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Table S1. Yeast strains used in this study.
All strains are of W303 origin, MATa, ade2-1, trp1-1, can1-100, leu2-3, leu112, his3-11, 15, ura3 and RAD5, with the modifications listed below. 
	Strain
	Modification

	CB3245
	MATa pep4∆::HPH	

	CB3573
	MATa pep4∆::HPH top1∆::NAT
leu2::LEU2pRS305-NSE1-pGAL1-10-NSE2 
his3::HIS3pRS303-NSE3-pGAL1-10-NSE4 
ura3::URA3pRS306-SMC5-pGAL1-10-SMC6-TAP

	CB3580
	MATa pep4∆::HPH top1∆::NAT 
trp1::TRP1pRS304-NSE5-pGAL1-10-NSE6 
leu2::LEU2pRS305-NSE1-pGAL1-10-NSE2 
his3::HIS3pRS303-NSE3-pGAL1-10-NSE4 
ura3::URA3pRS306-SMC5-pGAL1-10-SMC6-TAP

	CB3662
	MATa pep4∆::HPH top1∆::NAT
trp1::TRP1pRS304-NSE5-pGAL1-10-NSE6 
leu2::LEU2pRS305-NSE1-pGAL1-10-NSE2 
his3::HIS3pRS303-NSE3-pGAL1-10-NSE4
ura3::URA3pRS306-smc5K75E-pGAL1-10-smc6K115E-TAP

	CB3663
	MATa pep4∆::HPH top1∆::NAT
trp1::TRP1pRS304-NSE5-pGAL1-10-NSE6
leu2::LEU2pRS305-NSE1-pGAL1-10-NSE2
his3::HIS3pRS303-NSE3-pGAL1-10-NSE4
ura3::URA3pRS306-smc5E1015Q-pGAL1-10-smc6E1048Q-TAP

	CB4005
	MATa pep4∆::HPH top1∆::NAT
trp1::TRP1pRS304-NSE5-pGAL1-10-NSE6
leu2::LEU2pRS305-NSE1-pGAL1-10-NSE2
his3::HIS3pRS303-NSE3-pGAL1-10-NSE4-6xHis-SNAP-KAN
ura3::URA3pRS306




Table S2. Plasmid DNA used in this study.

	Name
	Description
	Source

	pJF2
	pRS303::CDT1-pGAL1-10-GAL4
	Gift from Prof. John Diffley1

	pJF3
	pRS304::MCM4-pGAL1-10-MCM5
	Gift from Prof. John Diffley1

	pJF4
	pRS305::MCM6-pGAL1-10-MCM7
	Gift from Prof. John Diffley1

	pJF5
	pRS306::MCM2-pGAL1-10-MCM3
	Gift from Prof. John Diffley1

	CD373
	pRS306-SMC5-pGAL1-10-SMC6-TAP
	This study

	CD377
	pRS30-NSE1-pGAL1-10-NSE2
	This study

	CD380
	pRS304-NSE5-pGAL1-10-NSE6
	This study

	CD395
	pRS303-NSE3-pGAL1-10-NSE4
	This study

	CD402
	pFA6a-SNAP-KAN
	This study

	CD406
	pRS306-smc5K75E-pGAL1-10-smc6K115E-TAP
	This study

	CD420
	pRS306-smc5E1015Q-pGAL1-10-smc6E1048Q-TAP
	This study





[image: ]Extended Data Fig. 1. Purification and ATPase activity of the octameric and hexameric Smc5/6 complex. (a) Oriole stained SDS-PAGE gel for purified Smc5/6 and mutants. (b) The result of size-exclusion chromatography (SEC) of wild type Smc5/6. The chromatogram and Oriole stained SDS-PAGE for each fraction are shown. Peak fractions are indicated with red bar. (c) ATP hydrolysis rate for wild type Smc5/6 with/without λ-DNA. (d) Fluorescently labeled Smc5/6. CBB staining and fluorescence detection of SDS-PAGE are shown. (e) Oriole stained SDS-PAGE for the Smc5/6 complex lacking Nse5/6 (hexamer) (f) The result of SEC for the hexamer. The chromatogram and Oriole stained SDS-PAGE for each fraction are shown. Peak fractions are indicated with red bar.




[image: ]Extended Data Fig. 2. Schematic of the loop extrusion assay and analysis. (a) Side-(top) and top-view (center) of phage λ-DNA anchored onto glass substrate passivated with PEG molecules alongside an experimental snapshot of the DNA from the top-view (bottom). (b) Schematics showing side- (top) and top-view (center) of DNA condensing into a punctum upon addition of Smc5/6 and ATP. The bottom plot shows an experimental snapshot.  (c) Schematic (top) and experimental snapshot (bottom) showing an arc-shaped DNA due to buffer application. (d) Schematic (top) and experimental snapshot (bottom) showing a typical DNA loop extruded from a specific point along the DNA strand under sideway flow. (e) Schematic (top), snapshot (middle), and a schematic of fluorescence intensity profile of the DNA molecule with a loop, showing the 3 different sections (Iup, Iloop, Idown) (f) Schematic showing the DNA length changes calculated from the integrated fluorescence intensities for the three different zones (Iup, Iloop, Idown) plotted with time.
[image: ]Extended Data Fig. 3. Characteristics of the Smc5/6-mediated DNA loop extrusion. (a) Snapshots showing the process of loop extrusion on a sticky surface under side flow revealing the O-shape topology of the DNA loop. (b) First to third plot: Snapshots (first and third, from the left) from the first and the last frames of the kymograph (second) showing a loop extrusion event in the absence of flow. The fourth plot shows the same loop upon the application of side-flow confirming that the observed DNA punctum is a loop. (c) A kymograph of a DNA molecule showing a Smc5/6-mediated loop that exhibits diffusion along the DNA. (d) Snapshots showing diffusion of an extruded loop. The side-flow reveals that the stem of the loop moves along the DNA.

[bookmark: _GoBack][image: ]Extended Data Fig. 4. Quantitation of Smc5/6-mediated loop extrusion kinetics extracted from a single looping event. (a) Kinetics of loop extrusion showing changes in DNA sizes from different sections (Idown, Iloop, Iup) over time. The linear region within the two dashed lines was used to obtain the initial loop extrusion rate via linear fit as shown in. (b). (c) The change of loop extrusion rate during the loop growth, which was calculated using the change in loop sizes in a moving time window of 2 s. (d) The simultaneous change in relative DNA extension as a function of time. (c, d) shows that the decrease of extrusion rate is correlated with the increase in DNA tension. (E) Scatter plot of loop extrusion rate with the relative extension, taken from (c, d), showing that rate drops nearly zero above extension value of 0.6. (f) Change in tension on the DNA with time. The force values were extracted from the values of relative DNA extension in (d) and converted to the known force–extension relation.  (a-f) corresponds to the single DNA loop extrusion shown in Fig. 1f-h, and solid lines show running averages over 50 points.

[image: ]Extended Data Fig. 5. Statistics of the characteristics of Smc5/6 extruded DNA loops. (a) Loop size distribution (violin plot) from 100 different DNA looping events. (b) Violin plot distributions of relative extension of DNA which formed loops (N=100) and did not form loops (orange, N=140). Extension values were taken before the start of loop extrusion event. Only 6% of the loop extrusion events (N=100) were observed on DNA molecules which were stretched beyond an extension value of 0.6 (indicated by the horizontal line). (c) Scatter plot of loop sizes versus the relative DNA extension showing a negative correlation with Pearson coefficient of -0.36. The line shows a linear regression fit with 95 % confidence interval indicated as shaded area.



[image: ]Extended Data Fig. 6. Additional examples of photobleaching events from Alexa-647 labeled Smc5/6 during DNA loop extrusion. Kymograph (top of each section) of DNA (cyan) and Smc5/6 (red). Time traces of DNA (middle of each section) and Smc5/6 fluorescence intensity (bottom of each section) determined from the corresponding kymographs showing two bleaching steps (a, b), one bleaching step (c), and no Smc5/6 signal at the loop initiation position (d). Intensity values displayed in Smc5/6 time traces were extracted on the same pixel positions as the DNA puncta intensities.


[image: ]Extended Data Fig. 7. Bleaching time distribution. (a, b): Time traces showing two (a) and single bleaching steps (b) and the corresponding bleaching times  and  in (a), and  in (b). (c) The bleaching time distributions extracted from two bleaching step traces. (d) The bleaching time distributions  in a one-step bleaching traces (blue). When the two bleaching times ,  from the two-step bleaching trace are put together in a histogram, they resemble the single-step distribution.  Note that the average time of one-step bleaching traces is similar to the average of the times (, ) of the two step bleaching traces. 


[image: ]Extended Data Fig. 8. Two bleaching steps observed from labeled Smc5/6 at the stem of the DNA loop during loop extrusion. (a) Snapshots of DNA loop extrusion event showing labeled Smc5/6 at the stem of the extruded loop. (b) the corresponding time trace Smc5/6 fluorescence intensity showing two-step bleaching. The arrows indicate the time points corresponding to the respective snapshots.


[image: ]Extended Data Fig. 9. DNA Translocation by a single Smc5/6 complex. (a) Snapshots of labelled Smc5/6 (red) on DNA (cyan), showing a DNA translocation event, corresponding to Fig.3a. (b) Intensity time trace of the Smc5/6 depicted in (a) showing one-step bleaching. (c) The calculated probability of observing single bleaching steps as a function of dimer fraction given that we experimentally only observe one-step and two-step bleaching events. (d, e) Example kymographs of Smc5/6 (red) on DNA (cyan) showing diffusive (d) and immobile characteristics (e). (f, g, h) Mean square displacements (MSD) of Smc5/6 complexes displaying directed motion (f) corresponding to Fig. 3a, diffusive motion (g) extracted from the kymograph shown in (d), and immobile behaviour (h) corresponding to the kymograph in (e).



[image: ] Extended Data Fig. 10. Examples showing the cases where dimerization of Smc5/6 result in initiation of loop extrusion. Example kymographs showing different types of events where loop extrusion (cyan) starts upon dimerization of Smc5/6 (red). (a) Two translocating Smc5/6 merge together and start loop extrusion. (b) A single Smc5/6 bound on the end of DNA starts translocating. The second Smc5/6 from the solution binds the first one to initiate loop extrusion. (c) A single Smc5/6 is bound on one end of the DNA at the start of the measurement. The second Smc5/6 binds the first one from the solution to initiate loop extrusion.

  

Captions for Supplementary Videos
Supplementary Video 1. Side-flow visualization of DNA loop extrusion by Smc5/6 corresponding to Fig. 1e.
Supplementary Video 2. DNA loop extrusion by Smc5/6 without side-flow along with the kymograph of the DNA.
Supplementary Video 3. Side-flow visualization of DNA (cyan) loop extrusion by labelled Smc5/6 (red) where Smc5/6 appears on the DNA at ~7s followed by loop extrusion. The Smc5/6 stays at the stem of the loop before finally bleaching at ~151 s.
Supplementary Video 4. DNA loop extrusion by labelled Smc5/6 without side-flow. The top kymograph and image sequences correspond to DNA and the middle section corresponds to the labelled Smc5/6. The merged kymograph and image sequences of DNA and Smc5/6 can be seen in the bottom lane.
Supplementary Video 5. Directional translocation of a Smc5/6 (red) on the DNA (cyan). The left panel is the kymograph corresponding to the time lapse video of DNA and Smc5/6 on the right panel.
Supplementary Video 6. A single translocating Smc5/6 complex dimerizes with another Smc5/6 (red) to initiate DNA (cyan) loop extrusion.
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