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596  Fig.S6 (A).Snap-shot of MukBEQ EF clusters with ATP-Mg?* in 150mM NaCl under 1 pN force.
597  (B). Snap-shot of MukBE? with MukE, MonoMukF and ATP-Mg?* in 150mM NaCl on the
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biotinylated anti-Hisg-antibody functionalized PEG surface. Left channel is Sytox Orange
stained DNA, and the right channel is Cy5 labelled MukBEQ,

DNA wrapping around and sliding

K55

Fig. S7 DNA wrapping around the head domain of MukB and sliding. Proposed model based on
published crystal structure (Woo et al., 2009): DNA is topologically entrapped by a MukB head in the
presence of the MukF C terminus. C terminus of MukF inserts into the groove of DNA (also see video
14). Structural studies of wide-type SMC complex would help verify the DNA binding sites. This DNA
sliding model can also explain the different behaviours of other SMC-similar proteins. For example,
Mrell-nuclease & Rad50-ATPase complex show different properties when interacting with linear or
with circular DNA (not supercoiled), while linear DNA is more probable to slide into the Rad50 ring to
allow digestion by Mrell-nuclease (53). Also, cohesion complexes act differently in the presence of
linear and circular DNA (not supercoiled) attached to beads under high salt concentration, where a
cohesion complex can slide off the free ends of linear DNA, but gets trapped on circular DNA (54).
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Fig. S8 Calibration of applied force and flowrate. The flowrate is between 1ul/min to 100ul/min. The
applied force is calibrated based on the previous studies (55).The relationship between applied flow

rate and relative ADNA length, fitted to the Worm-Like Chain (WLC) model (solid line) with the fitted
persistence length of 43 nm and a contour length of 16.3 um.


https://doi.org/10.1101/2021.07.17.452765
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.17.452765; this version posted July 17, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

619 Reference

620 1. K. Nasmyth, C. H. Haering, The structure and function of SMC and kleisin complexes.

621 Annu. Rev. Biochem. 74, 595-648 (2005).

622 2. A. J. Wood, A. F. Severson, B. J. Meyer, Condensin and cohesin complexity: the
623 expanding repertoire of functions. Nat. Rev. Genet. 11, 391-404 (2010).

624 3. S. Gruber, MukBEF on the march: taking over chromosome organization in bacteria?
625 Mol. Microbiol. 81, 855—-859 (2011).

626 4. S. Nolivos, D. Sherratt, The bacterial chromosome: architecture and action of bacterial
627 SMC and SMC-like complexes. FEMS Microbiol. Rev. 38, 380-392 (2014).

628 5. T. Terakawa, S. Bisht, J. M. Eeftens, C. Dekker, C. H. Haering, E. C.Greene, The condensin
629 complex is a mechanochemical motor that translocates along DNA. Science (80-. ). 358,
630 672-676 (2017).

631 6. M. Kanke, E. Tahara, P. J. Huis in’t Veld, T. Nishiyama, Cohesin acetylation and Wapl-
632 Pds5 oppositely regulate translocation of cohesin along DNA . EMBO J. 35, 2686—-2698
633 (2016).

634 7. J. Stigler, G. Camdere, D. E. Koshland, E. C. Greene, Single-molecule imaging reveals a
635 collapsed conformational state for DNA-bound cohesin. Cell Rep. 15, 988-998 (2016).
636 8. I. F. Davidson, D. Goetz, M. P. Zaczek, M. I. Molodtsov, P. J. Huis in "t Veld, F. Weissmann,
637 G. Litos, D. A. Cisneros, M. Ocampo-Hafalla, R. Ladurner, F. Uhlmann, A. Vaziri, J. Peters,
638 Rapid movement and transcriptional re-localization of human cohesin on DNA. EMBO
639 J. 35,2671-2685 (2016).

640 9. M. Ganiji, I. A. Shaltiel, S. Bisht, E. Kim, A. Kalichava, C. H. Haering, C. Dekker, Real-time
641 imaging of DNA loop extrusion by condensin. Science (80-. ). 360, 102—105 (2018).

642 10. I F. Davidson, B. Bauer, D. Goetz, W. Tang, G. Wutz, J.-M. Peters, DNA loop extrusion
643 by human cohesin. Science (80-. ). 366, 1338-1345 (2019).

644 11. Y. Kim, Z. Shi, H. Zhan, I. J. Finkelstein, H. Yu, Human cohesin compacts DNA by loop
645 extrusion. Science (80-. ). 366, 1345-1349 (2019).

646 12. E. Kim, J. Kerssemakers, I. A. Shaltiel, C. H. Haering, C. Dekker, DNA-loop extruding
647 condensin complexes can traverse one another. Nature. 579, 438-442 (2020).

648 13. . Pelletier, K. Halvorsen, B. Ha, R. Paparcone, S. J. Sandler, C. L. Woldringh, W. P. Wong,
649 S. Jun, Physical manipulation of the Escherichia coli chromosome reveals its soft nature.
650 Proc. Natl. Acad. Sci. 109, E2649-E2656 (2012).

651 14. C. Jeon, Y. Jung, B. Ha, A ring-polymer model shows how macromolecular crowding
652 controls chromosome-arm organization in Escherichia coli. Sci. Rep. 7, 1-10 (2017).

653 15. D. Marenduzzo, C. Micheletti, P. R. Cook, Entropy-Driven Genome Organization.
654 Biophys. J. 90, 3712—-3721 (2006).

655 16. S. Jun, B. Mulder, Entropy-driven spatial organization of highly confined polymers:
656 Lessons for the bacterial chromosome. Proc. Natl. Acad. Sci. 103, 12388-12393 (2006).


https://doi.org/10.1101/2021.07.17.452765
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.17.452765; this version posted July 17, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

657 17. S.Jun, A. Wright, Entropy as the driver of chromosome segregation. Nat. Rev. Microbiol.
658 8, 600-607 (2010).

659 18. I. F. Lau, S. R. Filipe, B. Sgballe, O. A. @kstad, F. X. Barre, D. J. Sherratt, Spatial and
660 temporal organization of replicating Escherichia coli chromosomes. Mol. Microbiol. 49,
661 731-743 (2003).

662 19. J. K. Fisher, A. Bourniquel, G. Witz, B. Weiner, M. Prentiss, N. Kleckner, Four-
663 dimensional imaging of E. coli nucleoid organization and dynamics in living cells. Cell.
664 153, 882—895 (2013).

665 20. C. A. Brackley, J. Johnson, D. Michieletto, A. N. Morozov, M. Nicodemi, P. R. Cook, D.
666 Marenduzzo, Nonequilibrium chromosome looping via molecular slip links. Phys. Rev.
667 Lett. 119, 1-5 (2017).

668 21. T. R. Strick, T. Kawaguchi, T. Hirano., Real-time detection of single-molecule DNA
669 compaction by condensin I. Curr. Biol. 14, 874—880 (2004).

670 22. ). E. Moody, L. Millen, D. Binns, J. F. Hunt, P. J. Thomas, Cooperative, ATP-dependent
671 association of the nucleotide binding cassettes during the catalytic cycle of ATP-binding
672 cassette transporters. J. Biol. Chem. 277, 21111-21114 (2002).

673 23. M. Hirano, T. Hirano, Positive and negative regulation of SMC-DNA interactions by ATP
674 and accessory proteins. EMBO J. 23, 2664-2673 (2004).

675 24. R. Vazquez Nunez, L. B. Ruiz Avila, S. Gruber, Transient DNA occupancy of the SMC
676 interarm space in prokaryotic condensin. Mol. Cell. 75, 209-223 (2019).

677 25. M. A. Schwartz, L. Shapiro, An SMC ATPase mutant disrupts chromosome segregation
678 in Caulobacter. Mol. Microbiol. 82, 1359-1374 (2011).

679 26. A. Badrinarayanan, R. Reyes-Lamothe, S. Uphoff, M. C. Leake, D. J. Sherratt, In vivo
680 architecture and action of bacterial structural maintenance of chromosome proteins.
681 Science (80-. ). 338, 528-531 (2012).

682 27. B. Hu, T. Itoh, A. Mishra, Y. Katoh, K. L. Chan, W. Upcher, C. Godlee, M. B. Roig, K.
683 Shirahige, K. Nasmyth, ATP hydrolysis is required for relocating cohesin from sites
684 occupied by its Scc2/4 loading complex. Curr. Biol. 21, 12-24 (2011).

685 28. W. She, Q. Wang, E. A. Mordukhova, V. V. Rybenkov, MUukEF is required for stable
686 association of MukB with the chromosome. J. Bacteriol. 189, 7062—7068 (2007).

687 29. K.V.Rajasekar, R. Baker, G. L. M. Fisher, J. R. Bolla, J. Makeld, M. Tang, K. Zawadzka, O.
688 Koczy, F. Wagner, C. V. Robinson, L. K. Arciszewska, D. J. Sherratt, Dynamic architecture
689 of the Escherichia coli structural maintenance of chromosomes (SMC) complex,
690 MukBEF. Nucleic Acids Res. 47, 9696—9707 (2019).

691 30. S. Morbach, S. Tebbe, E. Schneider, The ATP-binding Cassette ( ABC ) Transporter for
692 Maltose/Maltodextrins of Salmonella typhimurium. J. Biol. Chem. 268, 18617-18621
693 (1993).

694 31. S. Bahng, R. Hayama, K. J. Marians, MukB-mediated catenation of DNA is ATP and
695 MukEF independent. J. Biol. Chem. 291, 23999-24008 (2016).


https://doi.org/10.1101/2021.07.17.452765
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.17.452765; this version posted July 17, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

696 32. Y. Cui, Z. M. Petrushenko, V. V. Rybenkov, MukB acts as a macromolecular clamp in

697 DNA condensation. Nat. Struct. Mol. Biol. 15, 411-418 (2008).

698 33. Z. M. Petrushenko, C. H. Lai, R. Rai, V. V. Rybenkov, DNA reshaping by MukB: right-
699 handed knotting, left-handed supercoiling. J. Biol. Chem. 281, 4606—4615 (2006).

700 34. J.S.Woo, J. H. Lim, H. C. Shin, M. K. Suh, B. Ku, K. H. Lee, K. Joo, H. Robinson, J. Lee, S.
701 Y. Park, N. C. Ha, B. H. Oh, Structural studies of a bacterial condensin complex reveal
702 ATP-dependent disruption of intersubunit interactions. Cell. 136, 85-96 (2009).

703  35. K. Zawadzka, P. Zawadzki, R. Baker, K. V. Rajasekar, F. Wagner, D. J. Sherratt, L. K.
704 Arciszewska, MukB ATPases are regulated independently by the N-and C-terminal
705 domains of MukF kleisin. Elife. 7, e31522 (2018).

706  36. K. Ohsumi, M. Yamazoe, S. Hiraga, Different localization of SeqA-bound nascent DNA
707 clusters and MukF-MukE-MukB complex in Escherichia coli cells. Mol. Microbiol. 40,
708 835-845 (2001).

709 37. J.Mékel3, D. J. Sherratt, Organization of the Escherichia coli chromosome by a MukBEF
710 axial core. Mol. Cell. 78, 250-260 (2020).

711 38. T. Ariga, M. Tomishige, D. Mizuno, Nonequilibrium energetics of molecular motor
712 kinesin. Phys. Rev. Lett. 121, 218101 (2018).

713 39. W. Hwang, M. Karplus, Structural basis for power stroke vs. Brownian ratchet
714 mechanisms of motor proteins. Proc. Natl. Acad. Sci. U. S. A. 116, 19777-19785 (2019).

715 40. F. Uhlmann, SMC complexes : from DNA to chromosomes. Nat Rev Mol Cell Biol. 7,
716 399-412 (2016).

717 41. Y. Murayama, F. Uhlmann, DNA entry into and exit out of the cohesin ring by an

718 interlocking gate mechanism. Cell. 163, 1628-1640 (2015).

719 42. M. Sun, T. Nishino, J. F. Marko, The SMC1-SMC3 cohesin heterodimer structures DNA
720 through supercoiling-dependent loop formation. Nucleic Acids Res. 41, 6149-6160
721 (2013).

722  43. R.E.Depew, J.C. Wang, Conformational fluctuations of DNA helix. Proc. Natl. Acad. Sci.
723 72,4275-4279 (1975).

724  44. A. V. Vologodskii, A. V. Lukashin, V. V. Anshelevich, M. D. Frank-Kamenetskii,
725 Fluctuations in superhelical DNA. Nucleic Acids Res. 6, 967-982 (1979).

726 45. ).F.Marko, E. D. Siggia, Fluctuations and supercoiling of DNA. Science (80-. ). 265, 506—
727 508 (1994).

728 46. ). Langowski, W. K. Olson, S. C. Pedersen, |. Tobias, T. P. Westcott, Y. Yang, DNA
729 supercoiling, localized bending and thermal fluctuations. Trends Biochem. Sci. 21, 50
730 (1996).

731 47. A. Saha, J. Wittmeyer, B. R. Cairns, Chromatin remodeling by RSC involves ATP-
732 dependent DNA translocation. Genes Dev. 16, 2120-2134 (2002).


https://doi.org/10.1101/2021.07.17.452765
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.17.452765; this version posted July 17, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

733  48. |. Whitehouse, C. Stockdale, A. Flaus, M. D. Szczelkun, T. Owen-Hughes, Evidence for
734 DNA Translocation by the ISWI Chromatin-Remodeling Enzyme. Mol. Cell. Biol. 23,
735 1935-1945 (2003).

736 49. K. K. Sinha, J. D. Gross, G. J. Narlikar, Distortion of histone octamer core promotes
737 nucleosome mobilization by a chromatin remodeler. Science (80-. ). 355, eaaa3761
738 (2017).

739 50. VY. Zhang, C. L. Smith, A. Saha, S. W. Grill, S. Mihardja, S. B. Smith, B. R. Cairns, C. L.
740 Peterson, C. Bustamante, DNA translocation and loop formation mechanism of
741 chromatin remodeling by SWI/SNF and RSC. Mol. Cell. 24, 559-568 (2006).

742 51. G. Lia, E. Praly, H. Ferreira, C. Stockdale, Y. C. Tse-Dinh, D. Dunlap, V. Croquette, D.
743 Bensimon, T. Owen-Hughes, Direct observation of DNA distortion by the RSC complex.
744 Mol. Cell. 21, 417-425 (2006).

745 52. ). W. Chin, S. W. Santoro, A. B. Martin, D. S. King, L. Wang, P. G. Schultz, Addition of p-
746 azido-L-phenylalanine to the genetic code of Escherichia coli. . Am. Chem. Soc. 124,
747 9026-9027 (2002).

748 53. L. Kdshammer, J. H. Saathoff, K. Lammens, F. Gut, J. Bartho, A. Alt, B. Kessler, K. P.
749 Hopfner, Mechanism of DNA end sensing and processing by the Mrel11-Rad50 complex.
750 Mol. Cell. 76, 382—394 (2019).

751  54. T. L. Higashi, P. Eickhoff, J. S. Sousa, J. Locke, A. Nans, H. R. Flynn, A. P. Snijders, G.
752 Papageorgiou, N. O’'Reilly, Z. A. Chen, F. J. O’Reilly, J. Rappsilber, A. Costa, F. Uhlmann,
753 A structure-based mechanism for DNA entry into the cohesin ring. Mol. Cell. 79, 917-
754 933.e9 (2020).

755 55. ). M. Schaub, H. Zhang, M. M. Soniat, I. J. Finkelstein, Assessing protein dynamics on
756 low-complexity single-stranded DNA curtains. Langmuir. 34, 14882—-14890 (2018).

757

758


https://doi.org/10.1101/2021.07.17.452765
http://creativecommons.org/licenses/by-nc-nd/4.0/

