fig. 2f; see Extended Data Fig. 4 for more examples),
as manifested by the changes of condensin position within the
flow-directed plectonemes. Upon reaching the bottom of the plec-
toneme, the plectoneme shrunk in size (20s), whereupon it gradu-
ally regained its larger size while moving together with condensin
(20-535). As budding yeast condensin also extrudes the DNA loop
asymmetrically’ on supercoiled DNA (Extended Data Fig. 5), we
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Fig. 4 | Positive supercoiling promotes condensin loading and loop
formation, whereas negative supercoiling does not. a, Probability of
observing a condensin holocomplex on relaxed (nicked), negatively
supercoiled (=) and positively supercoiled (+) DNA. Numbers are
calibrated as observation frequency per Tkb of DNA length (n=17, 26

and 31 for relaxed, negatively coiled and positively coiled substrates,
respectively). b, Probability of observing loops on negatively and positively
coiled substrates relative to relaxed (nicked) DNA, compared under the
same conditions (in a steady-state regime after adding condensin and ATP
for 10 min) in the same field of view. Data represent mean +s.d. Error bars
in a show the s.d. of the measured individual values. Error bars in b show
the s.d. from averaging the three independent experiments.

interpret these observations as follows. When a one-sided motor
condensin binds near the tip of a plectoneme and extrudes a super-
coiled loop, it absorbs the DNA connected to the ‘motor side’ of
the condensin into the loop, thereby moving downward and further
compacting the plectoneme. When condensin reaches the stem of
the plectoneme, it continues to reel in more DNA in the arm con-
nected to the motor side of the DNA (black DNA in the schematics
in Fig. 2f). This continued motor action will then move the posi-
tion of the plectoneme loop, while simultaneously increasing the
length of the extruded plectonemic loop (20-53s). Meanwhile, the
increasing tension within the DNA outside of the extruded loop
results in further stretching of the DNA, both in the DNA arm on
the motor side and in the DNA on the anchor side of condensin,
resolving other plectonemes that previously resided there. This
indicates that the disappearance of plectonemes from the anchor
side and motor side of condensin should be attributed to differ-
ent mechanisms. Whereas plectonemes at the motor side can be
absorbed into the writhe of the supercoiled loop, the plectonemes
connected to the anchor side disappear because of increased ten-
sion within the DNA. This is further supported by our data that
quantify the amount of DNA on both sides of the extruding loop
(Extended Data Fig. 6); although plectonemes disappear at both
arms of condensin, only the amount of DNA connected to the
motor side decreases, indicating that the absorption of plectonemes
only occurs on the motor side.

Figure 3 visualizes condensin as it gets localized at the stem or at
the middle of a plectoneme after extrusion of a supercoiled loop. In
accordance with the observations in Figs. 1 and 2, condensin mostly
bound to the tip of a plectoneme (n=25 out of 30 molecules; for
example, t=16s in Fig. 3a,b; Supplementary Video 2) and gradu-
ally reeled in DNA while simultaneously localizing all of the plec-
tonemes near the condensin location (until ¢ ~40s, Fig. 3a,b). After
the loop was formed, we applied a buffer flow (t+=55s) and moni-
tored the location of condensin along the supercoiled DNA loop
(Fig. 3¢; see Extended Data Fig. 7 for more examples). This revealed
that condensin was localized at the stem of the plectonemic loop.
We also observed condensins that extruded a supercoiled loop with
similar dynamics (Fig. 3d,e), which ended up at a central location
along the plectoneme (Fig. 3f; see Extended Data Fig. 7 for more
examples). Even in these cases, all plectonemes in the DNA were
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still localized into the position of the extruded loop (¢>45s, Fig. 3e).
The localization of condensin occurred with similar frequencies
at the stem and in the central body of the supercoiled loop after
extrusion, and condensins were rarely located near the tip after loop
extrusion (Fig. 3g). These data suggest that the condensin-mediated
supercoiled loop does adopt plectonemes from outside the loop
region to incorporate them inside the extruded loop or to stabilize
them to a position just below the condensin complex.

Positive supercoiling promotes condensin loading and loop
extrusion. We further investigated whether the observed preferen-
tial loading of condensin on plectonemic DNA was dependent on
the handedness of the DNA supercoiling. Interestingly, the prob-
ability to bind condensin to positively supercoiled DNA was found
to be about fourfold higher than the probability to bind to relaxed
DNA (Fig. 4a). Remarkably, the binding affinity of condensin to
negatively supercoiled DNA was similar to that of relaxed DNA
(Fig. 4a), which indicates that condensin clearly favors binding to
an overwound plectonemic DNA topology (positive supercoiling).

We then questioned whether the strong dependence of the bind-
ing affinity of condensin on the chirality of supercoiling would
also affect the consequent loop formation probability. For this,
we measured the fraction of all double-tethered DNA molecules
that displayed a loop, and we compared the results for positively
supercoiled DNA with those for relaxed DNA in the same field of
view, and similarly for negatively supercoiled DNA compared with
relaxed DNA. Interestingly, the estimated looping probability for
negatively supercoiled DNA was substantially lower (~0.32) than
that for relaxed DNA, whereas it was higher for positive supercoils
(~1.2, Fig. 4b). In other words, whereas positive supercoiling pro-
motes DNA loop extrusion, negative supercoiling hinders it.

Condensin-driven loop extrusion generates DNA supercoiling.
To visualize the condensin-mediated supercoiled loop with higher
resolution, we used AFM and imaged the reaction products of con-
densin and topologically constrained DNA plasmids (2.96kb in
length) incubated with 1 mM of ATP, after drying the solution onto
a mica substrate (see Methods). The plasmids were first nicked and
re-ligated with T4 ligase to make them torsionally constrained cir-
cular double-stranded DNA (dsDNA) with zero additional linking
number with respect to the relaxed (nicked) form. Indeed, as shown
in Fig. 5a,b, this led to a majority of molecules (60%) that showed a
circular DNA without any crossovers or other signatures of super-
coiling. Single crossovers (that is, where a figure-zero plasmid was
changed into a figure-eight shape) were also observed for these
nonsupercoiled plasmids, which can be attributed to the deposition
of the DNA onto the mica surface in AFM sample preparation®.
Adding the condensin SMC complex in the absence of ATP did not
lead to an increase in the number of crossovers in the plasmids.

However, when adding condensin with ATP, a dramatic change
was observed and the large majority of plasmids (72%; n=128)
did get supercoiled, showing one or multiple crossovers (Fig. 5a,b).
The majority of plasmids now consistently exhibited plectonemic
conformations that appeared as high-intensity DNA lines consis-
tent with two dsDNA molecules that are tightly wound around
each other. Quantification of the images (Fig. 5b,c; see Methods
and Extended Data Fig. 8 for the details of quantification meth-
ods) revealed that the initial plasmids showed only a ~30% frac-
tion of entangled molecules (that is, with crossovers or plectonemic
conformations; n=62), whereas adding SMC and ATP shifted this
distribution to a much larger fraction of >70% (n=109). The data
show that condensin can introduce a high degree of supercoiling
into the plasmid DNA.

Next, we quantified the positions of condensins along the plas-
mids (Fig. 5d); we classified positions as outside the plectonemes,
or at the stem, middle or tip of the plectonemes (see Fig. 5e for

723


http://www.nature.com/nsmb

ARTICLES

Nicked DNA

—_— Re-ligated DNA

s
Circular

Entangled

400 nm

NATURE CTURAL & MOLECULAR BIOLOGY

20 -

Ratio (%)

+Condensin and ATP

b
g | 1 Nicked DNA
o r
©
= :\Q‘ 50
k= < L
> Re]
3 s r
S i
E |-
Nicked Re-ligated +SMC ~ +ATP 0 20

Fraction of a molecule

0
Outside Stem Middle
Position of condensin

40 60 80 Tip

that is entangled (%)

Condensin outside

of the plectoneme Condensin at the stem

Condensin at the middle Condensin at the tip

Fig. 5 | DNA supercoiling generation by condensin and ATP. a, Relaxed circular DNA molecules were nicked and re-ligated, and incubated with condensin
and ATP. The presence of condensin and ATP increased the number of DNA molecules that exhibited supercoiling. b, Population graph of circular and
entangled molecules for various conditions (=102, 128, 58 and 92 molecules, respectively). Data represent three independent experiments. ¢, Degree

of entanglement for the nicked and condensin + ATP samples. Images on top show examples of DNA that was entangled to different degrees. d, Binding
position of condensin bound to supercoiled DNA molecules. e, Examples of condensin bound to supercoiled DNA molecules. White arrows denote the
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examples). We found that, after the addition of condensin and ATP,
condensin distributed rather equally among all four categories, with
a slightly smaller fraction at the plectoneme tip.

Taken together, the AFM data show that the loop-extruding con-
densin complex introduces DNA supercoils into plasmid DNA by
an ATP-driven process. In other words, the data show that conden-
sin does not only passively absorb and trap existing plectonemes
along DNA, as already indicated by our fluorescence-imaging data
(Fig. 3), but it can also actively generate DNA supercoils.

Supercoiled DNA loops can recruit additional condensins. The
preferential binding of condensin to DNA plectonemes (Fig. 2d)
could lead to a situation in which multiple condensins bind to dif-
ferent plectonemes within the same DNA molecule. Interestingly,
we observed that upon extrusion of a supercoiled loop, condensins
that were bound at distant plectonemes could be jointly absorbed
into one supercoiled loop. An example is presented in Fig. 6a,b, in
which a condensin-driven supercoiled loop (t>16s) approached
(t~20s) plectoneme-bound condensin(s) that were already pres-
ent from ¢ < 165, to eventually merge into a single location (t~30s).
Subsequent imaging of the side-flow-stretched supercoiled loop
after the merger (Fig. 6¢; see Extended Data Fig. 7 for more
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examples) clearly showed multiple condensins bound along the
supercoiled loop.

Furthermore, we found that a supercoiled loop acts as a
favorable substrate for the recruitment of additional condensins
(Fig. 6d,e). Consistent with the findings in Fig. 2d, these additional
condensins were often located near the tip of the supercoiled loops
(Fig. 6f). Quantification of the locations of multiple condensins
along supercoiled loops showed comparable numbers of conden-
sins at the stem, in the middle and near the tip (Fig. 6g), a trend
consistent with the findings from AFM imaging (Fig. 5d). We
also estimated the number of condensins using photobleaching
experiments at the supercoiled loop location in the absence of buf-
fer flow (Extended Data Fig. 9). This showed that about 60% of
all data (that is, combined with data shown in Fig. 3) involved a
supercoiled DNA loop that contained a single condensin, whereas
the remainder were composed of two or three condensins on the
loop (Fig. 6h). We checked whether the recruitment of additional
condensins on supercoiled loops was indeed attributed to the
plectoneme structures, and not due to the relatively large amount
of DNA within the extruded loop as compared with the outside
of the loop. To this purpose, we compared the binding events of
condensin molecules on relaxed DNA loops and on supercoiled
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Fig. 6 | Recruitment of additional condensins onto a supercoiled loop.

a,b, Snapshots (a) and kymographs (b) showing the merging of multiple
condensins by supercoiled loop extrusion. The yellow arrow in b indicates
the binding position of a condensin that subsequently led to merging with
another one(s). ¢, Snapshot under side flow (top) and schematic (bottom) of
the molecule in a and b, revealing the location of multiple condensins along
the plectoneme after the merger. d-f, Snapshots (d), kymographs (e) and
the consequent snapshot under side flow (f) of the supercoiled loop, which
shows an additional condensin bound on the tip of an extruded supercoiled
loop. Yellow arrows in ¢ and f indicate the locations of condensins. Data

in a-f represent five independent experiments. g, Occurrence of different
positions of condensins along the plectonemic loop after a supercoiled loop
extrusion event for cases in which we observed multiple condensins (n,,,=61
for 26 DNA molecules). h, Number of condensins on the supercoiled loop,
estimated through photobleaching analyses.

DNA loops with similar lengths, which revealed a threefold higher
binding rate onto plectonemic DNA (Extended Data Fig. 10).
This indicates that the plectonemic structure of DNA supercoils
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certainly promotes the additional binding of condensins onto
supercoiled DNA loops.

Discussion

In this study, we used time-lapse single-molecule imaging and
AFM to study condensin-mediated loop extrusion on supercoiled
DNA. Whereas bacterial chromosomes exist in a globally negatively
supercoiled form™, eukaryotic chromosomes contain supercoiling
domains of both positive and negative handedness, and both tran-
scription and replication processes generate positive supercoiling
ahead of the processing enzymes. Therefore, it is of general inter-
est to examine how loop-extruding factors interact with these DNA
topologies (both negative and positive handedness). Our findings
provide a physical picture for the dynamic interplay of loop extrusion
and DNA supercoiling (Fig. 7) as follows. Condensin initially binds
at the tip of a supercoiled plectoneme (Fig. 7a,b) and starts reeling in
the plectonemic DNA by loop extrusion. During loop growth, this
emerging loop absorbs all of the neighboring plectonemes and puts
them into one supercoiled loop that is highly stable (Fig. 7c,d). The
motor action of condensin will bring the complex downward, where
it ends up at a middle position along the body or it reaches the stem,
and loop extrusion eventually stalls because of the stalling tension
within the DNA”. The resulting supercoiled loop acts as a favorable
substrate to further recruit additional condensins (Fig. 7¢).

Surprisingly, our single-molecule imaging showed that
condensin-induced loop extrusion clearly favors positively super-
coiled DNA over negatively coiled DNA. Condensin loads with a
higher affinity onto positively supercoiled DNA, and it extrudes DNA
loops more frequently. Our data are consistent with early gel-based
findings that condensin binds more abundantly to positively coiled
plasmids’’. These in vitro results suggest that in vivo condensin
recruitment may be stimulated in regions where positive supercoils
are generated, for example, ahead of transcription and replication
machineries. This may explain the accumulation of condensins near
transcription®**** and replication™ sites. Topology-enhanced load-
ing is likely a more general phenomenon among SMC proteins. For
example, cohesin and SMC5/6 have also been found to co-localize
within regions where higher levels of catenation and torsional stress
are present”' >,

Our flow-induced visualization assay further showed that
condensin initially bound preferentially near the plectoneme tip
(Fig. 2d,e). We speculate that this may be due to the well-defined
apical teardrop-shape loop structure at the tip of plectoneme, which
has a diameter of tens of nanometers®, that may serve as a favorable
substrate for condensin, as it allows binding at two positions within
the protein complex. Furthermore, the highly curved plectoneme
tip may help condensin to start loop extrusion by circumventing the
high energy cost associated with bending DNA in the initiation of
loop extrusion.

Surprisingly, we found that the loop extrusion activity of conden-
sin led to the absorption of all nearby plectonemes (Figs. 1 and 3).
In other words, loop extrusion removes all supercoiling writhe
from DNA and locks that into one localized spot, thus profoundly
changing the DNA topology. This occurred over the full range of
our 42-kb DNA, which provides a lower bound estimate for the
range of the region where plectonemes are collected, as this length
is limited in our assay. Our observation that loop extrusion incorpo-
rates existing intertwined structures does not support earlier ideas
that an SMC loop extruder would act as a topological roadblock that
would accumulate topological stresses ahead of the motor', or that
supercoiling itself can push SMCs™. The finding that loop extrusion
localizes plectonemic supercoils in one defined location at the SMC
may have interesting in vivo implications. It is tempting to specu-
late that the supercoiling domains found in cells**"** may be orga-
nized by the plectoneme-localizing activity of SMCs. Interestingly,
the mean size of supercoiling domains (~100kb) found in human
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Condensin binds
near a plectoneme
on supercoiled
DNA

Condensin binds
near the tip of
the plectoneme

Condensin
extrudes a
supercoiled loop
that absorbs other
plectonemes
nearby

The condensin-driven
supercoiled DNA
loop can recruit

more condensins

Fig. 7 | Model for condensin-mediated loop extrusion on supercoiled
DNA. a-e, A condensin SMC complex loads at a DNA plectoneme (a),
near its tip (b), and subsequently initiates the extrusion of a DNA loop
that absorbs all neighboring plectonemes and locks them into a single
supercoiled loop (c,d), which can be followed by the recruitment of
additional condensins (e).

cells” is of a similar order of magnitude as CTCF-defined loop
domains (~180kb)*. Supercoiled chromatin loop domains may
stimulate intramolecular interactions such as enhancer-promoter
interactions™, or may act as efficient recruitment sites for topoi-
somerases by localizing topological stresses distributed along chro-
matin into defined regions. Indeed, various studies have reported
a co-localization of topoisomerases and SMCs in both bacteria®
and eukaryotes”'’.

Our AFM data showed that yeast condensin with ATP can intro-
duce DNA supercoiling into plasmid DNA. This is consistent with
findings from previous in vitro gel-based and electron microscopy
studies for condensinl complexes from frogs'"'? and humans'.
Together with our findings from imaging experiments, this indi-
cates that supercoiled loop formation involves the active generation
of supercoils in addition to the passive absorption of existing plec-
tonemes. The supercoil-generating activity of condensin raises the
question of its implications for mitotic chromosome condensation.
SMC-induced generation of DNA supercoils naturally condenses
DNA and may facilitate the decatenation of sister chromatids dur-
ing the onset of anaphase”.

In summary, our study provides mechanistic insight into the
dynamic interplay between condensin-mediated loop extrusion
and plectonemic DNA supercoils. We observed a rich phenom-
enology, including the topology-stimulated loading of condensin,
the absorption of plectonemic DNA by extrusion of the supercoiled
loop, and the active generation of DNA supercoils. These findings

provide crucial insight into understanding loop extrusion of more
complex DNA topologies, which is important, as supercoiling is one
of the fundamental properties of cellular DNA that helps constitute
higher levels of chromosome organization.
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Methods

Condensin holocomplex purification and fluorescent labeling. We used our
previously published expression, purification and labeling procotols*® to purify the
pentameric Saccharomyces cerevisiae condensin complex.

Synthesis and purification of coilable 42-kb DNA construct. A coilable 42-kb
DNA construct was made using linearized cosmid-195", containing on either
end a biotin-DNA handle with multiple biotins. The cosmid-195 plasmid was
amplified in a NEB 5 (New England Biolabs, C2987H), and the DNA was purified
using a QIAfilter Plasmid Midi Kit (Qiagen, 12243). Biotin-containing handles
were made using a PCR on pBluescript SK+ (Stratagene) with GoTaq G2 DNA
polymerase (Promega, M7845), in the presence of 1/5 biotin-16-dUTP (Jena
Bioscience, NU-803-BIO16-L) to dTTP (Thermo Fisher Scientific, 10520651).
The PCR was done using primer CD21 (GACCGAGATAGGGTTGAGTG) and
CD22 (CAGGGTCGGAACAGGAGAGQ), resulting in a 1,238 base pair (bp)
DNA fragment that contained multiple biotins. This was cleaned up using a PCR
cleanup kit (Promega, A9282). The biotin handle and cosmid-195 DNA were
both digested for 2 h at 37 °C with Spel-HF (New England Biolabs, R3133L) and
subsequently heat-inactivated for 20 min at 80 °C, resulting in linear ~42-kb
DNA and ~600-bp biotin handles. The digested products were mixed together,
and we used a 10:1 molar access of the biotin handle to linear cosmid-195. We
then added T4 DNA ligase (New England Biolabs, M0202L) in the presence

of 1 mM ATP overnight at 16 °C and subsequently heat-inactivated the next
morning for 20 min at 65 °C. The resulting coilable 42-kb DNA construct was
cleaned up using AKTA pure, with a homemade gel filtration column containing
approximately 46 ml of Sephacryl S-1000 SF gel filtration media (Cytiva), run
with TE + 150 mM NaCl, buffer. The sample was run at 0.2 mlmin~', and we
collected 0.5 ml fractions.

Single-molecule visualization assay for studying condensin-mediated loop
extrusion on supercoiled DNA. For immobilization of the 42-kb coilable DNA,
we introduced 50 pl of ~1 pM biotinylated DNA molecules at a flow rate of

2-3 plmin~". Then, we immediately flowed 100 pl of a washing buffer (40 mM
Tris-HCI, pH 8.0, 20 mM NacCl, 0.4 mM EDTA) at the same flow rate to ensure
stretching and tethering of the other end of the DNA to the surface. We typically
obtained a stretch of around 20-40% of the DNA contour length.

To induce positive supercoiling of the tethered DNA, we flowed in 250 nM
$xO in condensin buffer (40 mM Tris-HCI, pH 7.5, 50mM NaCl, 2.5 mM MgCl,,
1 mM dithiothreitol (DTT), 5% (w/v) D-dextrose, 2mM Trolox, 40 ug ml™
glucose oxidase, 17 ugml™' catalase) with 5mM ATP. To prepare negatively
supercoiled DNA, we first immobilized DNA to the surface in the presence of
a high concentration of SxO (1 M in condensin buffer with 5mM ATP), and
subsequently reduced the dye concentration to 250 nM for the measurements. The
subsequent release of prebound SxO dyes after immobilization of the DNA results
in negative supercoiling of the DNA.

Real-time observation of supercoiled-DNA loop extrusion by condensin was
carried out by introducing condensin (1-2nM) and ATP (5 mM) in the condensin
buffer. Fluorescence imaging was achieved by using an objective-type total
internal reflection fluorescence (TIRF) microscope. SxO-stained DNA and Atto
647N-labeled condensin were simultaneously imaged by alternating excitation of
532nm and 640 nm lasers in HILO microscopy mode. All images were acquired
with an EMCCD camera (iXon 897, Andor) with a frame rate of 10 Hz.

Data analysis for single-molecule imaging. Fluorescence images were recorded
using custom-written LabVIEW 2011 software, and the obtained images

were analyzed using custom-written Python 3.7 software. The noise from the
images was removed using a machine-learning-based denoising method called
“Noise2Void’ as published before*. Fluorescence-intensity kymographs were
built from the intensity profiles of DNA and condensin molecules per time
point. Each vertical line on the kymograph (for example, Fig. 1d) was obtained
by summing fluorescence intensities of 11 pixels perpendicular to the DNA

axis. Peaks on each vertical line from the kymograph were found using the
peak-finding algorithm (scipy.signal.find_peaks) in SciPy*, which finds all of the
local maxima by comparing with the neighboring values. The plectonemic peaks
were selected from the local maxima with a 20% threshold of the maximum peak
prominences (relative peak intensities). This threshold removes the spurious
low-intensity peaks.

Unlike non-loop-extruding condensins that bind and unbind at a fixed position
on DNA, condensins bound on plectonemic supercoiled DNA (for example,

Fig. 2a) diffuse along with the plectoneme'®*. To trace diffusing plectonemes
and condensins, we consider peaks appearing in consecutive frames to be
continuous if they appeared within 5 pixels (~375nm or ~1kb) of each other. To
reduce false positives due to noise, we included only peaks that were observed for
more than ten consecutive frames. Thus, individual diffusing plectonemes and
plectoneme-bound condensins could be tracked over time.

The estimation of the co-localization probability of condensin and DNA
plectoneme peaks (Fig. 2c) was performed as follows. From the tracked condensin
and DNA peaks, we counted the peaks that had been in close proximity to each
other (within 5 pixels, that is, ~375nm or ~1kb) for more than three consecutive

frames, and divided this by the total number of tracked condensin peaks. For the
data analysis regarding Fig. 3a, we obtained the probability of finding a condensin
peak per 1kb of DNA length by summing the total number of detected condensin
peaks over all time points, and dividing this by the DNA length (42kb) and

by measurement time. For the analysis regarding Fig. 2e,g, we determined the
position of condensin along the buffer-flow-stretched plectoneme by detecting
the two ends of plectoneme (that is, the stem and tip) per time point from the
kymographs (for example, Fig. 2d) by fitting it with a super-Gaussian function. We
then normalized the position of condensin peaks by the length of plectonemes at
every time point. Note that as the condensin and DNA molecules were visualized
at alternating time points that were 100 ms apart (alternative excitation mode), the
normalized condensin position at every time point still can vary and result in a
number larger than 1.

Sample preparation and data analysis for AFM imaging. For the preparation of
the torsionally constrained DNA plasmid, pBlueScript SK+ (2,961 bp) DNA was
purified from the NEB 5 at stationary phase using the QIAfilter Plasmid Midi Kit.
To get constrained plasmid DNA without supercoils, we nicked the plasmid with
nt.BspQI (New England Biolabs, R0644S) for 2h at 60 °C, and heat-inactivated for
20min at 80 °C. Some DNA was re-ligated overnight at 16 °C in the same buffer
with T4 DNA ligase, in the presence of 1 mM ATP. Both the nicked and re-ligated
plasmid DNA were subsequently purified using a PCR cleanup kit.

Condensin stock solution was first diluted to a concentration of 25nM. Then,
the condensin was diluted into a volume of 20 ul containing 0.5nM DNA, 1-2nM
condensin in 50 mM Tris-HCI, pH 7.5 and 50 nM NaCl. The condensin-DNA
solution was incubated for 5min. Afterward, the solution was supplemented with
MgCl, to a final concentration of 5mM and deposited onto a freshly cleaved mica.
After 30s, the surface was thoroughly washed with 3 ml of Milli-Q water and dried
under nitrogen airflow*.

Images were taken with a MultiMode 2 AFM (Bruker) using ScanAsyst-Air-HR
tips (Bruker). The AFM was operated using PeakForce Tapping mode for imaging
in air, at room conditions. Image data and processing (plane subtraction and
flattening) was done with Gwyddion software.

For the data analysis, we classified DNA molecules as ‘entangled’ if the
molecules had one or more ‘crossovers, or had local regions with a close and
parallel proximity of both DNA helices (Fig. 5b). The fraction of entanglement
within a DNA molecule (Fig. 5¢) was estimated by measuring the length of the
entangled region divided by the contour length of the DNA. Note that when we
measured the height profiles of individual DNA molecules along the contour of
the molecules (see Extended Data Fig. 8), the entangled regions of DNA showed
a mean height above 1.75 nm with local peaks with heights of >2nm, whereas
the nonentangled region had a mean height of 1.25nm. This indicates that these
entangled regions contain overlaps of two dsDNA molecules, which is expected if
DNAs are intertwined.

Statistics and reproducibility. Data are presented as mean =+ s.d. Statistical
analyses were performed using two-sided ¢-tests. Details on individual statistical
tests and the number of times individual experiments were replicated are noted

in the respective figure legends. No statistical method was used to predetermine
sample size. Experiments were not randomized, and investigators were not blinded
to allocation during experiments and outcome assessment. Occasionally, data from
fluorescent-labeled condensin imaging were excluded when the tracking of single
molecules was not possible because of high background coming from nonspecific
sticking of the protein to the surface (which was dependent on the surface quality
of the flow cell). In these cases, the entire experiment was repeated.

Reporting summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Source data files are available for Figs. 1e,g,h; 2¢,e; 3g; 4a,b; 5b—d and 6g,h and
Extended Data Figs. 1; 3b; 4a,b; 5c and 10a,b. Original imaging data are available
upon request. Source data are provided with this paper.

Code availability
The Python-based data analysis source code used for the analysis of the imaging
data is available at https://github.com/biswajitSM/LEADS.
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Extended Data Fig. 1| Validation of our supercoiling generation assay. To confirm the handedness of supercoiling, we introduced Topoisomerase | from
E. coli, which only relaxes negative supercoils, to our DNA molecules on the surface that were generated to have positive/negative supercoils via SxO
intercalation reaction. For negative supercoils, all the DNA molecules relaxed within 5 minutes of incubation with Topo1, while in the case of positive
supercoils, the amount of supercoiled molecules only decreased by 25. Since, independent of Topol, DNA molecules can be also nicked by exposure of
excitation laser (which would resolve the supercoiling), the actual fraction of positive supercoiled DNA in our assay should be well above 75%. These data
confirm the handedness of the supercoiling generated via SxO intercalation.
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Extended Data Fig. 2 | Fluorescence-intensity kymographs showing additional examples of loop extrusion events on supercoiled DNA. (a) Examples
showing condensin collects all the plectonemes upon loop extrusion and stabilizes them at its location. Yellow arrows show the location of the start

of the gradually growing peak during loop extrusion. (b) Examples showing cases where condensin loop extrusion did not lead to absorption of all the
plectonemes. In these events (11% of the total cases, Ntot=36), condensin was bound relatively close to the tethered end of DNA and the DNA loop
extrusion was limited by reaching the end position of the DNA. Yellow arrows show the location of the start of the growing DNA loop.
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Extended Data Fig. 3 | Estimation of condensin-binding position on supercoiled DNA measured with AFM. a) Representative AFM images showing
condensin binding near a plectoneme body (left) and near the plectoneme tip (right). Data represent 4 independent experiments. b) Statistics showing
enrichment of condensin as observed outside of plectoneme, at plectoneme body, and at apical loops. In order to avoid possible supercoiling induced by
condensin, the plasmids were incubated with AMP-PNP.
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Extended Data Fig. 4 | Additional examples showing that condensin initially loads near a plectoneme tip and moves downwards during plectoneme loop
extrusion. a) Snapshots showing condensin moving from the plectoneme tip (Ist) towards the stem (till 3rd snapshot). Simultaneously the plectoneme
becomes compacted and moves together with the condensin during extrusion while it grows back its length at later times (3rd - 5th frame). Data
represent 3 independent experiments. b) Snapshot (left) and kymograph (right) showing condensin moving from the plectoneme tip towards the stem.
Data represent 3 independent experiments. (c) Change in position for condensins that bound at the tip and moved along the length of DNA plectonemes
extracted from the kymographs as in panel b for N=6 molecules. The red colored trace corresponds to the kymograph in panel b.
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Extended Data Fig. 5 | Condensin-mediated loop extrusion on supercoiled DNA is strictly asymmetric. (a) Examples of the DNA length calculated from
the integrated fluorescence intensity kymographs of DNA loop extrusion by a single condensin on supercoiled DNA, showing asymmetric loop extrusion.
(b) Same for an event where multiple condensins underlie the DNA loop, showing symmetric loop extrusion. (c) Statistics showing the ratios of the
asymmetric and symmetric loop extrusion events observed for a single condensin (1) and multiple condensins (1+).
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Extended Data Fig. 6 | While plectonemes connected to the anchor side of condensin disappear, the corresponding DNA amount does not decrease.
(a) Example kymograph (top) and the DNA peaks (bottom) detected during condensin-mediated loop extrusion on supercoiled DNA. (b) Corresponding
DNA lengths calculated from the kymograph. During the loop growth (blue; 45 s- 60's) the length of DNA connected to the anchor side of condensin
(pink) did not decrease, but instead DNA was accumulated from the motor side of condensin (green). This indicates that the disappearance of
plectoneme at the anchor side is not due to the absorbance of plectoneme into the loop but rather to the stretching of the DNA.
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Extended Data Fig. 7 | Additional examples of condensin location along the plectoneme. Condensin was found to be located at (a) the stem or (b) the
middle after extrusion of a supercoiled loop in the case of single condensin. (c) Additional examples where multiple condensins are located along the
supercoiled loop. Data in (a-c) represent 5 independent experiments.
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Extended Data Fig. 8 | AFM analysis of supercoiled DNA molecules. (a) AFM image of a non-entangled dsDNA molecule. (b) Same image in an
expanded blue-red color scale to highlight the entangled regions of dsDNA (red) versus the non-entangled regions (light blue) and the mica (dark blue).
Inset shows the Z color scale. Data in (a,b) represent 3 independent experiments. (c) Height profile along the molecule in a/b, showing an average height
of 1.25nm. (d) AFM image of a dsDNA molecule with one crossover. (e) Same image in an expanded blue-red color scale. The crossover point is denoted
with a yellow arrow. Data in (d,e) represent 5 independent experiments. (f) Height profile along the molecule shown on d/e. A locally increased height

of > 2nm is observed at the crossing point (arrows). The arrows denote the two peaks that correspond to the crossing point - which is encountered twice
upon tracking the contour of the DNA along this ‘figure-8' profile. (g) AFM image of entangled dsDNA molecules. Yellow arrows signal the molecules

of which the profiles are shown in panels h and i. Data represent 3 independent experiments. (h) Height profile along a molecule where the entangled
patches are denoted in red. (i) Same for the molecule indicated by i in panel g. Notably, this molecule was almost entirely entangled along its full contour
length. Scale bars are 200 nm.
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Extended Data Fig. 9 | Examples of bleaching time traces of fluorescence intensities of individual ATTO647N-labelled condensin complexes at the
location of supercoiled loops. (a) Bleaching occurred in a single step-wise manner for condensin after a loop extrusion event. (b) Bleaching occurred
in a double step-wise manner after an event where two condensins had merged into a single supercoiled DNA loop. (c) Bleaching occurred in a single
step-wise manner for condensin after a loop extrusion event. Additional short binding events occurred at the plectoneme loop.
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Extended Data Fig. 10 | Condensin binding is length and supercoiling dependent. (a) Observation probability of condensin on nicked DNA with two
different lengths (21kb and 48.5kb), estimated by summing the total number of detected condensin peaks over all time points, and dividing this by the
DNA length and measurement time. N =8 molecules for 21 kb, N=22 molecules for 48 kb length, respectively. (b) Condensin enrichment on supercoiled
loops and relaxed loops, estimated by summing up the total intensity of the detected condensin peaks within the loop region with similar lengths (-60 %
of its contour length). N =25 molecules for supercoiled loops and N =20 for relaxed loops, respectively. Data represent mean + standard deviation.
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Data collection  The fluorescence imaging data used in this study were collected via custom-written Labview 2011 software.
Data analysis The fluorescence images were analysed using custom-written Python 3.7 software. The AFM image data were processed (plane subtraction
and flattening) with Gwyddion 2.60 software.
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- A description of any restrictions on data availability

The Python code used in this study will be available via a link to GitHub (https://github.com/biswajitSM/LEADS) after the manuscript regarding this analysis program
is published. The statistical data files for this study are available in source data file. The original imaging data are available from the corresponding author upon
reasonable request due to the large size of data.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical method was used to determine sample size. Sample size was chosen based on our previous
publications on similar topics (see e.g. DOI: 10.1126/science.aar7831, https://doi.org/10.1038/s41586-020-2067-5, https://doi.org/10.7554/
elife.36557.001). The precise number for sample size supporting respective findings are stated in the manuscript.

Data exclusions  Some of the data were excluded due to poor imaging quality that is insufficient for the further analysis.

Replication All results in the paper are drawn from the analysis of multiple independent experiments (11 independent experiments for non-labeled
proteins and 8 independent experiments for fluorescent-labeled proteins)and all the findings were highly reproducible. The data regarding
fluorescent-labeled condensin imaging, in some cases (2 out of 8 experiments), were not reproducible due to high background coming from
non-specific sticking of protein to the surface, that is dependent on the surface quality of the flow cell. On such occasion, the entire
experiment was discarded and repeated.

Randomization  Randomization is not relevant since our study investigates the interactions between two known biomolecules (condensin and supercoiled
DNA).

Blinding Blinding is not relevant to this work since our study investigates single-molecule interactions of a specific molecules of condensin and DNA
supercoils.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
|:| Antibodies |Z |:| ChiIP-seq
|:| Eukaryotic cell lines |Z |:| Flow cytometry
|:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging

|:| Animals and other organisms
|:| Human research participants
[] clinical data

|:| Dual use research of concern

XXNXXNXNXX s

>
Q
—
C
=
(D
=
()
wn
(D
Q
=
e
o
=
(D
©
]
=
>
(e}
%)
c
=
Q
=
<




	Condensin-driven loop extrusion on supercoiled DNA

	Results

	Loop-extruding condensin absorbs nearby plectonemes into one supercoiled loop. 
	Condensin loads near a plectoneme tip upon loop extrusion. 
	Positive supercoiling promotes condensin loading and loop extrusion. 
	Condensin-driven loop extrusion generates DNA supercoiling. 
	Supercoiled DNA loops can recruit additional condensins. 

	Discussion

	Online content

	Fig. 1 Condensin-mediated loop extrusion collects and stabilizes plectonemes into a single supercoiled DNA loop.
	Fig. 2 Condensin loads near a plectoneme tip and moves downward along the plectoneme upon loop extrusion.
	Fig. 3 Condensin is located at the stem or at the middle of a plectoneme after extrusion of a supercoiled loop.
	Fig. 4 Positive supercoiling promotes condensin loading and loop formation, whereas negative supercoiling does not.
	Fig. 5 DNA supercoiling generation by condensin and ATP.
	Fig. 6 Recruitment of additional condensins onto a supercoiled loop.
	Fig. 7 Model for condensin-mediated loop extrusion on supercoiled DNA.
	Extended Data Fig. 1 Validation of our supercoiling generation assay.
	Extended Data Fig. 2 Fluorescence-intensity kymographs showing additional examples of loop extrusion events on supercoiled DNA.
	Extended Data Fig. 3 Estimation of condensin-binding position on supercoiled DNA measured with AFM.
	Extended Data Fig. 4 Additional examples showing that condensin initially loads near a plectoneme tip and moves downwards during plectoneme loop extrusion.
	Extended Data Fig. 5 Condensin-mediated loop extrusion on supercoiled DNA is strictly asymmetric.
	Extended Data Fig. 6 While plectonemes connected to the anchor side of condensin disappear, the corresponding DNA amount does not decrease.
	Extended Data Fig. 7 Additional examples of condensin location along the plectoneme.
	Extended Data Fig. 8 AFM analysis of supercoiled DNA molecules.
	Extended Data Fig. 9 Examples of bleaching time traces of fluorescence intensities of individual ATTO647N-labelled condensin complexes at the location of supercoiled loops.
	Extended Data Fig. 10 Condensin binding is length and supercoiling dependent.




