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Abstract: 14 

  15 

Loop extrusion by structural maintenance of chromosomes complexes (SMCs) has 16 

been proposed as a mechanism to organize chromatin in interphase and metaphase. 17 

However, the requirements for chromatin organization in these cell cycle phases are 18 

different, and it is unknown whether loop extrusion dynamics and the complexes that 19 

extrude DNA also differ. Here, we used Xenopus egg extracts to reconstitute and 20 

image loop extrusion of single DNA molecules during the cell cycle. We show that 21 

loops form in both metaphase and interphase, but with distinct dynamic properties. 22 

Condensin extrudes DNA loops non-symmetrically in metaphase, whereas cohesin 23 

extrudes loops symmetrically in interphase. Our data show that loop extrusion is a 24 

general mechanism underlying DNA organization, with dynamic and structural 25 

properties that are biochemically regulated during the cell cycle. 26 

  27 

Introduction: 28 

  29 

Chromatin undergoes a dramatic reorganization during the cell cycle1–3. In 30 

interphase, chromatin is organized into compartments and topological-associating 31 

domains (TADs) that are cell-type specific4–6. TADs are composed of chromatin loops 32 

that have been hypothesized to regulate gene expression by spatially restricting 33 

contacts between genes and regulatory elements7–10. In metaphase, chromosomes 34 

undergo large-scale compaction, leading to the loss of specific boundaries and the 35 

shutdown of transcription, which is achieved by arranging chromatin into an array of 36 

condensed loops11–16. These different degrees of organization require the 37 

coordinated activity of protein complexes such as structural maintenance of 38 

chromosomes (SMCs) proteins17–22, but how these complexes organize chromatin 39 

dynamically during the cell cycle is still unknown. SMCs are thought to organize DNA 40 



by actively extruding DNA loops6,19,23,24. Recent experimental studies have shown 41 

that yeast condensin extrudes DNA loops in a one-sided manner in vitro25. Although 42 

consistent with the loop-extrusion hypothesis, it is inconsistent with the requirement 43 

for two-sided loop extrusion predicted by theory26,27. One reason for this discrepancy 44 

could be that the properties of loop extrusion in cellular contexts differ from those in 45 

vitro and may be regulated during the cell cycle28,29. Notably, condensin complexes 46 

do not structure the genome during interphase30, which raises intriguing questions 47 

about the molecular players that regulate DNA architecture in interphase. Recent in 48 

vitro work demonstrated that cohesin can extrude DNA loops symmetrically31,32, 49 

though this activity has not been directly visualized in cellular contexts33–35. To bridge 50 

the gap between in vitro biochemical assays and physiological conditions, we used 51 

histone H3/H4-depleted Xenopus laevis egg extracts to reconstitute loop formation 52 

on single DNA molecules. These extracts can be cycled between metaphase and 53 

interphase and recapitulate many sub-cellular biological processes, such as the 54 

formation of mitotic chromatids and interphase nuclei1,36. 55 

  56 

Results: 57 

 58 

To visualize DNA loop formation in Xenopus laevis egg extracts, we attached 59 

lambda-phage DNA to a cover slide using biotin-streptavidin linkers37 in custom-built 60 

microfluidic chambers (Fig. 1A). Addition of either metaphase-arrested or interphase 61 

Xenopus egg extracts into the chamber triggered the formation of small DNA 62 

enrichments, consistent with nucleosomal deposition38,39, that rapidly reduced any 63 

slack in the DNA molecules (Fig. 1 – Figure supplement 1A and Videos 1-2). To 64 

increase the amount of available slack to allow for loop extrusion, we abolished 65 

nucleosomal assembly along the strand by depleting ~90-95% of soluble H3-H4 66 

heterodimers in the extract40 (Fig. 1 – Figure supplement 1B). This led to the 67 

formation of compacted DNA clusters that grew in size over time in both metaphase 68 

and interphase (Fig. 1B and Videos 3-8). To investigate whether these clusters 69 

exhibited a topology consistent with DNA loops, we hydrodynamically stretched the 70 

DNA strand by applying a flow in the perpendicular direction to the strand. This 71 

procedure revealed DNA clusters with a characteristic loop topology in both inter- 72 

and metaphase extracts (Fig. 1C, Fig. 1 – Figure supplement 1C and Video 9-12). In 73 

mock-depleted extracts, loops also formed but at a much lower frequency (Fig. 1 – 74 



Figure supplement 1D and Video 13) and seemed to compete with nucleosomes for 75 

available DNA slack. These results show that DNA loop extrusion can be 76 

reconstituted in Xenopus egg extracts in metaphase and interphase.  77 

  78 

To characterize the dynamic properties of loop formation in Xenopus egg extracts, 79 

we quantified the DNA distribution inside the loop and to the left and right of the loop 80 

as a function of time (Fig. 2). We computed the loop extrusion rate from the DNA 81 

amount that entered the loop over time, and could determine whether this DNA came 82 

from one or both of the non-looped regions. Briefly, we summed the fluorescence 83 

intensity of the DNA along the perpendicular direction to the DNA strand, and tracked 84 

the loop position defined by the local maximum of the DNA intensity. We then fitted a 85 

Gaussian function to the loop region and defined the loop boundaries as ±2 standard 86 

deviations away from the maximum value of the fit (Fig. 2A). We obtained the amount 87 

of DNA inside the loop as the difference between the integrated intensity in the loop 88 

region minus the offset intensity from the Gaussian fit. Finally, the amount of DNA to 89 

the left and right of the loop corresponded to the integrated intensity of the DNA 90 

strands outside the loop region (see Supplementary Methods). This assay allows us 91 

to observe loop extrusion in extract, to quantify the partitioning of DNA between the 92 

looped and non-looped regions, and to examine the symmetry of the underlying DNA 93 

extrusion process. 94 

  95 

When applied to metaphase-arrested, H3-H4-depleted extract (n=7 extract days), this 96 

is assay showed that loops are initially extruded at 2.36 ± 0.35 kb/s (mean ± SEM) 97 

(Fig. 2Bi, 2C, and Fig. 2 – Figure supplement 1A). However, loop growth rapidly 98 

slowed down as more DNA was pulled into the looped region (Fig. 2 – Figure 99 

supplement 2A), suggesting that extrusion rates depend on DNA tension. To 100 

examine the relationship between loop extrusion and DNA tension, we used the 101 

worm-like chain model41 that relates the relative extension of the DNA outside the 102 

loop to the corresponding force on the DNA strand (see supplementary methods, Fig. 103 

2 – Figure supplement 2 and Fig. 2 – Figure supplement 6). The relative extension 104 

outside the loop is a dynamic quantity defined as: RE(t)=L/(CLλ-DNAloop(t)), where L 105 

represents the end-to-end binding distance of the DNA molecule on the coverslip, 106 

CLλ is the contour length of lambda-phage DNA, and DNAloop is the amount of DNA in 107 

the looped region. These results show that the relationship between extrusion rates 108 



and DNA tension is generally conserved for all looping events (Fig. 2 – Figure 109 

supplement 2F). Finally, loop extrusion stopped when the relative extension of DNA 110 

outside of the loop reached on average ~65%, corresponding to a stall force of 0.16 111 

pN ± 0.01 pN (mean ± SEM), (Fig. 2D). In rare cases, we observed individual looping 112 

events stalling at DNA extensions of up to ~85%, corresponding to forces up to ~1 113 

pN (Fig. 2 – Figure supplement 2C-5C).  114 

 115 

To characterize the extrusion symmetry in metaphase, we quantified the total 116 

decrease in DNA from the left and right regions of the loop between the onset of loop 117 

formation and the final steady-state size of the loop (Fig. 2Bii). We used these 118 

quantities to define a symmetry score as the relative difference between the 119 

decrease of these two regions and the total amount of DNA extruded (supplementary 120 

methods). The majority of metaphase looping events had a symmetry score close to 121 

1, which corresponds to one-sided loop extrusion (Fig. 2Biii). However, a small 122 

population of ~20% of all metaphase looping events were two-sided (as defined by a 123 

symmetry score of less than 0.5, Fig. 2 – Figure supplement 3A). To complement 124 

these symmetry score results, we tracked loop movement along the DNA strand (Fig. 125 

2 – Figure supplement 4). Consistent with one-sided loop extrusion, loops that were 126 

displaced during loop formation, moved with equal probability towards the boundaries 127 

or the center of the strand. This behavior is suggestive of non-symmetric extruding 128 

factors landing in a random orientation on the DNA molecule. Taken together, our 129 

analysis demonstrates that DNA loop extrusion in metaphase is predominantly one-130 

sided, with extrusion speeds and stall forces similar to those measured in vitro25,42,43. 131 

 132 

Next, we used interphase H3-H4-depleted extract (n=8 extract days) to investigate 133 

whether the dynamics of loop extrusion share similar properties throughout the cell 134 

cycle (Fig. 2Civ-vi). Loop extrusion in interphase displayed a similar distribution of 135 

extrusion rates, with a mean of 1.94 ± 0.26 kb/s, and average stall forces of 0.18 pN 136 

± 0.03 pN, with maximal forces of up to 0.82 pN (Fig. 2C, 2D, Fig. 2 – Figure 137 

supplement 2F). However, the distribution of symmetry scores of these looping 138 

events peaked towards zero, indicating that these loops are symmetrically extruded. 139 

Similar to metaphase looping, we observed that a sub-population of ~20% of all loops 140 

had the opposite symmetry (symmetry score larger than 0.5, Fig. 2 – Figure 141 

supplement 3B). As predicted for symmetric extrusion, loops that started off-center 142 



on the strand displayed a strong bias to move towards the DNA boundary of the 143 

shorter DNA portion (Fig. 2 – Figure supplement 4). Thus, we conclude that the 144 

mechanisms of DNA loop extrusion are different in interphase and metaphase.   145 

 146 

The different dynamic properties of DNA loop formation that we observe in 147 

interphase and metaphase suggest that different molecular activities may be 148 

responsible for loop formation during the cell cycle5,44. The cell-cycle-dependent 149 

activities of condensin and cohesin could account for the transition between 150 

symmetric and non-symmetric loop extrusion27,28. To assess the role of cohesin and 151 

condensin during loop extrusion in interphase and metaphase, we selectively 152 

depleted these protein complexes in Xenopus egg extract. We used custom-made 153 

antibodies against XSMC1 and XRad21 for cohesin, and XCAP-C and XCAP-E 154 

(SMC2 and SMC4) for simultaneous depletion of condensin I and II (Fig. 3 – Figure 155 

supplement 1). We then tested for loop extrusion activity in each depleted condition. 156 

We found that, in metaphase (n=3 extract days), the occurrence of loop extrusion 157 

was significantly reduced (p<0.01) upon depletion of condensin I and II but was 158 

unaffected by cohesin depletion (Fig. 3A). In contrast, there was a significant 159 

decrease (p<0.01) in loop extrusion following cohesin depletion in interphase (n=3 160 

extract days) but was unaffected by condensin depletion (Fig. 3A). We confirmed 161 

these depletions with immunostainings that showed colocalization of cohesin and 162 

condensin with the loops observed in interphase and metaphase, respectively (Fig. 163 

3B). Additionally, we tested for ATPase activity of the loop extrusion factors by 164 

enzymatically depleting ATP using apyrase—which for technical reasons was limited 165 

to interphase in extract (see supplementary methods). When applied to interphase 166 

extract, apyrase treatment resulted in a near-complete elimination of looping upon 167 

ATP depletion, suggesting that cohesin actively extrudes loops in an ATP-dependent 168 

manner. Altogether, our results show that cohesin actively extrudes loops 169 

symmetrically during interphase, whereas condensin extrudes loops non-170 

symmetrically in metaphase. This demonstrates that the molecular mechanisms of 171 

loop extrusion are differentially regulated during the cell cycle. 172 

 173 

Discussion:  174 

 175 



Our findings provide the first direct evidence that loop extrusion is a general 176 

mechanism of DNA organization in a cellular context, and, furthermore, that it is 177 

differentially regulated during the cell cycle. This regulation is achieved by the distinct 178 

activities of cohesin33,34,44 and condensin16,21,45 during interphase and metaphase, 179 

and may control different levels of DNA organization during the cell cycle: from 180 

chromatin that is mostly decondensed and spatially organized into TAD structures 181 

during interphase to highly compacted chromosomes in metaphase28. Symmetric 182 

loop extrusion by cohesin in interphase may ensure the formation of specific TAD 183 

boundaries by bringing together distal CTCF sites24,46. In metaphase, reorganization 184 

of loosely packed interphase chromatin into condensed chromosomes leads to the 185 

loss of TAD boundaries and the shutdown of transcription3,13, which may be achieved 186 

by condensin activity14. However, many questions remain regarding how the cell 187 

cycle regulates condensin and cohesin activities. Previous studies have shown that 188 

condensin binds to chromatin in metaphase, but is largely undetected on chromatin 189 

in interphase47; whereas cohesin is bound to chromatin in interphase, but not as 190 

strongly in metaphase44,48. The CDK1-mediated phosphorylation of condensin HEAT 191 

subunits in metaphase may be the biochemical signal that triggers the association of 192 

condensin to chromatin21. In contrast, most cohesin is released from chromatin by a 193 

mechanism that involves the phosphorylation of cohesin’s SA subunit49,50. Thus, the 194 

different affinities of condensin and cohesin for chromatin during the cell cycle could 195 

be a natural explanation for the different loop extrusion activities that we see in our 196 

experiments. 197 

 198 

Our demonstration of predominantly non-symmetric loop extrusion during metaphase 199 

is consistent with recent in vitro data, but it is at odds with the theoretical 200 

requirements to fully compact chromosomes in metaphase26,27. However, these 201 

studies suggest that a small fraction of symmetric loop extruders—including extrusion 202 

events that reel in DNA at different rates from left and right—can facilitate higher 203 

levels of chromosome compaction. Our metaphase data suggest that loops with 204 

symmetry scores below 0.8 could be considered “slow” two-sided extrusion events, 205 

as DNA is reeled into the loop from both sides, but at different rates. These events 206 

account for about 50% of the total population of metaphase looping events, which, 207 

according to theoretical predictions, could be sufficient to achieve 100-fold linear 208 

chromosome compaction26. Thus, the mixed populations of loop extrusion 209 



symmetries we observe could play a crucial role for proper chromosome organization 210 

in metaphase. What is the origin of the small population of symmetric loop extrusion 211 

in metaphase? One possibility is that condensin I and condensin II compact DNA 212 

using different symmetries43.  In Xenopus egg extract, the relative abundances of 213 

condensin I and condensin II is roughly 5:151, which would be consistent with the 214 

fraction of nearly symmetric loop extrusion events that we observe in metaphase 215 

(~20%). One limitation of our work, however, is that our antibodies simultaneously 216 

depleted those two complexes. As a consequence, we cannot rule out that the small 217 

population of symmetric loop extrusion may arise from residual cohesin activity in 218 

metaphase. In the future it will be interesting to investigate the origin of the different 219 

symmetries by using specific antibodies for condensin I and II. In addition, we 220 

observe a small sub-population (~20%) of non-symmetric loop extrusion events in 221 

interphase, suggesting a differential regulation of extrusion symmetries in both cell 222 

cycle phases.  223 

 224 

Despite the differences of extrusion symmetries in interphase and metaphase, 225 

extrusion rates and stall forces seem to be conserved during the cell cycle. The 226 

mean extrusion rates we observe, however, are three to four times higher than those 227 

observed in previous in vitro studies25,32 for cohesin and condensin respectively. One 228 

possibility for this discrepancy could be that, in extract, several extruding factors 229 

participate in the extrusion of the same DNA loop in a cooperative manner. However, 230 

the average stall forces we estimate are about five to seven times lower than 231 

previous estimates in vitro25,32. We speculate that in cytoplasmic context of the H3-232 

H4-depleted egg extract, many other DNA-binding factors—such as linker 233 

histone52—may compete with the loop extrusion machinery for DNA slack. The large 234 

spread in the distribution of stall forces, with individual examples reaching values that 235 

compare to those reported in vitro, may suggest that secondary factors could cause 236 

the loop extrusion machinery to stop prematurely, and, consequently, we may 237 

underestimate the magnitude of the looping stall forces. We wonder, however, how 238 

condensin and cohesin share such similar extrusion rates, even though condensin 239 

predominantly extrudes non-symmetrically while cohesin extrudes loops 240 

symmetrically. The similar loop growth velocities would suggest that condensin reels 241 

in DNA from one side at twice the rate that cohesin reels in DNA from each of its two 242 

sides. This assumes, however, that cohesin functions by simultaneously extruding 243 



DNA from two sides. Alternatively, cohesin may be a one-sided motor that alternates 244 

its extrusion direction27—though we did not observe switching within the temporal 245 

resolution of our measurements. We speculate that symmetric cohesin extrusion 246 

could originate from the dimerization of two identical non-symmetric motors, though 247 

recent in vitro work shows that this idea is controversial31,32. Interestingly, our results 248 

comparing extrusion velocities and corresponding symmetries in interphase show 249 

that, on average, symmetric loop extrusion rates are higher (roughly twice) compared 250 

to the non-symmetric events (Fig. 2 – Figure supplement 5A). This difference in 251 

extrusion rates would be consistent with symmetric and non-symmetric loop 252 

extrusion mediated by a dimer and a monomer respectively. Our assay will allow for 253 

the dissection of the biochemical underpinnings of these processes, and more 254 

generally make it possible to reconstitute complex processes such as the formation 255 

of boundary elements and the interplay between transcription, replication, and loop 256 

extrusion in cellular contexts.  257 

 258 

 259 

 260 

 261 

 262 

 263 
  264 

Methods 265 

Xenopus laevis egg extract preparation, immunodepletions, and ATP depletion 266 

Cytostatic factor (CSF)-arrested Xenopus laevis (RRID: XEP_XIa_100) egg extract 267 

was prepared as described previously36. In brief, unfertilized oocytes were dejellied 268 

and crushed by centrifugation, generating an extract that was arrested in meiosis II. 269 

We added protease inhibitors (LPC: leupeptin, pepstatin, chymostatin) and 270 

cytochalasin D (CyD) to a final concentration of 10 μg/ml each to the extract. In order 271 

to generate interphase extracts, CaCl2 was added to a final concentration of 0.4 mM. 272 

To immunodeplete soluble H3-H4 heterodimers from the extract40, we coupled 130 273 

μg of a mouse monoclonal anti-H4K12Ac (gift from Hiroshi Kimura) to 12.5 μl 274 

rProtein A Sepharose (GE Healthcare) slurry in antibody coupling buffer (10 mM K-275 

HEPES pH=8, 150 mM NaCl), rotating overnight at 4 °C. After several washes with a 276 

wash buffer (10 mM HEPES pH=7.7, 100 mM KCl, 150 mM Sucrose, 1 mM MgCl2), 277 

we combined 50 μl fresh CSF extract with the beads and incubated the bead-extract 278 

mixture for 1.5 hours on ice, occasionally flicking the tubes in order to prevent the 279 

beads settling to the bottom. After recovering the extract from the beads, we 280 



immediately proceeded with the experiment. We generated mock-depleted extracts 281 

with the same protocol using 130 μg random mouse IgG antibodies (IgG from Mouse 282 

(polyclonal)-unconjugated, Jackson Immuno Research) in 50 μl of fresh CSF extract. 283 

To co-deplete H3-H4 and both condensin I and condensin II, we coupled 130 μg anti-284 

H4K12Ac and 10 μg rabbit polyclonal antibodies of both anti-XCAP-C and anti-285 

XCAP-E to 15 μl rProtein A Sepharose slurry and performed the same H3-H4 286 

depletion method. To co-deplete H3-H4 and cohesin, we coupled 130 µg anti-287 

H4K12Ac and 10 μg rabbit polyclonal anti-XRad21 and 10 μg anti-XSMC1 to 15 μl 288 

rProtein A Sepharose and performed the same H3-H4 depletion method. ATP was 289 

depleted by adding 0.03 U/μl apyrase (A6410; Sigma-Aldrich) to the extract reaction 290 

in the presence of 5 mM CaCl2, followed by a 15 min incubation at room temperature. 291 

The ATP-depleted extract was then introduced into the DNA channels as described 292 

below.  293 

 294 

Western blots 295 

We prepared 1:25 dilutions of immunodepleted extract in 1X sample loading buffer 296 

(50 mM Tris-HCl, pH=6.8, 2% SDS, 10% glycerol, 0.006% bromophenol blue, 297 

100 mM DTT), ran a gel electrophoresis on a gradient gel, transferred to a 298 

nitrocellulose membrane with a semi-dry transfer approach, and performed primary 299 

antibody incubation with polyclonal rabbit antibodies anti-H3 (1:10000, ab1791, 300 

RRID: AB_302613), anti-XSMC1 (1:2500, MPI-CBG antibody facility), anti-XCAP-C 301 

(1:2000, MPI-CBG antibody facility) and monoclonal mouse antibodies to detect 302 

tubulin using anti-DM1a (1:10000, MPI-CBG antibody facility). We detected primary 303 

antibodies using LI-COR IRDye secondary antibodies and imaged the western blots 304 

using an Odyssey Infrared Imaging System. We analyzed the blots using FIJI.   305 

 306 

Antibody production and labeling  307 

We raised rabbit polyclonal antibodies for immunodepletion against peptides 308 

SDIVATPGPRFHTV and DLTKYPDANPNPND corresponding to antibodies that 309 

targeted cohesin’s XRAD21 and XSMC1 subunits. We also raised rabbit polyclonal 310 

antibodies against peptides AAKGLAEMQSVG and SKTKERRNRMEVDK 311 

corresponding to antibodies that targeted XCAP-C and XCAP-E for both condensin I 312 

and II for immunodepletion21. We added a cysteine residue on the peptide’s N-313 

terminus for sulfhydryl coupling, and subsequent keyhole limpet hemocyanin 314 



conjugation and affinity purification was performed by MPI-CBG antibody facility. We 315 

labeled antibodies with fluorophores for localization using the small-scale on-resin 316 

labeling technique from53. Briefly, we prepared a 200-μl pipette tip to act as our resin 317 

bed. We then loaded 40 μl of rProtein A Sepharose (GE Healthcare) resin into the tip, 318 

washing three times with 10 mM K-HEPES (pH=7.7), 150 mM NaCl. We labeled both 319 

the antibody targeting the cohesin subunit XRad21 and the antibody targeting 320 

condensin I and II’s subunit XCAP-C. We flowed 70 μg antibody 5 times 321 

consecutively through the packed resin bed in order to bind the antibody to the resin. 322 

The resin was then washed three times with 200 mM K-HEPES (pH=7.7). We then 323 

added 0.5 μl 50 mM NHS-Ester-Alexa488 (Alexa FluorTM NHS Ester, A20000, 324 

Thermo Fischer) to 25 μl 200 mM K-HEPES (pH=7.7), and immediately added it to 325 

the resin, incubating the resin, antibody, and dye for 10-60 minutes at room 326 

temperature. To remove the unbound dye, the resin bed was washed 5 times with 10 327 

mM K-HEPES (pH=7.7), 150 mM NaCl. We eluted the labelled antibody with 5x15 μl 328 

of 200 mM acetic acid. We neutralized each eluate immediately with 5 μl of 1 M Tris-329 

HCl, pH=9, and cooled to 0 °C. The labelled antibody is stable for months kept at 4 330 

°C. 331 

DNA functionalization 332 

To biotinylate DNA purified from lambda-phage (λ-DNA)54, we combined 10 μg of λ-333 

DNA (NEB, N3011S) and 5 μl of a 10X polymerase buffer (50 mM Tris-HCl, pH=7.2, 334 

10 mM MgSO4, 100 μM DTT) to a total reaction volume of 50 μl. We then heated the 335 

mixture up to 65 °C for 7 minutes to break apart the λ-DNA’s sticky ends. After heat 336 

treatment, we added 100x molar excess of biotinylated dATP, biotinylated dUTP, and 337 

dGTP, and dCTP. We then added 1 unit (~1 μl) of Klenow enzyme, mixed well, and 338 

incubated overnight at room temperature. We purified the biotinylated λ-DNA using 339 

ethanol precipitation and stored at -20 °C.  340 

 341 

PEGylation of cover slips and DNA micro-channel preparation 342 

We functionalized glass cover slips with mPEG and PEG-Biotin. Briefly, we sonicated 343 

coverslips first in acetone for 15 minutes followed by 5 rinses with MilliQ water, and 344 

then another sonication step in 5 M KOH for 40 minutes. After rinsing the coverslips 3 345 

times with water and then 3 times with methanol, we dried the coverslips with N2. We 346 

silanized the coverslips combining 250 ml methanol, 12.5 ml acetic acid, and 2.5 ml 347 

(3-aminopropyl)-trimethoxysilane, incubating the coverslips in this mixture for 10 348 



minutes at room temperature, sonicating for 1 minute, and then incubating the 349 

coverslips for an additional 10 minutes. Next, we rinsed the coverslips once with 350 

methanol, once with water, and once again methanol, and dried with N2. Then we 351 

mixed 100 mg mPEG and ~1.5 mg Biotin-PEG with 450 μl PEGylation buffer (0.1M 352 

Sodium Bicarbonate, pH=8.5), and spun the reaction at 10000 RPM for 1 minute to 353 

remove air bubbles. We pipetted 25 μl of the PEG mixture onto a dried, silanized 354 

coverslip and put another coverslip on top, generating a coverslip sandwich. We 355 

incubated these sandwiches over night in distilled water-filled pipette tip-boxes in the 356 

dark. After incubation, we carefully disassembled the coverslips, rinsed with MilliQ 357 

water, and dried with N2. To generate a channel for imaging, we first drilled holes 358 

through a cleaned cover slide—these holes acted as channel inlets and outlets. We 359 

placed custom-designed, laser-cut double-sided tape onto the coverslip, defining the 360 

channel geometry. We then placed a functionalized PEG-biotinylated coverslip on top 361 

of the double-sided tape, sealing the channel on either end with Valap. We filled the 362 

channel with ~10-15 μl of 0.1 mg/ml free streptavidin, incubating the channel with 363 

streptavidin for 1 minute. To remove the free, unbound streptavidin, we flushed ~100 364 

μl channel washing buffer (40 mM Tris-HCl, pH=8.0, 20 mM NaCl, 0.4 mM EDTA) 365 

through the channel, using the drilled holes as channel inlets and outlets. We added 366 

20 μl of 1:1000 biotinylated λ-DNA (~5 pM), incubating it for ~1 min and then washed 367 

the channel with 3x100 μl of channel washing buffer. 368 

 369 

Imaging  370 

For live imaging of looping events, we fluorescently stained immobilized DNA strands 371 

with 50-500nM Sytox Orange (S11368, ThermoFisher), a DNA intercalating dye, in 372 

imaging buffer (50mM Tris-HCl pH 7.7, 50mM KCl, 2.5mM MgCl2, 2mM ATP) similar 373 

to 25 or Xenopus Buffer (XB: 100mM KCl, 1mM MgCl2, 0.1mM CaCl2, 2mM ATP). We 374 

excited Sytox Orange-labelled DNA using a 561 nm laser, and imaged the strands 375 

using a Nikon Eclipse microscope stand with a Nikon 100x/NA 1.49 oil SR Apo TIRF 376 

and an Andor iXon3 EMCCD camera using a frame-rate of 100 – 300ms. A highly 377 

inclined and laminated optical sheet (HILO) microscopy mode was established using 378 

a Nikon Ti-TIRF-E unit mounted onto the microscope stand to improve signal-to-379 

noise ratio by excluding background fluorescence signal from unbound DNA dye in 380 

the buffer. To trigger the formation of DNA loops, we flowed about 2 ul of H3-H4-381 

depleted extract into the channel (total channel volume ~10ul) and let the extract 382 



diffuse further down the channel. We then imaged looping events at the moving front 383 

of the diffusing extract. A typical field of view contained 5 - 20 individual DNA 384 

molecules with typically between 2 - 7 strands having sufficient slack to support loop 385 

extrusion. Of these about 30% displayed looping events (Fig. 3). As we could not 386 

control the concentration of loop extrusion factors, the majority of looping events 387 

displayed competition between two loops on the same strand. For this study we 388 

selected DNA strands that contained only a single looping event per strand. 389 

 390 

 391 

Hydrodynamic stretching of loops 392 

To visualize DNA loop topology which cannot be observed in the normal mode of 393 

data acquisition, we hydrodynamically stretched DNA strands that exhibited looping 394 

events using a flow-controlled syringe pump (Pro Sense B.V., NE-501), see also 395 

Videos 9-12. The flow direction was set to be perpendicular to the strand orientation 396 

by a cross-shaped channel design. Depending on the width of the channel, we used 397 

flow rates between 100 μl/min and 500 μl/min to extend DNA loops. Specifically, we 398 

introduced H3-H4-depleted extract into the channel as described above and, upon 399 

loop formation, stretched DNA strands by flowing imaging buffer from the opposite 400 

side.  401 

 402 

Correction of dye-induced DNA lengthening 403 

As mentioned above, we used the DNA intercalating dye Sytox Orange at a range of 404 

concentrations to visualize our immobilized lambda DNA molecules. The intercalation 405 

of small dye molecules in between adjacent base pairs leads to a dye-concentration-406 

dependent lengthening of the DNA molecules’ contour length37. As this effect 407 

influences downstream analysis, we sought to correct for the dye-induced 408 

lengthening of our DNA molecules by determining the effective contour length of the 409 

lambda DNA for each dye concentration used in this study. To this end, we 410 

hydrodynamically stretched immobilized DNA molecules in the absence of dye using 411 

a buffer flow perpendicular to the strand orientation. DNA molecules were visualized 412 

by previous covalently labelling of the DNA backbone with Cy5 fluorescent molecules 413 

(label IT nucleic acid labelling kit, Mirus) which does not compromise the DNA 414 

contour length. By measuring the extension of these DNA molecules at a certain flow 415 

rate, we calculated the corresponding force experienced by the DNA molecules using 416 



the worm-like chain model41. We then performed the same stretching experiment with 417 

DNA molecules exposed to various concentrations of Sytox Orange, keeping the flow 418 

rate (and thus the stretching force) constant (1.54 pN) (Fig. 2 – Figure supplement 419 

6A). The application of the worm-like chain model to the mean measured DNA 420 

extension values for a known force allowed us finally to obtain the contour length of 421 

lambda DNA at all examined dye concentrations (Fig. 2 – Figure supplement 6B). All 422 

these calibrations were done in the same buffer that is present in the channels prior 423 

to introduction of the egg extract—which matches the pH and salt concentration of 424 

the extract. However, we want to point out, that in the extract, DNA molecules are 425 

exposed to a multitude of DNA binding proteins, which may further influence the 426 

properties of the DNA. However, for technical reasons, our calibrations of the effect 427 

of the dye on DNA length were limited to the buffer condition.  428 

 429 

 430 

Loop extrusion analysis 431 

DNA traces were analyzed using custom-written Python scripts motivated by 25, 432 

resulting in data files for further analysis that we added together with the source code 433 

in the supplement. We converted movies of fluorescent DNA molecules into one-434 

dimensional intensity profiles by summing the intensity values along the direction 435 

perpendicular to the DNA strand in each frame. We removed the background signal 436 

using a median filter. From the summed intensity profile for each frame we built 437 

kymographs by concatenating all time points (Fig. 2 and Fig. 1 – Figure supplement 438 

1). To yield the amount of DNA inside and outside the loop for each time point, we 439 

segmented the DNA intensity profiles into a loop region and two regions outside of 440 

the loop by first finding the maximum intensity value as the position of the loop and 441 

subsequent fitting of a Gaussian around that position. We defined the boundaries of 442 

the loop region and the regions outside of the loop by the positions +/- 2x standard 443 

deviations from the center of the Gaussian fit. Summing the intensity values of the 444 

regions outside of the loop and integrating the intensity under the Gaussian fit yielded 445 

the proportions of total signal intensity in each of the three regions for each time 446 

point. The difference between the integrated intensity below the loop and the offset 447 

from the Gaussian fit (corresponding to the intensity outside of the loop) was equally 448 

distributed to the regions outside of the loop as the signal from the incoming and 449 

outgoing DNA strands that are not part of the loop itself (Fig. 2A).  450 



We calculated the relative sizes of the three regions in kilo-base pairs (kb) for each 451 

time frame by multiplying the 48.5 kb total length of lambda DNA with the ratio of 452 

each summed intensity value and the total summed intensity of the strand for every 453 

time point. From these values we calculated the relative change in each region over 454 

time by subtracting the averaged ten last data points from the averaged ten first data 455 

points in each region. We used the resulting values a and b for the region left and 456 

right of the loop to assign a symmetry score for each looping event by calculating 457 

 458 

𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑦 𝑠𝑐𝑜𝑟𝑒 =
𝑀𝑎𝑥(𝑎, 𝑏) − 𝑀𝑖𝑛(𝑎, 𝑏)

𝑎 + 𝑏
 

 459 

This procedure orders the extrusion from region a and b such that the symmetry 460 

score is always positive and ranges from 0 to 1. Our symmetry score intends to 461 

quantify the amount of DNA extruded into the loop from the outer regions. A positive 462 

relative change from one side implies that no DNA from that side has been extruded 463 

into the loop—and indicates that DNA slipped from the loop to that region—, and thus 464 

we set that change to 0 (if a >0: a=0; if b >0: b=0). The slipping of substantial 465 

amounts of DNA (>2kb) was a rare event with 3 cases in metaphase (p=0.08) and 0 466 

cases in interphase.  467 

 468 

This procedure additionally allowed us to track the position of the loop for each time 469 

point during every loop extrusion event and study the movement of loops along the 470 

DNA strands in inter- and metaphase (Fig. 2 – Figure supplement 4). To this end we 471 

quantified the change in relative position of the loop by subtracting the average loop 472 

positions of the last ten time point from the average loop positions of the first ten time 473 

points. (Fig. 2 – Figure supplement 4C) This analysis is set up in such a way that, 474 

independent of a loop starting left or right of the center of the DNA, the change in 475 

loop position will always be positive if the loop moves towards or crosses the center 476 

of the DNA molecule, and negative if the loop moves towards the closest DNA 477 

boundary. The absolute quantity of the change in loop position reflects the relative 478 

displacement of the loop along the DNA strand during the process of loop formation 479 

and it is referred to as static, if the displacement is below a threshold of 0.08. This 480 

analysis allowed us to display the relative displacements of loops as a function of the 481 

symmetry score of the corresponding looping in between meta- and interphase (Fig. 482 

2 – Figure supplement 4D&E) and compare the probability of the loop to move 483 



towards the center of the strand between both cell cycle phases (Fig. 2 – Figure 484 

supplement 4F)  485 

 486 

We extracted the initial loop extrusion rates from the first derivative at time point zero 487 

of a single exponential fit to the values of the loop growth over time (Fig. 2B-C). The 488 

size of the loop at each time point further allowed us to continuously calculate the 489 

relative extension of the DNA molecule during the loop formation, by dividing the 490 

end-to-end distance of the DNA strand by the length of the regions outside of the 491 

loop. We estimated the tension on the DNA strand for each time point by applying the 492 

Worm Like Chain Model (WLC) of DNA41 to these relative extension values (Fig. 2 – 493 

Figure supplement 2C & D). Since small fluctuations in the estimated relative 494 

extension of the DNA, as they occur via thermal agitation of the molecule, can lead to 495 

large fluctuations in the corresponding tension, we decided to reduce fluctuations by 496 

smoothing the initial loop data. To this end we applied a Savitzky-Golay filter with a 497 

2nd order polynomial and a window size of 63 points to the initial loop data, which 498 

significantly reduced fluctuations in the resulting relative DNA extension. The rate of 499 

loop extrusion was then extracted from a first order derivative of the smoothed curve 500 

and yielded similar initial rates as determined from the exponential fit to the raw loop 501 

data. We then applied the WLC model to the smoothed relative extension curve to 502 

obtain tension of the DNA molecule for each time point during the loop formation. 503 

This procedure allowed us to visualize the decrease in extrusion rate with the 504 

increasing tension on the DNA molecule (Fig. 2 – Figure supplement 2E). To 505 

investigate the dependence of the rate of loop extrusion on the tension on the DNA 506 

strand for the entire population of inter- and metaphase looping events, we extracted 507 

the extrusion rates and corresponding tension values for each time point during every 508 

looping event from the exponential fits to the loop data. This allowed us to display the 509 

average decrease in extrusion rate (+/- standard deviation) for the interphase and 510 

metaphase looping populations (Fig. 2 – Figure supplement 2F). The stall force of 511 

each loop extrusion event (Fig. 2D) was determined by taking the average steady 512 

state loop size of the last ten time points and converting the corresponding relative 513 

extension of the DNA molecule into one tension value per looping event using the 514 

WLC model. For the analysis of extrusion stall forces we only used DNA strands 515 

where the loop extrusion did not end (or was stalled) at the DNA end-binding sites (N 516 

= 52).  517 



 518 

To quantify the effect of cohesin and condensin depletion, we determined the 519 

probability of loop extrusion by counting the number of observable loop extrusion 520 

events in all data taken for one condition and dividing it by the total number of DNA 521 

strands with sufficient slack (< 70% relative extension) to support the formation of a 522 

loop for that condition. 523 

 524 

 525 
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  666 
Figure 1: Single DNA molecule assay for direct visualization of DNA looping in 667 
Xenopus egg extracts. (A) (i) Side and top view schematics of a single strand of λ-phage 668 
DNA attached to a functionalized cover slip via biotin-streptavidin linkers. (ii) Xenopus egg 669 
extract is flowed into the microfluidic chamber. (iii) Side and top view schematics visualizing 670 
how soluble active loop-extruding factors extrude loops in H3-H4-depleted extract. (B) 671 
Dynamics of the formation of DNA loops induced by H3-H4-depleted extract in metaphase 672 
(upper) and interphase (lower). Snapshot of a single molecule of λ-phage DNA visualized 673 
using Sytox Orange preceding treatment with H3-H4-depleted extract (left). Kymograph of 674 
DNA signal over time displaying a looping event upon addition of H3-H4-depleted extract 675 
(middle). Snapshot of steady-state DNA looping event after ~60 sec (right). (C) 676 
Hydrodynamic flows reveal loop topology within DNA cluster. (i) Schematic of the loop 677 



topology revealed upon flow. (ii) Topology of extract-induced DNA loops in metaphase 678 
(upper) and interphase (lower) visualized using Sytox Orange revealed upon flow in the 679 
direction of the arrow.  680 
 681 
Figure 2: Symmetry of loop extrusion is cell-cycle dependent with similar extrusion 682 
rates and stalling forces. (A) Method to track DNA-loop dynamics through space and time. 683 
Upper: Schematic of the top view of a DNA-looping event segmented into three regions: 684 
region I (orange), region II (green), and the loop region (blue). Middle: Snapshot of DNA-685 
looping event where DNA is labelled using Sytox Orange. Bottom: The integrated 686 
fluorescence intensity of the DNA generated by summing the intensity values along the 687 
perpendicular axis of the strand. The dashed red line represents a Gaussian fit to the data. 688 
Signal values above the fit’s offset define the looped region given in blue; signal values 689 
below this threshold correspond to the non-looped regions I and II, given in orange and in 690 
green. To convert the signal into DNA length, the integrated intensity of each region is 691 
divided by the total summed intensity of the DNA strand and multiplied by the total length of 692 
λ-phage DNA (48.5 kb). (B) Dynamics of DNA looping in H3-H4-depleted extract in 693 
metaphase and interphase. (Bi,iv left) DNA amount as a function of time computed for the 694 
looped region (blue) and non-looped regions I and II (green and orange). The dots represent 695 
experimental data and the solid lines represent exponential fits to the data. (Bi,iv right) The 696 
redistribution of DNA during the looping events shown in the left panel quantified as the 697 
change in DNA content in each region. (Bii, v) Change in the amount of DNA in the looped 698 
region and non-loop regions I and II (as in Bi,iv right) for the entire population of meta- and 699 
interphase looping events plotted as a function of the initial relative DNA extension of the 700 
corresponding molecules. Error bars correspond to standard deviations of data clustered by 701 
proximity. Points represent raw data. (Biii, vi) Analysis of loop extrusion symmetry shows 702 
predominantly non-symmetric extrusion (symmetry score ~ 1) in metaphase (Biii) and 703 
symmetric extrusion (symmetry score ~ 0) in interphase (Bvi). (C) Initial growth rates of DNA 704 
loop extrusion in metaphase (red) and interphase (blue) as a function of initial relative DNA 705 
extension. These rates were obtained from the slopes of the exponential fits to the loop data 706 
at time t=0 for the subset of loop extrusion events that allowed for a fitting that converged 707 
within a tolerance (10^(-8) relative change of the cost function), that corresponded to  N=21 708 
out of 30 in interphase, and N=24 out of 34 for metaphase. Error bars were obtained from 709 
error propagation of the uncertainties of the exponential fit parameters. (D) Box plots of the 710 
stall forces for DNA loop extrusion in metaphase and interphase obtained from the final 711 
relative extension of the DNA strand at the end of loop formation.  712 
 713 
Figure 3: Condensin extrudes DNA loops in metaphase and cohesin extrudes loops in 714 
interphase. (A) Loop extrusion probability—the frequency at which looping occurs on a 715 
strand with sufficient slack—in metaphase and interphase under different depletion 716 
conditions. In metaphase, co-depleting condensin I, condensin II, and H3-H4 (using anti-717 
XCAP-C/E and anti-H4K12Ac) significantly (** represents p<0.01, Binomial test) reduced 718 
loop extrusion probability, whereas the same depletion condition in interphase had no effect 719 
on loop extrusion probability compared to H3-H4-depleted extract. However, depleting 720 
cohesin and H3-H4 (using anti-XRAD21/XSMC1 and anti-H4K12Ac) had no effect in 721 
metaphase, though significantly (p<0.01) decreased loop extrusion probability in interphase 722 
compared to H3-H4-depleted extract. (B) Snapshots of antibody stainings of representative 723 
loops in metaphase and interphase. (Top) In metaphase, Alexa488-labeled anti-XRad21 724 
bound to cohesin does not localize to the loop, whereas in interphase (right panels), the anti-725 
XRad21 co-localizes to the loop. (Bottom) Alexa488-labeled anti-XCAP-C bound to 726 
condensin localizes to the loop in metaphase, but does not localize to the loop in interphase. 727 
 728 

 729 

 730 

Supplementary Figure captions 731 

 732 



 733 

Figure 1 - supplementary Figure 1: Characterization of DNA compaction in Xenopus 734 

laevis egg extracts. (A) Addition of crude extract to  λ-phage DNA molecules leads to the 735 

generation of multiple highly-enriched DNA clusters, suggestive of nucleosomal formation 736 

along the strand. Alexa488-labeled anti-H3 and anti-H4k12ac localize to these DNA clusters 737 

(left). Kymographs of nucleosomal cluster formation in both metaphase (upper) and 738 

interphase (lower) along a strand upon addition of crude extract. See also Video 1 and 2. (B) 739 

Quantitative western blot showing approximately 90-95% depletion of soluble H3-H4 740 

heterodimers. (C) Examples of completely stretched loops in metaphase (left & middle) and a 741 

partially extended interphase loop (right) upon hydrodynamic stretching with buffer flow 742 

perpendicular to strand orientation. (D) Kymograph of a looping event on a strand upon 743 

treatment with crude extract. See also Video 13. 744 

 745 

Figure 2 - supplementary Figure 1: DNA looping examples demonstrating non-746 

symmetric loop extrusion in metaphase and symmetric loop extrusion in interphase. 747 

We tracked the position of the loop and segmented the DNA signal into a loop region (blue) 748 

and region I and II (orange and green). The integrated fluorescence intensity in each region 749 

was converted into the relative amount of DNA in that region as described above and plotted 750 

as a function of time. The dots are data from the analysis and the lines represent single 751 

exponential fits to the data. (A) In metaphase, we observed a saturating exponential increase 752 

in the DNA amount in the looped region, and only a single non-looped region decreasing in 753 

DNA amount, suggestive of non-symmetric loop extrusion. (B) In interphase, we observed a 754 

similar saturating exponential increase in the DNA amount in the looped region, whereas 755 

both non-loop regions decreased in DNA amount, suggestive of symmetric loop extrusion. 756 

(C) Representative snapshots of DNA looping in H3-H4-depleted interphase and metaphase 757 

extracts ordered by end-to-end distance. Left image represents the initial DNA configuration 758 

and right image the corresponding final loop configuration. Scale bar is 5 m. 759 

 760 

Figure 2- supplementary Figure 2: Biophysical characterization of loop extrusion rate 761 

and DNA tension. (A) Example of one metaphase loop extrusion event (blue dots) 762 

smoothed by a Savitzky-Golay filtering with a 2nd-order polynomial and a window size of 63 763 

points (black dashes). (B) The extrusion rate of the looping event was obtained from the first-764 

order derivative of the smoothed curve. (C) Relative DNA extension was calculated as the 765 

end-to-end distance divided by the amount of DNA outside of the loop region using the raw 766 

loop data (blue shaded curve) and the smoothed loop data from (A). (D) Tension on the DNA 767 

strand resulting from the reeling of DNA into the loop was obtained from applying the worm 768 

like chain model41 for DNA to the relative extension values in (C) with the raw data as the 769 

shaded curve. (E) Rate of loop extrusion plotted over the tension on the DNA strand for the 770 

single looping event in (A). (F) Loop extrusion rates over DNA tension for the population of 771 

metaphase (blue dots and envelope) and interphase looping events (green dots and 772 

envelope) from exponential fit curves to the loop data. Dots represent mean values, error 773 

bars and envelope represent standard deviation.  774 

 775 

Figure 2- supplementary Figure 3: Examples of symmetric DNA loop extrusion in 776 

metaphase and non-symmetric loop extrusion in interphase. We quantified the amount 777 

of DNA inside the loop (blue dots) and the regions left and right of the loop (region I in 778 

orange and region II in green) from the relative integrated DNA fluorescence intensities in 779 

each region for each time point. The lines represent exponential fits to the data. (A) 780 

Examples of metaphase looping events exhibiting symmetric loop extrusion where DNA is 781 



reeled in from both regions outside of the loop. (B) Examples of non-symmetric loop 782 

extrusion events in interphase, showing one-sided reeling of DNA into the loop from only one 783 

region outside of the loop.  784 

 785 

Figure 2- supplementary Figure 4: Characterization of loop movement and symmetry. 786 

(A) Schematics of symmetric loop extrusion. Reeling in DNA from both sides at similar rates 787 

displaces the loop towards the shorter end of the DNA, as the smaller amount of slack in the 788 

shorter region is used up faster. (B) The displacement of a loop along the DNA strand by 789 

non-symmetric extrusion depends on the direction of extrusion. If the orientation of the 790 

extrusion machinery is random, it has equal chances to be directed towards the center of the 791 

DNA or the closest boundary. (C) We followed the movement of the DNA loop by tracking the 792 

relative location of the maximum of signal intensity for each time point. Top: kymograph of a 793 

metaphase looping event. Bottom: corresponding relative position of the loop for each time 794 

point. We then quantified the relative change in loop position along the DNA strand with 795 

respect to the centre of the DNA strand and the nearest boundary. This allowed us to plot the 796 

relative change in loop position over the corresponding symmetry score for all looping events 797 

in (D) metaphase and (E) interphase. We classified each looping event by its displacement 798 

towards the center, the nearest boundary, or as static, if the displacement did not exceed a 799 

threshold of 0.08 (see Methods). (F) Based on the displacement of all looping events, we 800 

could compare the probability for a loop to move to the centre of the DNA strand in 801 

metaphase and interphase.  802 

 803 

Figure 2- supplementary Figure 5: Dependency of loop extrusion rate on extrusion 804 

symmetry and stall forces on initial relative DNA extension. We quantified the loop 805 

extrusion rate as a function of extrusion symmetry (symmetry score) in both (A) interphase 806 

and (B) metaphase (C) for the events corresponding to Figure 2C. Using the worm-like chain 807 

model41, we computed the stall forces for both interphase and metaphase looping events 808 

from the plateau size of the loop and plot these values as a function of initial relative 809 

extension of the DNA strand before the loop formed. The hatched line shows the initial 810 

tension on the DNA strand before the onset of loo formation as a function of end-to-end 811 

distance of the DNA molecules. The resulting stall forces are conserved between inter- and 812 

metaphase and show a slight dependency on the initial relative extension of the DNA strand, 813 

possibly by selecting for stronger loops in stretched-out DNA molecules. 814 

 815 

Figure 2- supplementary Figure 6: Dye-induced DNA lengthening. (A) To correct for the 816 

concentration-dependent lengthening of DNA by intercalating dye Sytox Orange, we 817 

measured the extension (in m) of DNA molecules that we hydrodynamically stretched using 818 

a buffer flow-rate corresponding to 1.54 pN, for all Sytox Orange concentrations employed in 819 

the study. The exponential fit to the data serves as a guide to the eye. (B) The corresponding 820 

contour lengths (cl) were determined for each dye concentration by applying the worm like 821 

chain model41 to the average measured DNA extension at the known stretching force of 1.54 822 

pN.   823 

 824 

Figure 3- supplementary Figure 1: Co-immunodepletions of Xenopus egg extracts 825 

using antibodies targeting H3-H4, cohesin, and condensin I and II. (A) Co-826 

immunodepletion of H3-H4 using anti-H4K12Ac antibodies and cohesin using anti-XRAD21 827 

and anti-XSMC1 antibodies. H3 protein levels are detected using anti-H3 and exhibits a ~90-828 

95% depletion of soluble H3-H4 heterodimers compared to IgG-depleted extract. XSMC1 829 

protein levels are detected using anti-XSMC1, which exhibits a ~90% depletion. We used 830 



anti-DM1a that detects tubulin as a loading control. (B) Co-immunodepletion of H3-H4 using 831 

anti-H4K12Ac antibodies and condensin using anti-XCAP-C and anti-XCAP-E antibodies. H3 832 

protein levels are detected using anti-H3 and exhibits a ~90% depletion of soluble H3-H4 833 

heterodimers compared to IgG-depleted extract. XCAP-C protein levels are detected using 834 

anti-XCAP-C, which displays a ~85% reduction, although the signal is rather weak and made 835 

it challenging to quantify. We used anti-DM1a that detects tubulin as a loading control. (C) 836 

Enzymatic depletion of ATP by apyrase (left) in H3H4-depleted interphase extract greatly 837 

reduces loop formation probability compared to control H3H4 depleted interphase extract 838 

(right).  839 

 840 

 841 

 842 

Supplementary video captions 843 

 844 

Video 1: Addition of crude Xenopus egg extract to a single strand of λ-phage DNA, 845 

visualized using Sytox Orange, leads to the generation of multiple highly-enriched DNA 846 

clusters, suggestive of nucleosomal formation along the strand.  847 

 848 

Video 2: Addition of crude Xenopus egg extract to a single strand of λ-phage DNA, 849 

visualized using Sytox Orange, leads to the generation of multiple highly-enriched DNA 850 

clusters, suggestive of nucleosomal formation along the strand. 851 

 852 

Video 3: Example of DNA loop formation in H3-H4-depleted egg extract arrested in 853 

metaphase visualized using Sytox Orange. The movie duration is 87 seconds and the scale 854 

bar is 5 μm.  855 

 856 

Video 4: Example of DNA loop formation in H3-H4-depleted egg extract arrested in 857 

metaphase visualized using Sytox Orange. The movie duration is 90 seconds and the scale 858 

bar is 2 μm. 859 

 860 

Video 5: Example of DNA loop formation in H3-H4-depleted egg extract in metaphase 861 

visualized using Sytox Orange. The movie duration is 195 seconds and the scale bar is 2 862 

μm. 863 

 864 

Video 6: Example of DNA loop formation in H3-H4-depleted egg extract in interphase 865 

visualized using Sytox Orange. The movie duration is 108 seconds and the scale bar is 2 866 

μm. 867 

 868 

Video 7: Example of DNA loop formation in H3-H4-depleted egg extract in interphase 869 

visualized using Sytox Orange. The movie duration is 80 seconds and the scale bar is 2 μm. 870 

 871 

Video 8: Example of DNA loop formation in H3-H4-depleted egg extract in interphase 872 

visualized using Sytox Orange. The movie duration is 34 seconds and the scale bar is 2 μm. 873 

 874 

Video 9: Example of hydrodynamically stretched DNA loops in H3-H4-depleted extract 875 

arrested in metaphase visualized using Sytox Orange. The movie duration is 19 seconds and 876 

the scale bar is 5 μm.  877 

 878 

Video 10: Example of hydrodynamically stretched DNA loops in H3-H4-depleted extract 879 



arrested in metaphase visualized using Sytox Orange. The movie duration is 16 seconds and 880 

the scale bar is 5 μm.  881 

 882 

Video 11: Example of a hydrodynamically stretched DNA loop in H3-H4-depleted interphase 883 

extract visualized using Sytox Orange. The movie duration is 104 seconds and the scale bar 884 

is 2 μm.  885 

 886 

Video 12: Example of a hydrodynamically stretched DNA loop in H3-H4-depleted interphase 887 

extract visualized using Sytox Orange. The movie duration is 4 seconds and the scale bar is 888 

2 μm.  889 

 890 

Video 13: Example of DNA loop formation in non-depleted crude extract visualized using 891 

Sytox Orange. The movie duration is 87 seconds and the scale bar is 5 μm.  892 

 893 
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