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15 Author Summary

16 Cohesin is a ring that tethers sister chromatids since their synthesis during S phase till 

17 their separation in anaphase. According to the single-ring model, one ring holds twin 

18 sisters. Here we show a conserved cohesin-cohesin interaction from yeast to human. A 

19 subpopulation of cohesin is dimerized concomitantly with DNA replication. Cohesin 

20 dimerization is dependent on the acetyltransferase Eco1 and counteracted by the anti-

21 establishment factor Wpl1 and deacetylase Hos1. Approximately 20% of cellular 

22 cohesin complexes are measured to be dimers, close to the level of Smc3 acetylation 

23 by Eco1 in vivo. These findings provide evidence to support the double-ring model in 

24 sister chromatid cohesion.

25 Abstract

26 Sister chromatid cohesion is established by Eco1 in S phase. Nevertheless, the exact 

27 consequence of Eco1-catalyzed acetylation is unknown, and the cohesive state remains 

28 highly controversial. Here we show that self-interactions of cohesin subunits 

29 Scc1/Rad21 and Scc3 occur in a DNA replication-coupled manner in both yeast and 

30 human. Through cross-linking mass spectrometry and VivosX analysis of purified 

31 cohesin, we show that a subpopulation of cohesin may exist as dimers. Importantly, 

32 cohesin-cohesin interaction becomes significantly compromised when Eco1 is depleted. 

33 On the other hand, deleting either deacetylase Hos1 or Eco1 antagonist Wpl1/Rad61 

34 results in an increase (e.g., from ~20% to 40%) of cohesin dimers. These findings 

35 suggest that cohesin dimerization is controlled by common mechanisms as the cohesion 

36 cycle, thus providing an additional layer of regulation for cohesin to execute various 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 7, 2020. ; https://doi.org/10.1101/2020.02.07.938530doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.07.938530
http://creativecommons.org/licenses/by/4.0/


3

37 functions such as sister chromatid cohesion, DNA repair, gene expression, chromatin 

38 looping and high-order organization. 
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39 Introduction

40 Cohesin is a tripartite ring that controls many, if not all, aspects of chromosome 

41 function including sister chromatid cohesion, chromosome segregation, chromosome 

42 condensation, chromosome organization, DNA replication, DNA repair, DNA 

43 recombination and gene expression (1-5). The ring consists of a V-shaped 

44 heterodimeric SMC proteins Smc1 and Smc3, and an α-kleisin subunit Scc1/Rad21 

45 bridging their ABC ATPase head domains (6, 7). The fourth subunit, Scc3 (SA1 or SA2 

46 in mammalian cells), binds to the ring through Scc1 (8). The stoichiometry of these 

47 subunits is 1:1:1:1(9-11). Besides such a single-ring model (12-18), higher-order 

48 oligomeric cohesin conformations have also been proposed based upon the unusual 

49 genetic properties and physical self-interactions of cohesin subunits in yeast (19) and 

50 human cells (20), respectively. Therefore, it remains highly debatable whether cohesin 

51 functions as single-rings, double-rings or clusters (6, 21-23). 

52 As an essential process mediated by cohesin, sister chromatid cohesion is achieved in 

53 two steps, cohesin loading and cohesion establishment (24, 25). Cohesin is loaded onto 

54 chromosomes with a low affinity in G1 phase (26). Following DNA replication, 

55 cohesion is established wherein it tightly holds twin chromatids together to resist the 

56 pulling force of the spindle before segregation (27, 28). Eco1 plays an essential role in 

57 the establishment of cohesion (29-32). It acetylates two conserved lysine residues on 

58 Smc3 (K112 and K113 in Saccharomyces cerevisiae) (33-35). Smc3 acetylation 

59 appears to counteract an ‘‘anti-establishment’’ activity of Wpl1/Rad61 (36). Wpl1 

60 ablation restores viability and improves sister chromatid cohesion in the absence of 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 7, 2020. ; https://doi.org/10.1101/2020.02.07.938530doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.07.938530
http://creativecommons.org/licenses/by/4.0/


5

61 Eco1 or Smc3 acetylation(33, 37, 38). Nevertheless, the exact consequences of Smc3 

62 acetylation remain unknown either. 

63 Results and discussion

64 Self-interactions of cohesin subunits in yeast cells

65 Self-interactions of cohesin subunits have not been detected in yeast (9). In human cells, 

66 contradictory observations have been reported (20, 39). To clarify this, we first 

67 performed immunoprecipitation (IP) experiments using a similar dual-tag strategy. An 

68 ectopic copy of SCC1 (pRS-SCC1, Table S1) under the control of its native promoter 

69 was introduced into a haploid yeast strain. The two SCC1 alleles were labeled with a 

70 pair of orthogonal epitopes (GFP/FLAG or EPEA/FLAG), which has been well 

71 demonstrated to be orthogonal to each other in this and previous studies (Figure 1)(40, 

72 41). When the epitopes were inserted at the C-termini of both copies (Scc1-HA-

73 EPEA/Scc1-5FLAG), after EPEA-IP, no Scc1-Scc1 interaction was virtually detectable 

74 (data not shown), in agreement with a previous study from the Nasmyth’s group in yeast 

75 (9). Epitope tagging may occasionally cause unexpected interference on the structure 

76 and function of proteins, which turns out to be true for many cohesin subunits (20, 42). 

77 To test this possibility, we switched 5FLAG from the C-terminus to the N-terminus of 

78 Scc1. Although EPEA-IP was performed in the exact same procedure, such a change 

79 led to the positive interaction between Scc1-HA-EPEA and 5FLAG-Scc1 (Figure 1A, 

80 lane 6). Because EPEA can only be applied at the C-terminus, we then labeled both 

81 Scc1 copies at their N-termini with another orthogonal epitope pair, GFP/FLAG. A 
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82 similar intermolecular interaction was observed in GBP-IP (Figure 1B, lane 6). These 

83 results are consistent with the observations in human cells (20), indicating that the self-

84 interaction of Scc1 might be conserved. 

85 The discrepancy could be explained if Scc1 oligomerization is interrupted by C-

86 terminal tagging. However, it is also possible that self-interaction might be artificially 

87 caused by overexpression of cohesin subunits (22). To test the latter possibility, we next 

88 labeled two endogenous SCC1 alleles with the same pair of orthogonal epitope tags (i.e., 

89 GFP/FLAG) at their genomic loci in the diploid yeast cells. Under the physiological 

90 protein levels, Scc1-Scc1 interaction was apparent as well (Figure 1C, lane 4), 

91 consistent with a very recent study in mouse embryonic stem cells (mESCs) (43). 

92 Intriguingly, self-interaction was also observed for the fourth cohesin subunit, Scc3, 

93 under endogenous and overexpression conditions in diploid (Figure 1D, lane 4) and 

94 haploid (Figure 1E, lane 5) cells, respectively. Collectively, these data suggest that 

95 cohesin is able to form dimers or oligomers. The failure to detect the oligomeric cohesin 

96 is due to inappropriate epitope tagging and/or other experimental conditions. 

97 Isolation and crosslinking analysis of the cohesin complexes

98 To corroborate and characterize the different cohesin species, we next purified the 

99 complexes from yeast cells containing two copies of Scc1 with small (5FLAG) and 

100 large (GST) epitopes, respectively. This allowed the simultaneous detection of the two 

101 Scc1 copies in a single gel by probing with anti-Scc1 antibodies. The lysates were first 

102 subjected to anti-FLAG affinity purification and FLAG peptide elution. The eluates 
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103 were then run on a 10-30% glycerol sedimentation/velocity gradient. After 

104 centrifugation, fractions (0.5 ml each, labeled from top to bottom) were collected. After 

105 separation by SDS-PAGE, immunoblots revealed the co-purification of Smc3 together 

106 with Scc1, suggesting successful isolation of the complex rather than an individual Scc1 

107 subunit (Figure 2A). The peak of the purified complex (fractions 6-9) contained few 

108 GST-Scc1 (i.e., the second copy of Scc1), sedimenting close to the 669 kDa standard 

109 (fraction 8). The theoretical molecular weight of the single-ring four-subunit cohesin 

110 complex is 478 kDa. The relative broad distribution of the cohesin complexes in the 

111 glycerol gradient might be due to the co-purification of the additional factors like Pds5 

112 and Wpl1. However, the cohesin species containing the second Scc1 copy (GST-Scc1) 

113 were clearly detected, which sedimented much faster than 669 kDa, peaking around 

114 fraction 13. These data corroborate the existence of cohesin dimers/oligomers in vivo. 

115 Next, we omitted the GST tag which may cause artificial dimerization. The cohesin 

116 complexes at the endogenous level were isolated through 5FLAG-Scc1 or 5FLAG-Scc3. 

117 Silver staining showed that the cohesin complex is purified to a nearly homogeneous 

118 level (Figure 2B). Besides all four cohesin subunits, the cellular cohesins often 

119 contained other components like Pds5 as validated by liquid chromatography-mass 

120 spectrometry (LC-MS). To determine how cohesin interacts with itself, we then 

121 performed cross-linking MS (CXMS) of the purified cohesin complexes. The 

122 representative cross-linked amino acids mapped to Scc3 were shown in Figure 2C. 

123 Although it is challenging to distinguish between intramolecular and intermolecular 

124 interfaces of a homo-oligomer, we supposed that the pairs of cross-linked residues apart 
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125 from each other in the available three-dimensional structure of Scc3 fragment likely 

126 represent the intermolecular interface. 

127 To test this, we then substituted these putative pairs by cysteine substitution for the 

128 VivosX (in vivo disulfide crosslinking) assay (44). If the two amino acids replaced by 

129 cysteine were close enough, a disulfide bond would be introduced by the permeable 

130 thiol-specific oxidizing agent 4,4’-dipyridyl disulfide (4-DPS). To simplify the 

131 screening and detection, two Scc3 alleles with a pair of tags (5FLAG-Scc3/13MYC-

132 Scc3) were expressed in yeast cells. In WT, Scc3 (either 5FLAG-Scc3 or 13MYC-Scc3) 

133 migrated as a monomer (less than 200 kDa) with or without 4-DPS treatment in non-

134 reducing SDS-PAGE (Figure 2D, lanes 1, 2, 7, 8, top panel). Among all mutated amino 

135 acid pairs, a portion of the Scc3-Scc3 crosslinking adducts was only detectable in the 

136 Scc3-K99C/Scc3-K1057C pair after 4-DPS treatment (Figure 2D, compare lanes 3-4, 

137 9-10). They migrated more slowly than 300 kDa, close to the expected molecular 

138 weight of dimeric Scc3 (~287 kDa). Importantly, the same band was able to be probed 

139 by both anti-FLAG (lanes 4, top panel) and anti-MYC (lanes 10, top panel), confirming 

140 that it is a dimeric/oligomeric Scc3 complex. Moreover, the band was abolished in the 

141 reducing gel (Figure 2D, bottom panel), further validating that it is formed by disulfide 

142 cross-linking of the introduced cysteine pair. Putting together, these results suggest the 

143 existence of the Scc3-Scc3 dimer in vivo. Given the distal location of K99 and K1057 

144 at the unstructured N- and C- termini of Scc3, these results also implicate that the twin 

145 Scc3 molecules might bind each other in an antiparallel manner to mediate a double-

146 ring form of the cohesin complex. 
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147 Notably, through bi-fluorescent complementation assays, Zhang et al have shown a 

148 similar antiparallel orientation of Scc1-Scc1 in human cells (20). However, they failed 

149 to detect intermolecular interaction of Scc3 subunit, probably due to two Scc3 

150 homologs (SA1 and SA2) in mammals or other experimental conditions. According to 

151 the LC-MS quantification during G1, G2 and M phases, the Peters’ group concluded 

152 that the stoichiometry of cohesin complexes remains to be 1:1:1:1 (monomer) or 2:2:2:2 

153 (dimer) (45). This finding supports the cohesin dimerization identified here and also 

154 recently in mESCs (43).

155 Replication-coupled Smc3-Smc3 interaction in human cells

156 Since the cohesin status is cell-cycle regulated(46), we wanted to know whether cohesin 

157 dimerization is similarly controlled. To test this, we applied a proximity ligation assay 

158 (PLA) to visualize the cohesin-cohesin interaction in human cells (47). 5FLAG-Smc3 

159 and 13MYC-Smc3 were introduced into HeLa cells. Cells were grown and arrested in 

160 G1 (0 h) by double thymidine block, before release into the fresh media containing EdU 

161 for 2, 4, 6, 8, 10 h. Two Smc3 copies were probed by mouse anti-FLAG and rabbit anti-

162 MYC antibodies, respectively. If two Smc3 proteins are in proximity, their secondary 

163 antibodies conjugated to DNA oligonucleotides will bring together another pair of 

164 oligonucleotides, which is subsequently ligated and circulated by DNA ligase. The 

165 circulated DNA was amplified by rolling circle amplification and finally detected by 

166 fluorescence in situ hybridization (FISH). In G1 phase, few fluorescence signals were 

167 observed (Figure 2A), excluding the possible false positives presumably due to the high 

168 sensitivity of the PLA method and/or Smc3 overexpression. Post G1 release, PLA 
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169 signals appeared in 2 h and peaked around 6 h (Figures 3A and 3B). These results 

170 corroborate the cohesin-cohesin interaction originally discovered by Pati’s group in 

171 human cells (20). More importantly, these data also demonstrate that cohesin 

172 oligomerization does not occur in G1 phase, and is regulated in a cell-cycle-dependent 

173 manner in human cells. Intriguingly, quantification of both PLA and EdU signals 

174 revealed a rough correlation between them (R=0.738). Although PLA signals appeared 

175 a little behind EdU during the early S phase (0-4 h), both of them reached the peak at 

176 the same time (6 h) followed by a similar decline (Figure 3C). Since EdU incorporation 

177 is an indicator of genome replication progress, it strongly argues that cohesin-cohesin 

178 interaction occurs in a DNA replication-coupled manner. The time lag of PLA signals 

179 compared to EdU levels during the early replication stage is not surprising given that 

180 cohesin distributes in an average 67 kb distance along the chromosome in HeLa cells 

181 (45).  

182 Intermolecular cohesin interaction is cell-cycle-regulated

183 To further elucidate how cohesin dimerization is regulated, we investigated it in the 

184 synchronized yeast cells. For this purpose, a strain carrying Flag-Scc1 and GFP-Scc1 

185 was grown at 30°C and arrested in G1 by α-factor (0 min). Post-release into S phase, 

186 cells were collected at different time points. Then, we carried out GBP-IP of whole-cell 

187 extracts. Although Scc1 is expressed in G1 (Figure 4A, lane 3, input/IN), few Scc1 co-

188 precipitated with itself (Figure 4A, upper panel). If we normalized the precipitated 

189 GFP-Scc1 (second panel), the co-precipitated 5FLAG-Scc1 gradually increased and 

190 peaked around 45 min (S phase) followed by a decline in M phase (Figures 4A, first 
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191 panel, and 4B). The relative Scc1-Scc1 interaction was quantified as the 5FLAG-

192 Scc1/GFP-Scc1 ratio in the precipitates, which clearly fluctuated with the cell cycle 

193 (Figure 4C). Consistent with the results above in human cells, these data suggest that 

194 cohesin dimerization occurs exclusively in S phase with a cell-cycle-regulated fashion. 

195 Notably, there was an increased Scc1 expression during S phase (Figure 4A). To test 

196 whether cohesin dimerization in S phase is due to the increased Scc1 protein level, we 

197 overexpressed both GFP-Scc1 and 5FLAG-Scc1 by strong promoters. This resulted in 

198 a very high level of both versions of Scc1 in G1 (Figure 4D, lane 2, lower panel). 

199 However, the Scc1-Scc1 interaction remained very weak at that time and augmented in 

200 S phase (Figure 4D, upper panel), similar to that in WT (Figures 4A, upper panel). 

201 Meanwhile, the amounts of Smc3 in the precipitates were not significantly changed  

202 (Figure 4D, third panel), indicating a constant Scc1-Smc3 interaction throughout the 

203 cell cycle. These data suggest that cell-cycle-regulated cohesin dimerization is not 

204 merely due to the fluctuation of the Scc1 protein level. 

205 Cohesin oligomerization shares the common factors as sister chromatid cohesion 

206 The above results suggest a similar cell-cycle-regulated pattern between cohesin-

207 cohesin interaction and sister chromatid cohesion. Notably, both of them occur 

208 concomitantly with DNA replication. These facts prompted us to speculate on a 

209 functional relationship between the two critical events. To test this notion, we carried 

210 out four sets of experiments.

211 First, we examine whether the vital cohesion establishment factor, Eco1, is required for 
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212 the cohesin-cohesin interaction. Since Eco1 is essential for cell viability, we combined 

213 both temperature-sensitive (td) and auxin-induced (aid) degrons to deplete cellular 

214 Eco1 protein. The Ubr1 and Tir1 ubiquitin E3 ligases were induced by galactose. The 

215 td and aid degrons were turned on by switching from 25℃ to 37℃ and adding indole-

216 3-acetic acid (IAA), respectively. These led to cell death (Figure 4E) and abolished S 

217 phase Smc3 acetylation (Figure 4G, lanes 7-10, lower panel), indicating effective Eco1 

218 depletion. However, the first S phase progression right after Eco1-depletion was only 

219 subtly affected (Figure 4F). Meanwhile, we monitored the intermolecular cohesin 

220 interaction during the cell cycle through EPEA-IP and immunoblots in the chromatin-

221 bound fraction (CHR). In WT, the cohesin-cohesin interaction displayed a cell cycle 

222 pattern (Figures 4G and 4H) as shown in Figure 4C, but relatively slow which is in 

223 accord with the slower cell cycle progression under this condition (Figure 4F). When 

224 Eco1 was depleted, co-precipitated 5FLAG-Scc1 was largely decreased (Figures 4G 

225 and 4H), whereas the chromatin-associated Scc1 levels of both versions were not much 

226 affected (lower panel). Meanwhile, Scc1-Smc3 interaction was not affected either. 

227 These data suggest that Eco1 is required for cohesin dimerization, but not for chromatin 

228 association of single-rings. 

229 Second, Smc3 acetylation is erased by deacetylase Hos1 in anaphase and recycled in 

230 the subsequent cell cycle. So we examined the change of cohesin-cohesin interaction in 

231 the absence of Hos1. In the GFP-Scc1/p5FLAG-Scc1 dual-tagged haploid background, 

232 WT or mutant cells were cultured and arrested in G2 by nocodazole. Although the 

233 amounts of both GFP-Scc1 and 5FLAG-Scc1 were nearly equal in WT and mutant cells 
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234 (Figure 5A, lanes 5-6), the hos1∆ cells showed a significant augment of Scc1-Scc1 

235 interaction (Figure 5A, compare lanes 11 and 12). Similar results were obtained from 

236 the diploid cells in which two endogenous Scc1 copies carry the same pair of orthogonal 

237 epitopes (Figure 5B, compare lanes 8-10). These results suggest that Hos1 either 

238 partially relieves cohesin-cohesin interaction in the M phase or prevents precocious 

239 cohesin-cohesin interaction before the S phase.

240 Third, prior to Eco1-dependent cohesion establishment, cohesin remains dynamic on 

241 chromatin due to the destabilized activity of Wpl1. The essential function of ECO1 can 

242 be bypassed by WPL1 deletion (33, 34). So, we next compared the cohesin-cohesin 

243 interaction in the presence or absence of Wpl1. The experiments were basically 

244 conducted as described for hos1∆. When WPL1 was deleted, cohesin oligomerization 

245 increased prominently in either G1 (Figure 5C, compare lanes 11 and 13) or S (Figure 

246 5A, compare lanes 9 and 10). Consistently, in asynchronized diploid cells, a dramatic 

247 increase was observed in the absence of Wpl1 as well (Figure 5D, compare lanes 6-8). 

248 These data indicate that Wpl1 prevents the cohesin-cohesin interaction, correlating with 

249 a loose and dynamic association of cohesin with chromatin in G1. 

250 Fourth, based on the ratio of GFP-Scc1/5FLAG-Scc1 in the cell extracts and 

251 precipitates, we estimated the percentage of cohesin dimers at the endogenous protein 

252 levels in diploid cells using a method published recently (41). The cellular levels of 

253 GFP-Scc1 and 5FLAG-Scc1 were measured nearly identical (Figure 5E). Through 

254 serial dilutions of the precipitates, we quantified the band densities of GFP-Scc1 and 

255 5FLAG-Scc1 probed by anti-Scc1 antibodies in the same gel. The percentage of cohesin 
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256 dimers was roughly estimated through the following formula: 

257 Dimer%=3 × BGFP-Scc1 in IP×dilution/(B5FLAG-Scc1 in IP×dilution) ×100%  

258 (Formula 1)

259 In asynchronized WT cells, ~20% of cohesins could be detected in the dimeric state 

260 (Figure 5E). Intriguingly, ~20%-30% of Smc3 is acetylated in budding yeast in a 

261 previous report (35). Using a similar method, Cattoglio et al recently reported that 

262 cohesin dimers occupy at least ~8% in mESCs (43). When WPL1 was deleted, cohesin 

263 dimers increased up to 40% in yeast (Figure 5F). This result suggests that Wpl1, the 

264 anti-establishment factor of cohesion, acts as a negative regulator in cohesin 

265 dimerization as well. Taken together, all these lines of evidence support that cohesin 

266 dimerization is cell-cycle-regulated as the sister chromatid cohesion cycle by the same 

267 mechanisms (i.e., Wpl1/Eco1/Hos1). 

268 Here, we show that cohesin is dimerized in S phase and monomerized again in mitotis 

269 and G1, which is controlled by common regulators (Eco1, Wpl1, Hos1) as the sister 

270 chromatid cohesion/dissolution cycle. Besides these biochemical evidence described 

271 here and literature (20, 43), genetic interactions also support cohesin-cohesin 

272 interactions (19). Both yeast cohesin and prokaryotic SMC condensin have been 

273 proposed to act as dimers in extruding DNA loops (48, 49). Therefore, besides the 

274 canonical single-ring structure, dimerization or oligomerization may provide an 

275 additional mechanism for cohesin to execute various functions in sister chromatid 

276 cohesion, DNA repair, chromatin loop extrusion, high-order chromatin organization 
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277 (21). 

278 Materials and Methods

279 Strain and plasmid construction

280 Strains and plasmids used in this study are listed in Tables S1 and S2, respectively. 

281 Preparation of antibodies

282 To raise polyclonal antibodies specific to Scc1 and Smc3, purified Scc1N (1-333 a.a.) 

283 and Smc3 hinge domain were used to immunize rabbits. Polyclonal antibodies were 

284 affinity purified. Scc1 and Smc3 beads were prepared by immobilizing purified Scc1N 

285 and Smc3 proteins to NHS-activated agarose beads as recommended by the 

286 manufacturer (GE Healthcare).

287 Cell synchronization and flow cytometry analysis 

288 Cells were grown to logarithmic phase, 7.5 μg/ml of α-factor was added for cell 

289 synchronization in G1-phase. After washing twice, G1 arrested cells were released in 

290 fresh medium and continued growth for the indicated time. Cells were collected and 

291 fixed with 70% ethanol and then processed for flow cytometry using a BECKMAN 

292 Cytoflex-S.

293 Conditional depletion of cellular Eco1 protein

294 The efficient depletion of endogenous Eco1 protein was achieved through a two-degron 

295 strategy. Temperature-inducible (td) and auxin-inducible (aid) degrons were added to 

296 the N and C terminus of Eco1, respectively. The corresponding two ubiquitin ligases 
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297 (E3), UBR1 and OsTIR1, were integrated into the genomic UBR1 locus under control 

298 of the galactose-inducible Gal1-10 promoter. Cells were first grown at 25℃ in rich 

299 medium contains 0.1 mM Cu2+ supplemented with 2% raffinose before transferring to 

300 2% galactose to induce the expression of two E3s. Two degrons were turned on by 

301 adding 1 mM indole-3-acetic acid (IAA) (for aid) and switching to 37℃ (for td) for 2 

302 hr. The protein level of Eco1-MYC was measure by IB with anti-MYC and anti-Smc3ac 

303 antibodies.

304 Whole-cell extracts (WCE) and immunoblotting (IB)

305 WCE of one hundred OD600 units of asynchronized or synchronized cells were 

306 prepared by glass bead beating (Mini-Beadbeater-16, Biospec,USA) in lysis buffer {(50 

307 mM HEPES/KOH pH7.4, 150 mM NaCl, 1 mM EDTA, 10% Glycerol, 1 mM DTT, 1 

308 mM PMSF, Protease inhibitor tablets (EDTA free, Roche)}. Protein samples were 

309 separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and 

310 immunoblotted with the antibodies specifically indicated in each figure. Antibodies 

311 used in this study are as follows: mouse anti-FLAG M2-specific monoclonal antibody 

312 (1:1000, Sigma), rabbit polyclonal anti-GFP (1:500, GeneScript), mouse anti-HA 

313 16B12 (1:1000, Millipore), anti-ac-Smc3, polyclonal anti-Smc3 (1:1000), polyclonal 

314 anti-Scc1 (1:1000). HRP-conjugated anti-rabbit or anti-mouse IgG was used as the 

315 secondary antibody (1:10000, Sigma).

316 Immunoprecipitation (IP)

317 Monoclonal GBP agarose, monoclonal anti-EPEA agarose (Thermo Fisher) and 
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318 monoclonal anti-Flag M2 affinity gel (Sigma-Aldrich) were used for IP. IP was 

319 performed using strains co-expressing the tagged versions of each protein as indicated 

320 in each figure. After three washes, the proteins specifically associated with beads were 

321 boiled and analyzed by SDS-PAGE and IB using the indicated antibodies.

322 Glycerol gradient centrifugation

323 The native protein complexes in the peptide eluates after FLAG-IPs were concentrated 

324 and applied to the top of a 10–30% glycerol gradient in EBX-3 buffer {50 mM 

325 HEPES/KOH pH7.5, 150 mM KCl, 2.5 mM MgOAc, 0.1 mM ZnOAc, 2 mM NaF, 0.5 

326 mM spermidine, 20 mM Glycerophosphate, 1 mM ATP, 1 mM DTT, 1 mM PMSF, 

327 Protease inhibitor tablets (EDTA free, Roche)}. The gradients were centrifuged in a 

328 P55ST2 swinging bucket rotor (Hitachi CP100NX ultracentrifuge) at 120,000g for 9 h 

329 using slow deceleration. After centrifugation, the fractions were collected from the top 

330 of the gradient and subjected to SDS-PAGE and immunoblots. Aldlase (158 kDa) and 

331 thyroglobulin (669 kDa) were used as size markers.

332 CXMS (Cross-Linking Mass Spectrometry)

333 5FLAG-Scc3 was prepared by FLAG-IP of yeast WCE and FLAG peptide elution. 

334 About 15 μg of purified Scc3 in a volume of 15 μl was cross-linked through incubation 

335 with the lysine cross-linker disuccinimidyl suberate (DSS) at a final concentration of 

336 0.5 mM for 1 h at room temperature. The final concentration of 20 mM NH4HCO3 was 

337 added to quench the reaction. The cross-linked proteins were precipitated with ice-cold 

338 acetone of 4-5 fold volume at -20℃ overnight, resuspended in 8 M urea, 100 mM Tris, 
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339 pH 8.5. After trypsin digestion, the LC-MS/MS analysis was performed on an Easy-

340 nLC 1000 UHPLC (Thermo Fisher Scientific) coupled to a Q Exactive HF Orbitrap 

341 mass spectrometer (Thermo Fisher Scientific). Peptides were loaded on a pre-column 

342 (75 μm inner diameter, 4 cm long, packed with ODS-AQ 12 nm–10 mm beads from 

343 YMC Co., Ltd.) and separated on an analytical column (75 μm inner diameter, 13 cm 

344 long, packed with ReproSil-Pur C18-AQ 1.9 μm 120 A˚ resin from Dr. Maisch GmbH) 

345 using an linear gradient of 0–35% buffer B (100% acetonitrile and 0.1% formic acid) 

346 at a flow rate of 250 nl/min over 73 min. The top 20 most intense precursor ions from 

347 each full scan (resolution 60,000) were isolated for HCD MS2 (resolution 15,000; NCE 

348 27) with a dynamic exclusion time of 30 s. Precursors with 1+ or unassigned charge 

349 states were excluded. pLink was used to identify cross-linked peptides with the cutoffs 

350 of FDR, 5% and E_value,0.001.

351 Disulfide crosslinking to capture site-specific protein-protein interactions in vivo

352 The Scc3-Scc3 interaction was captured by a disulfide crosslinking method in yeast 

353 cells (44). The indicated pairs of amino acid residues in Scc3 were substituted by 

354 cysteine. WT or mutant cells were cultured in 5 mL of CSM media (without cysteine) 

355 at 30˚C to OD600 of 0.5 before the addition of 180 μM 4,4’-dipyridyl disulfide (4-DPS, 

356 Sigma Aldrich). The cultures were resumed for 20 min and then quenched with 20% 

357 trichloroacetic acid (TCA). The cells were pelleted and washed with 20% TCA before 

358 homogenization in the presence of 400 μL 20% TCA and ~450 μL of glass beads using 

359 Mini-Beadbeater-16 (Biospec, USA). N-ethyl maleimide (NEM) was added to prevent 

360 any free thiol groups from crosslinking after cell lysis. Proteins were extracted and 
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361 separated by non-reducing and reducing sodium dodecyl sulfate-polyacrylamide gel 

362 electrophoresis (SDS-PAGE) for immunoblots against the indicated antibodies as 

363 previously described (44).

364 Proximity ligation assay (PLA)

365 The PLA was performed as described previously (50) . Briefly, HeLa cells were fixed 

366 with 4% paraformaldehyde (Sigma-Aldrich, USA) in PBS for 15 min, permeabilized 

367 with 0.1% Triton X-100 (Sigma) for 5 min, and blocked for 1 h with a blocking 

368 solution(250 μg/ml BSA, 2.5 μg/ml Sonicated salmon sperm DNA, 5 mM EDTA, 0.05% 

369 Tween 20 in PBS). Cells were washed with PBS and incubated in two primary 

370 antibodies, the primary antibodies used were as follows: mouse monoclonal anti-FLAG 

371 (1:100; Sigma), rabbit polyclonal anti-MYC (1:100; 16286-1-AP, proteintech). After 

372 washing with PBS, samples were incubated with secondary antibodies conjugated with 

373 PLA probes for 1 h at 37°C. After washing with PBS, samples were incubated with 

374 ligation–ligase solution for 30 min at 37°C. Then the samples were washed with PBS 

375 and continued with amplification-polymerase solution incubation for 90 min at 37°C. 

376 Add the detection mix and incubate for 30 min at 37°C. From now on keep the slide in 

377 the dark. After washing three times for 5 min each with PBS, slides were mounted using 

378 Duolink in situ Mounting Medium with DAPI. Pictures were taken using a fluorescent 

379 microscope (Leica DIM8).

380 Native chromatin fractionation

381 Native chromatin fraction was performed as described (51, 52) with minor 
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382 modifications. Yeast cells of 200 OD600 units were spheroplasted by 75 U/ml lyticase. 

383 Crude extracts were prepared by Triton X-100 treatment and fractionated via sucrose 

384 cushion in 500 μl of EBX-3 buffer {50 mM HEPES/KOH pH7.4, 150 mM NaCl, 2.5 

385 mM MgCl2, 0.1 mM ZnOAc, 5 mM NaF, 1 mM NaVO4, 10 mM β-Glycerophosphate, 

386 1 mM ATP, 1 mM DTT, 1 mM PMSF, Protease inhibitor tablets (EDTA free, Roche)}. 

387 The supernatant contains non-chromatin bound proteins. Chromatin-bound proteins 

388 (CHR) in the pellet were released by incubation in EBX-3 buffer containing 500 U/ml 

389 of Benzonase (Sigma) for 60 min at 4°C.
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516 FIGURE LEGENDS:

517 Figure 1. Intermolecular interactions of cohesin subunits in yeast

518 (A) Self-interaction of Scc1 in the overexpression condition. An extra copy of 5FLAG-

519 SCC1 (Table S1) was introduced into the strain (Table S2, YSD24) carrying a C-

520 terminal 3HA-EPEA-tagged SCC1 at the genomic locus. The lysates (input) were 

521 prepared from the cells collected at the exponential phase. Scc1-3HA-EPEA was 

522 precipitated via a C-tag affinity matrix. The precipitated proteins were detected via 

523 immunoblots against FLAG and HA antibodies, respectively. 

524 (B) Self-interaction of Scc1 detected via another pair of orthogonal epitopes. A plasmid 

525 expressing an extra copy of 5FLAG-SCC1 was introduced into the haploid yeast strain 

526 carrying an N-terminal GFP-tagged SCC1 at the genomic locus (Table S2, YSD03). 

527 GFP-Scc1 was precipitated via GBP beads. The precipitates were analyzed via IB 

528 against FLAG and GFP antibodies, respectively. 

529 (C) Self-interaction of Scc1 in the physiological protein levels. The two endogenous 

530 SCC1 alleles in yeast diploid cells were labeled at their N-termini with GFP and 5FLAG, 

531 respectively (Table S2, YSD107). The lysates were prepared from the cells collected at 

532 the exponential phase. GBP-IP and IB were performed as above. 

533 (D, E) Self-interaction of Scc3 in the physiological (D) or overexpression (E) condition. 

534 A diploid yeast strain (Table S2, YSD109) carrying the two endogenous SCC3 alleles 

535 with N-terminal GFP and 5FLAG tags was used in (D). A haploid strain (Table S2, 

536 YSD61) carrying an endogenous N-terminal GFP-tagged SCC3 and an ectopic copy of 

537 5FLAG-SCC3 was used in (E). GBP-IP and IB were basically performed as above. 
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538 Figure 2. Purification and crosslinking of the cohesin complexes

539 (A, B) Purification of the native cohesin complexes. The cohesin complexes were 

540 isolated from the yeast cells expressing p5FLAG-SCC1 cells via one step affinity 

541 purification (i.e. anti-FLAG M2 column chromatography and FLAG peptide elution) 

542 followed by 10-30% glycerol density gradient centrifugation. The sample was divided 

543 into 24 fractions (0.5 ml each). After separation by SDS-PAGE, they were analyzed by 

544 IB with the indicated antibodies (A) or silver staining (B). The sedimentation of 

545 standard proteins (158 and 669 kDa) is indicated by an arrow. The band of each subunit 

546 was validated by MS as well.

547 (C) An Scc3-Scc3 connectivity map of the high-confidence DSS cross-links 

548 detected in cross-linking mass spectrometry (CXMS). The purified Scc3-containing 

549 complexes were cross-linked by DSS prior to trypsin digestion and LCMS/MS as 

550 described in Experimental Procedures. The crosslinked amino acids were identified 

551 using the pLink search engines and labeled by a dashed grey line. The pair of amino 

552 acids validated by the following cysteine substitution and in vivo crosslinking 

553 are labeled by a red line. 

554 (D) Cysteine substitution of K99 and K1057 at the putative Scc3-Scc3 interface 

555 supports the in vivo crosslinking. Cys-screening of the putative pairs near the 

556 intermolecular interface of Scc3. The pair of the indicated amino acid residues (e.g., 

557 K99/K1057; K764/K1076) in two copies of Scc3 were substituted by cysteine. WT or 

558 cysteine-substituted mutant cells were grown and treated with 180 μM 4-DPS (+) or 

559 DMSO (-) before harvest. The proteins were extracted and analyzed by non-reducing 
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560 (top panel) or reducing (bottom panel) SDS-PAGE followed by anti-FLAG and anti-

561 MYC IBs. The monomeric and dimeric Scc3 were indicated by single and double 

562 arrows, respectively.

563 Figure 3. DNA replication-coupled Smc3-Smc3 interaction in human cells  

564 (A) In situ PLA of Smc3-Smc3 in human cells. 293T cells expressing 5FLAG-Smc3 

565 and 13MYC-Smc3 were cultured and synchronized in early S phase by double-

566 thymidine arrest before release (DT Rel) into the fresh media containing EdU. Cells 

567 were collected at the indicated time points. PLA was performed by proximity probes 

568 against FLAG and MYC. EdU was detected via click-chemistry. 

569 (B) Scatter plot of PLA foci per cell throughout the cell cycle. The number of PLA 

570 spots within a cell was quantified. At least 50 cells were measured for each time point.

571 (C) Correlation analysis of PLA spots (red) and EdU intensity (green) per cell. The 

572 intensity of EdU was measured by ImageJ. The maximal values for in situ PLA and 

573 EdU were normalized to allow a comparison between the different assays. Each data 

574 point represents an average ± standard error of the mean (SEM) from three biological 

575 repeats.

576 Figure 4. Cohesin-cohesin interaction is regulated by Eco1 during the cell-cycle

577 (A) The GFP-SCC1/p5FLAG-SCC1 cells were grown, synchronized in G1 by α-factor 

578 (0 min) and released into S phase at 25°C for the indicated time. The cell lysates were 

579 subjected to GBP-IP and IB against anti-Flag and anti-GFP antibodies.

580 (B) A representative cell cycle profile analyzed by flow cytometry of the samples used 

581 in (A).
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582 (C) Quantification of the relative intermolecular interaction of cohesin during the cell 

583 cycle. The densities of the FLAG-Scc1 and GFP-Scc1 bands in the precipitates were 

584 quantified. The ratio of FLAG-Scc1/GFP-Scc1 was calculated to indicate the relative 

585 cohesin-cohesin interaction in each sample. The maximum percentage among all 

586 samples was normalized to 100%. To ensure the signals were within the linear range, 

587 immunoblots with appropriate exposure were quantified by Quantity One (Bio-Rad).

588 (D) Both GFP-SCC1 and 5FLAG-SCC1 under control of the GAL1 promoter were 

589 overexpressed in α-factor arrested cells by galactose. All other experimental conditions 

590 were the same as described in (A). 

591 (E) Efficient depletion of Eco1 via combined td and aid degrons leads to cell death. The 

592 growth of WT (ECO1) and Eco1-depletion strains (td-ECO1-aid) was examined by 

593 spotting on the media with or without IAA at either 25°C or 37°C. 

594 (F) Eco1-depletion causes only subtle changes in the cell cycle progression. 

595 Representative cell-cycle profiles of WT and Eco1-depletion strains used in (G). After 

596 release from G1 arrest, cells were collected at the indicated time at 37°C and analyzed 

597 by flow cytometry.

598 (G) Eco1-depletion interferes with cohesin-cohesin interaction on chromatin. 

599 Synchronized cells were prepared as in (F). Native chromatin-bound fraction (CHR) 

600 was prepared as described in Experimental procedure. Scc1-3HA-EPEA was then 

601 precipitated via a C-tag affinity matrix and probed with the indicated antibodies.

602 (H) The relative cohesin-cohesin interaction in the presence or absence of Eco1 was 

603 quantified as described in (C). 
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604 Figure 5. The dimerized cohesin increases once wpl1 or hos1 is depleted

605 (A) The haploid WT (GFP-Scc1/p5FLAG-Scc1), wpl1Δ or hos1Δ cells were grown 

606 with or without synchronization. The S phase cells were obtained by α-factor arrest and 

607 release for 60 minutes at 30°C, whereas the G2 cells were arrested by nocodazole. GFP-

608 Scc1 was precipitated via GBP beads from WCE. The proteins were detected via IBs 

609 against the indicated antibodies. “-/+” represents the control strain that does not harbor 

610 the GFP-tagged version of Scc1. 

611 (B) The diploid WT (GFP-Scc1/5FLAG-Scc1) or hos1Δ cells were grown with or 

612 without G2-arrest. The lysates were subjected to GBP-IP and IB as above. 1# and 2# 

613 denote the biological repeats.

614 (C) The haploid WT (GFP-Scc1/p5FLAG-Scc1), hos1Δ, wpl1Δ, or wpl1Δeco1Δ cells 

615 were grown with or without G1-arrest. GBP-IPs and IBs were performed as above. 

616 (D) The diploid WT (GFP-Scc1/5FLAG-Scc1) or wpl1Δ cells were grown 

617 exponentially. The lysates were subjected to GBP-IP and IB. 1# and 2# denote the 

618 biological repeats.

619 (E, F) The diploid WT (GFP-Scc1/5FLAG-Scc1) (E) or wpl1Δ (F) cells were grown 

620 exponentially. The lysates were precipitated by anti-FLAG M2 beads. A series of 

621 dilutions (5×, 10×, 20×, 40×, 80×) of the samples were probed by anti-Scc1 antibodies. 

622 The indicated relative density of the band in a rectangular marquee was measured by 

623 Quantity One (BioRad). The percentage of cohesin dimers was calculated as described 

624 in Experimental Procedures. “-/+” represents the control strain that does not harbor the 

625 5FLAG-tagged version of Scc1.
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626 Table S1. Plasmids used in this study
Plasmid Base plasmid/Genotype Source
pRS315-5Flag-SCC1 ampr/LEU2 5Flag-SCC1 This study
pPADH1-5Flag-SCC1 ampr/HIS3 5Flag-SCC1 This study
pPADH1-5Flag-SCC3 ampr/ LEU2 5Flag-SCC3 This study
pPADH1-13MYC-SCC3 ampr/HIS3 13MYC-SCC3 This study
pPADH1-5Flag- scc3 
K99C

ampr/HIS3 5Flag- scc3 K99C This study

pPADH1-5Flag- scc3 
K764C

ampr/HIS3 5Flag- scc3 K764C This study

pPADH1-13MYC-scc3 
K1076C

ampr/LEU2 13MYC-scc3 K1076C This study

pPADH1-13MYC- scc3 
K1057C

ampr /LEU2 13MYC- scc3 K1057C This study

pRS313-ECO1 ampr /HIS3 ECO1 This study
pRS313-PCUP1-td-
ECO1-13MYC-aid

ampr /HIS3 td-ECO1-13MYC-aid This study

pRK5-FLAG-SMC3 ampr/FLAG-SMC3 This study

pRK5-MYC-SMC3 ampr/MYC-SMC3 This study

627
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629 Table S2. Strains used in this study.
Strain Genotype Source
BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 lys2Δ0 In stock
BY4742 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 In stock

YSD03 BY4741 KanMX6::PGAL1-GFP-SCC1 (p315-5Flag-SCC1::LEU2)
This study 
(Fig1B)

YSD24 BY4741 SCC1-3HA-EPEA::HygR (p315-5Flag-SCC1::LEU2)
This study 
(Fig1A)

YSD107 BY4743 5Flag-SCC1::HIS3 / GFP-SCC1::LEU2
This study 
(Fig1C)

ZSJ22
BY4741 KanMX6::PADH1-GST-SCC1 wpl1Δ::HygR (p315-5Flag-
SCC1::LEU2)

This study
(Fig2A)

YSD61
BY4741 KanMX6::PGAL1-GFP-SCC3 (pPADH1-5Flag-
SCC3::LEU2)

This study 
(Fig1E)

YSD109 BY4743 5Flag-SCC3::HIS3 / GFP-SCC3::LEU2
This study
(Fig1D)

YSD83
BY4741 scc3Δ:: NatMX (pScc3::URA3 pPADH1-5Flag-
SCC3::HIS3 pPADH1-13MYC-SCC3:: LEU2)

This study 
(Fig3C,3D)

YSD87
BY4741 scc3Δ:: NatMX (pScc3::URA3 pPADH1-5Flag- scc3 
K99C:: HIS3 pPADH1-13MYC- scc3 K1057C:: LEU2)

This study 
(Fig3C,3D)

YSD88 BY4741 scc3Δ:: NatMX (pScc3::URA3 pPADH1-5Flag- scc3 
K764C:: HIS3 pPADH1-13MYC- scc3 K1076C:: LEU2)

This study 
(Fig3C,3D)

YSD17
BY4741 KanMX6::PGAL1-GFP-SCC1 wpl1Δ::HygR (p315-5Flag-
SCC1::LEU2)

This study
(Fig5A,5C)

YSD08
BY4741 KanMX6::PGAL1-GFP-SCC1 hos1Δ::HygR (p315-5Flag-
SCC1::LEU2)

This study 
(Fig5A,5C)

YSD159
BY4743 5Flag-SCC1::HIS3 / GFP-SCC1::LEU2 hos1Δ::HygR / 
hos1Δ::NatMX

This study 
(Fig5B)

YSD141
BY4743 5Flag-SCC1::HIS3 / GFP-SCC1::LEU2 wpl1Δ::HygR / 
wpl1Δ::NatMX

This study
(Fig5D)

YSD33
BY4741 SCC1-3HA-EPEA::HygR eco1Δ::NatMX ubr1::PGal1-
UBR1-PGAP-OsTIR1-9MYC-URA3 (p315-5Flag-SCC1::LEU2 
p313-ECO1::HIS3)

This study 
(Fig3E,3F,3G,3H)

YSD35
BY4741 SCC1-3HA-EPEA::HygR eco1Δ::NatMX ubr1::PGal1-
UBR1-PGAP-OsTIR1-9MYC-URA3 (p315-5Flag-SCC1::LEU2 
p313-PCUP1-td-ECO1-13MYC-aid::HIS3)

This study 
(Fig3E,3F,3G,3H)

630
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