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Abstract 11 
Cohesin helps mediate sister chromatid cohesion, chromosome condensation, DNA repair 12 
and transcription regulation. We exploited proximity-dependent labeling to define the in vivo 13 
interactions of cohesin domains with DNA or with other cohesin domains that lie within the 14 
same or in different cohesin complexes. Our results suggest both cohesin's head and hinge 15 
domains bind to DNA, and cohesin structure is dynamic with differential folding of its coiled 16 
coil regions to generate butterfly confirmations. This method also reveals that cohesins form 17 
ordered clusters on and off DNA. The levels of cohesin clusters and their distribution on 18 
chromosomes are cell cycle-regulated. Cohesin clustering is likely necessary for cohesion 19 
maintenance because clustering and maintenance uniquely require the same subset of 20 
cohesin domains and the auxiliary cohesin factor Pds5p. These conclusions provide important 21 
new mechanistic and biological insights into the architecture of the cohesin complex, cohesin-22 
cohesin interactions, and cohesin's tethering and loop extruding activities.  23 
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Introduction 25 
Chromosome segregation, DNA damage repair, and the regulation of gene expression require 26 
the tethering or folding of chromosomes (Uhlmann 2016; Onn et al. 2008). Remarkably, these 27 
different types of chromosome organizations are all mediated by a conserved family of protein 28 
complexes called SMC (Structural Maintenance of Chromosomes) (Onn et al. 2008; Nolivos 29 
and Sherratt 2014; Tatsuya Hirano 2016; Hassler, Shaltiel, and Haering 2018). SMC 30 
complexes tether and fold chromosomes by two activities. First, they can tether together two 31 
regions of DNA, either within a single chromosome or between sister chromatids (Hassler, 32 
Shaltiel, and Haering 2018; Onn et al. 2008). Second, by combining this tethering activity with 33 
their ability to translocate along DNA, SMC complexes can also extrude DNA loops (loop 34 
extrusion) in vivo and in vitro (X. Wang et al. 2017; Ganji et al. 2018; Davidson et al. 2019; 35 
Kim et al. 2019). The molecular mechanisms for these activities and their regulation are still 36 
being elucidated. 37 
 38 
SMC complexes have a conserved architecture (Hassler, Shaltiel, and Haering 2018) (Figure 39 
1A). At their core, all SMC complexes have a dimer of two evolutionarily related proteins, 40 
which are called Smc (Strunnikov, Larionov, and Koshland 1993; T. Hirano and Mitchison 41 
1994; Strunnikov, Hogan, and Koshland 1995). Each Smc subunit has two globular domains, 42 
a head domain and a hinge domain, separated by a long 50 nm coiled coil. Smc subunits 43 
dimerize by two distinct interactions, one between the two heads and another between the 44 
two hinges. The separation of head and hinge dimers by their intervening long coiled coils 45 
allows the Smc dimers to achieve multiple conformations in vitro, including rings, rods, or 46 
butterflies (Figure 1A). The butterfly conformations result from bending of the coiled coils of 47 
the SMC subunits bringing the hinge and head domains in close proximity (M. Hirano et al. 48 
2001; Soh et al. 2015; Bürmann et al. 2019a). The Smc subunits also act as scaffolds to bind 49 
non-Smc proteins (Yatskevich, Rhodes, and Nasmyth 2019). The presence of different 50 
complex architectures in vitro raises many questions. Which, if any, of these different 51 
conformations exist in vivo? How do any of these conformations contribute to different SMC 52 
functions? Are there other structural features of SMC complexes, like clustering (dimers or 53 
multimers)? If clusters exist, what is their function, and what factors control their formation? 54 
 55 
One SMC complex, called cohesin, was originally discovered in budding yeast because it 56 
mediates cohesion between sister chromatids (Guacci, Koshland, and Strunnikov 1997; 57 
Michaelis, Ciosk, and Nasmyth 1997). The subunits of budding yeast cohesin (Figure 1A. 58 
Smc1p and Smc3p, and the non-SMC subunits, Mcd1p/Scc1p and Scc3p) are conserved 59 
throughout eukaryotes (V. Guacci, Koshland, and Strunnikov 1997; Michaelis, Ciosk, and 60 
Nasmyth 1997; Yatskevich, Rhodes, and Nasmyth 2019). Sister chromatid cohesion is 61 
essential for chromosome segregation in mitosis and meiosis (Guacci, Koshland, and 62 
Strunnikov 1997; Michaelis, Ciosk, and Nasmyth 1997; Klein et al. 1999). Subsequently, 63 
cohesin was also shown to be important for chromosome condensation, efficient DNA repair, 64 
and the regulation of gene expression (Guacci et al. 1997; Ström et al. 2004; Wood et al. 65 
2010; Dorsett and Ström 2012; Lopez-Serra et al. 2013; Bloom et al. 2018; Zhang et al. 2019; 66 
Lamothe et al. 2020). Mutations in cohesin subunits are thought to drive cancer, cause age-67 
dependent congenital disabilities and developmental disorders (Brooker and Berkowitz 2014; 68 
Romero-Pérez et al. 2019; Ogawa 2019; Watrin, Kaiser, and Wendt 2016; Chiang et al. 2010).  69 
 70 
To promote proper chromosome segregation, cells must establish cohesion in S phase. 71 
Cohesion establishment requires two steps. First, the Scc2p/Scc4p complex loads cohesin 72 
on one sister chromatid (Ciosk et al. 2000). Then cohesin is acetylated by Eco1p, which 73 
promotes tethering of the second sister chromatid (Tóth et al. 1999; Skibbens et al. 1999; 74 

https://paperpile.com/c/atd4UK/HDFpr+gsxcq+n6yoQ+pMlo9+QyPkL+XGz0I
https://paperpile.com/c/atd4UK/dxzLR+SQT9B+NrpTN
https://paperpile.com/c/atd4UK/PwDvj+OxCKh
https://paperpile.com/c/atd4UK/PwDvj+OxCKh
https://paperpile.com/c/atd4UK/4NBbl+OCYge+cnt6j
https://paperpile.com/c/atd4UK/4NBbl+uQDVq+LNG3b+lprAA+ij8ya+LKlSw+d2A9T+XDNT
https://paperpile.com/c/atd4UK/GEkHB
https://paperpile.com/c/atd4UK/Vgeq2+bE03U+LcZiJ
https://paperpile.com/c/atd4UK/Vgeq2+bE03U+LcZiJ
https://paperpile.com/c/atd4UK/CUHI3+W7kgt+mMu6D+d1DJL+YCCJo
https://paperpile.com/c/atd4UK/4NBbl+OCYge
https://paperpile.com/c/atd4UK/CUHI3+W7kgt+mMu6D+d1DJL+YCCJo
https://paperpile.com/c/atd4UK/4NBbl+uQDVq+LNG3b+lprAA+ij8ya+LKlSw+d2A9T+XDNT
https://paperpile.com/c/atd4UK/PwDvj
https://paperpile.com/c/atd4UK/VFWLY+qCDfX+NG0ti+aEft3
https://paperpile.com/c/atd4UK/VFWLY+qCDfX+NG0ti+aEft3
https://paperpile.com/c/atd4UK/dxzLR+SQT9B+NrpTN
https://paperpile.com/c/atd4UK/cnt6j
https://paperpile.com/c/atd4UK/OxCKh+bwhVE+aO71x+PwDvj
https://paperpile.com/c/atd4UK/OxCKh+bwhVE+aO71x+PwDvj
https://paperpile.com/c/atd4UK/4NBbl+OCYge
https://paperpile.com/c/atd4UK/4NBbl+uQDVq+LNG3b+lprAA+ij8ya+LKlSw+d2A9T+XDNT
https://paperpile.com/c/atd4UK/4NBbl+OCYge+cnt6j
https://paperpile.com/c/atd4UK/4NBbl+OCYge+Pzgux
https://paperpile.com/c/atd4UK/4NBbl+OCYge+Pzgux
https://paperpile.com/c/atd4UK/6Muz3+OxCKh


3 

Unal et al. 2008; Rolef Ben-Shahar et al. 2008; Guacci and Koshland 2012; Çamdere et al. 75 
2015).  76 
 77 
Proper chromosome segregation also requires that cohesion be maintained from S phase to 78 
M phase (Hartman et al. 2000). Cohesin acetylation helps to maintain cohesion by preventing 79 
cohesin from being removed by Wpl1p from chromosomes (Kueng et al. 2006; Rolef Ben-80 
Shahar et al. 2008; Lopez-Serra et al. 2013). Cohesion maintenance is also promoted by the 81 
cohesin binding protein called Pds5p (Hartman et al. 2000; K. Tanaka et al. 2001; Wang, 82 
Read, and Norbury 2002; Noble et al. 2006). Pds5p facilitates efficient Eco1p-dependent 83 
acetylation of cohesin, thereby inhibits Wpl1p-dependent cohesin release (Chan et al. 2013). 84 
In addition, Pds5p maintains cohesion by a second unknown mechanism that is independent 85 
of Wpl1p inhibition (Tanaka et al. 2001).  86 
 87 
The complex activities and regulation of cohesin likely depend on the presence and 88 
modulation of one or more of its conformations. The ring, rod and butterfly conformations of 89 
cohesin (Figure 1A) have been interrogated both in vitro and in vivo. Cohesin rings have been 90 
observed by electron microscopy (EM) and liquid atomic force microscopy (AFM) (M. Hirano 91 
et al. 2001; Anderson et al. 2002; Ryu et al. 2019). Rings have also been inferred to exist in 92 
vivo from experiments showing cohesin’s ability to topological entrap DNA (Haering et al. 93 
2008). Rods have been seen by EM and have been inferred to exist in vivo from crosslinking 94 
experiments (Anderson et al. 2002; Soh et al. 2015); however, rods were not observed in 95 
liquid AFM images (Ryu et al. 2019). A butterfly conformation forms in vitro by bending of the 96 
cohesin coiled coil at the elbow (Bürmann et al. 2019b). While the butterfly structure is 97 
extremely rare in negatively stained electron microscopies, it was more prevalent in liquid 98 
AFM images (Ryu et al. 2019). The existence of a butterfly structure in vitro is also supported 99 
by the detection of interactions between purified Scc3p and the hinge in recent cryo-EM 100 
images of cohesin (Murayama and Uhlmann 2015; Shi et al. 2020; Higashi et al. 2020). In 101 
vivo, the existence of this structure has been inferred from imaging and functional interactions 102 
of the hinge and the head-bound Pds5p (Mc Intyre et al. 2007; Eng, Guacci, and Koshland 103 
2015). Therefore, evidence for multiple cohesin conformations exists both in vitro and in vivo, 104 
but their physiological significance and relative abundances in vivo are unclear. 105 
 106 
Like cohesin conformation, cohesin-cohesin interactions have also been investigated in vitro 107 
and in vivo. In two recent single molecular studies, the photobleaching of fluorescently tagged 108 
cohesin came to different conclusions about whether cohesin bound to DNA as monomers or 109 
dimers (Kim et al. 2019; Davidson et al. 2019). In vivo, the presence of dimers in cells was 110 
tested by co-immunoprecipitation. Other studies also disagree about the presence of dimers 111 
(N. Zhang et al. 2008; Haering et al. 2002). More recent in vivo studies revealed the functional 112 
complementation between distinct cohesin complexes that are individually defective on their 113 
own (Eng, Guacci, and Koshland 2015; Srinivasan et al. 2018). This complementation could 114 
be best explained by the clustering of cohesins. These discrepancies make physiological 115 
significance and the relative abundance of cohesin clusters unclear. To begin to answer these 116 
many unanswered questions about cohesin clustering and architecture, we interrogated 117 
cohesin with the method of proximity-dependent biotinylation (Fernández-Suárez, Chen, and 118 
Ting 2008; Jan, Williams, and Weissman 2014). 119 
 120 
 121 
 122 
 123 
 124 
 125 
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Results 126 
Developing a proximity biotinylation method to assess cohesin structure and 127 
clustering in vivo. 128 
Proximity biotinylation is a method that exploits the ability of the bacterial enzyme, BirA, to 129 
recognize a 15 amino acid AviTag, and add a biotin moiety to a lysine residue within the 130 
AviTag (Fernández-Suárez, Chen, and Ting 2008; Branon et al. 2018). In vivo, biotinylation 131 
of the AviTag is enhanced when the AviTag and BirA are fused to two interacting partners that 132 
place the BirA and AviTag in proximity. Importantly, the BirA and AviTag partners must be in 133 
very close proximity to generate AviTag biotinylation because this biotinylation only occurs 134 
when the AviTag binds to the active site of BirA.  135 
 136 
Given that cohesin is a large complex, the levels of biotinylation of the AviTags inserted into 137 
different domains of cohesin should reflect their relative proximity to a BirA partner. We 138 
inserted AviTags (marked with an HA epitope) at each of the four positions in Smc3p of 139 
Saccharomyces cerevisiae. These AviTag reporters were positioned in the head domain (in 140 
the flexible loop after residue A1089), within the coiled coil proximal to the head (CC, after 141 
residue V966), near the elbow (after residue F864), and in the hinge domain (after residue 142 
P533) (Figure 1B, See Figure 1 - figure supplement 1B for tag insertion sites in the elbow 143 
folded structure suggested in Bürmann et al. 2019b). We also generated three BirA partners 144 
(Figure 1B) by inserting the BirA enzyme (marked with V5) in the Smc3p head domain (after 145 
Smc3p residue A1089), in the Smc3p hinge domain (after Smc3p residue P533), and at the 146 
C-terminus of the HUα DNA binding protein from bacteria. The biotinylation of an AviTag by 147 
a BirA partner inserted in the same molecule is defined as cis-biotinylation. The biotinylation 148 
of an AviTag by a BirA partner inserted in another molecule is defined as trans-biotinylation. 149 
 150 
Using these reagents, we developed an assay for BirA-based proximity-dependent 151 
biotinylation of Smc3p reporters in vivo (Figure 1C). Strains were constructed harboring 152 
different AviTag and BirA partners. Cultures of these strains were grown in media lacking 153 
biotin and then subjected to a short pulse of biotin to initiate biotinylation. The biotinylation 154 
was terminated by adding TCA. The purpose of this short pulse of biotin was dual. It allowed 155 
us to limit biotinylation to specific times in the cell cycle to test temporal regulation of the 156 
interactions between our reporters and a BirA tagged partner. The biotin pulse also 157 
suppressed proximity-independent biotinylation of the reporters that occurs with extensive 158 
incubation with biotin. After the biotin pulse, protein extracts were prepared, and the 159 
biotinylated and non-biotinylated Smc3p-AviTag was detected by Western blot using the HA 160 
epitope. The biotinylated Smc3p-AviTag was present as a slower mobility species due to its 161 
binding to the streptavidin presented in the protein sample buffer (Figure 1C and 1D). 162 
 163 
We first validated the gel shift as a measure of biotinylation of the AviTag by BirA in vivo. We 164 
examined the requirements for Smc3p-AviTag gel shift with one of our Smc3-AviTag reporters 165 
and a freely diffusible nucleoplasmic BirA. No biotinylation of the Smc3p-AviTag reporter was 166 
observed before the biotin pulse, in cells lacking BirA, or in cells expressing a reporter in which 167 
the critical AviTag lysine was mutated (Figure 1D). We observed a gel shift of the Smc3p-168 
AviTag reporter only upon the simultaneous presence of the AviTag, BirA and biotin 169 
(Figure1D). We conclude that the observed gel shift indeed reflected the biotinylation of the 170 
AviTag by BirA in vivo. 171 
 172 
We performed three additional control experiments to ensure that we could properly interpret 173 
differences in biotinylation of the AviTag reporters. First, we showed that all the Smc3p-AviTag 174 
reporters and Smc3p-BirA were functional in vivo. Strains bearing any of these SMC3-AviTag 175 
or SMC3-BirA genes as sole source grew at similar rates as the wild-type strain (Figure 1 - 176 
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figure supplement 1). Furthermore, we showed that all four Smc3p-AviTag reporters are 177 
biotinylated to the same extent by freely diffusible nucleoplasmic BirA (Figure 1E). This result 178 
established that any differences in their levels of biotinylation by a BirA partner reflected 179 
differences in the association with that partner rather than the inherent limitations of the 180 
reporters. We also showed that our Western blot-based assay was quantitative, because the 181 
Western signal of the Smc3p-AviTag reporter showed a linear response to serial dilutions of 182 
Smc3-AviTag protein (Figure 1 - figure supplement 1B). Thus, any differences between the 183 
levels of reporter biotinylation by a BirA partner reflected relative differences in the proximity 184 
of the reporters to that partner. 185 
  186 
The structures of Smc heterodimer and cohesin tetramer are highly dynamic in vivo. 187 
To assess the intramolecular interactions between domains of Smc3p, we constructed five 188 
strains. Each strain carried a single SMC3 gene that encoded a doubly tagged Smc3p with 189 
one of its domains marked by an AviTag and another by a BirA partner (an example is 190 
presented in Figure 2A). We reasoned that intramolecular biotinylation (cis-biotinylation) of an 191 
AviTag by its BirA partner reflected the bringing together of the AviTag- and BirA-marked 192 
domains within an Smc3p subunit.  193 
 194 
We began by assessing the intramolecular interactions of Smc3p domains within Smc3p-195 
Smc1p heterodimers that are present in G1 cells. G1 cells in budding yeast assemble the 196 
Smc3p-Smc1p heterodimers rather than the full cohesin complex because Mcd1p is not 197 
expressed, and Scc3p cannot bind to the heterodimer without Mcd1p (Haering et al. 2002). 198 
The heterodimers lie in the nucleoplasm because they are unable to bind DNA (Tanaka et al. 199 
1999). We observed that BirA in the Smc3p hinge domain robustly biotinylated (65-90%) 200 
AviTags in the elbow, the head-proximal coiled coil and the head (Figure 2C and Figure 2 - 201 
figure supplement 1C). The biotinylation of the AviTags likely occurred by interactions with the 202 
BirA partner in cis because of their close proximity.  203 
 204 
However, some AviTag biotinylation in these strains could result from trans-biotinylation 205 
(binding and biotinylation of the AviTag on one Smc3p by BirA on another Smc3p) as well as 206 
cis-biotinylation. To assess the potential contribution of trans-biotinylation in G1, we 207 
constructed a strain with two copies of SMC3, one with the BirA in the head domain and the 208 
other with the AviTag in the hinge. The biotinylation of hinge Smc3p in G1 was reduced 87% 209 
compared to when BirA and AviTag were in the head and hinge of the same Smc3p (Figure 210 
2B and Figure 2 - figure supplement 1B). We conclude that the majority of the biotinylation 211 
that we observe for Smc3p in the Smc3p-Smc1p heterodimers reflects the interaction of the 212 
partner domains in cis. 213 
 214 
The promiscuous cis-biotinylation pattern of the three AviTags by the hinge BirA strongly 215 
suggests that the heterodimer is structurally dynamic, transitioning between multiple 216 
conformations in vivo. If the heterodimer folded into a single rigid conformation (ring, rod or 217 
butterfly), only one or no AviTag site would be close enough to bind to the BirA active site and 218 
be biotinylated. We suggest that the coiled coil between the hinge and elbow is flexible, 219 
allowing the hinge domain to bind to the elbow, coiled coil or head domains, reflecting multiple 220 
distinct butterfly conformations. 221 
 222 
To test the robustness of this conclusion, we examined the interactions of the AviTag reporters 223 
with a BirA partner in the head. The head BirA robustly biotinylated head-proximal coiled coil 224 
and the hinge AviTags. The ability of the head BirA to biotinylate these two AviTags also is 225 
consistent with a folded but structurally dynamic heterodimer.  226 
 227 
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However, the head BirA, unlike the hinge BirA, poorly biotinylated the elbow AviTag. Its 228 
biotinylation (12%) was 80% - 90% lower compared to the other AviTag reporters. This 229 
suppression of biotinylation could be not explained by the elbow AviTag being generally 230 
inaccessible to BirA. The elbow AviTag could be cis-biotinylated by the hinge BirA or trans-231 
biotinylated by freely diffusible BirA, to the same high level as the other AviTags (Figure 1E & 232 
Figure 2C and Figure 2 - figure supplement 1C). We conclude that the head BirA, unlike the 233 
hinge BirA, must be constrained to prevent its interaction with the elbow AviTag. We suggest 234 
that the coiled coil between the head and elbow is stiffer than the coiled coil between the hinge 235 
and elbow, thereby limiting the ability of the head domain to interact with the elbow. 236 
 237 
We wondered whether the intramolecular interactions of Smc3p domains were altered by the 238 
assembly of the full cohesin complex or cohesin binding to DNA. Therefore, we examined the 239 
biotinylation pattern for Smc3p reporters in this same set of strains in mid-M where the cohesin 240 
was assembled and bound to DNA (Figure 2C and Figure 2 - figure supplement 1C). The 241 
biotinylation patterns were indistinguishable for the Smc3p in the fully assembled cohesin 242 
complex in mid-M and the Smc3p-Smc1p heterodimers in G1. These results are consistent 243 
with the conclusion that the fully assembled cohesin complex, like the heterodimers, is 244 
capable of forming multiple butterfly conformations in vivo. 245 
 246 
The hinge and head domains are proximal to DNA in vivo. 247 
To test which domain(s) of Smc3p are proximal to DNA, we constructed a set of strains 248 
expressing one of our Smc3p-AviTag reporters along with the BirA enzyme fused to HUα, a 249 
non-specific DNA binding protein from bacteria (Rouvière-Yaniv and Gros 1975) (Figure 3A). 250 
The different strains were cultured in low biotin media, arrested in G1, then released into 251 
media containing nocodazole. These cells synchronously progressed through S phase and 252 
then were arrested in mid-M phase where a large fraction of cohesin is stably bound to 253 
chromosomes to promote cohesion. The mid-M arrested cells were treated with a biotin pulse 254 
and then assessed for reporter biotinylation (Figure 3B). The BirA fused to the DNA-binding 255 
protein HUα biotinylated the hinge and head reporters to similar levels (about 18%-20%) while 256 
only 10% and 4% of the elbow and head-proximal coiled coil reporters, respectively, were 257 
biotinylated (Figure 3C, left side. Figure 3 - figure supplement 1B). These results suggest that 258 
the head and the hinge domains are more proximal to chromosomal DNA than the elbow and 259 
coiled coil. 260 
  261 
To test whether this biotinylation pattern was due to the interaction of the DNA-bound cohesin 262 
with DNA-bound HUα-BirA, we repeated the experiments in cells where cohesin binding to 263 
DNA was prevented. Scc2p, a subunit of cohesin loader, is essential for loading cohesin onto 264 
DNA. With this in mind, we introduced an auxin degron allele of SCC2 (SCC2-AID) into our 265 
set of strains. Cultures of these SCC2-AID strains were arrested in G1 phase, where the 266 
cohesin loader was depleted by adding auxin. The cultures synchronously released into 267 
nocodazole and auxin, allowing them to progress through S phase and then arrest in mid-M 268 
phase without Scc2p (Figure 3B). Half of the arrested cultures were fixed with formaldehyde, 269 
and cohesin association with DNA was assessed by chromatin immunoprecipitation (ChIP) 270 
using an antibody specific for the endogenous cohesin subunit Mcd1p. The other half of the 271 
culture was subject to a short biotin pulse to assess HUα-BirA mediated biotinylation of the 272 
reporters.  273 
 274 
As expected, the Scc2p depletion eliminated the Mcd1p ChIP signal at a representative 275 
cohesin associated region (CAR) (Figure 3 - figure supplement 1A), confirming that cohesin 276 
loading onto chromosomes had been abolished. Importantly, we found that all three Smc3p 277 
reporters exhibited only basal levels of biotinylation (4-5%) under these conditions (Figure 3C 278 
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- right side and Figure 3 - figure supplement 1B). Cohesin binding to DNA enhanced head and 279 
hinge reporter biotinylation 4-fold. The biotinylation of elbow reporter was enhanced only 2-280 
fold whereas head-proximal coiled coil reporter biotinylation was not enhanced. This 281 
hierarchical biotinylation of cohesin domains by DNA-bound BirA suggests that the hinge and 282 
head domains are proximal to the DNA, while the elbow and the head-proximal coiled coil are 283 
more distal. 284 
  285 
Cohesin forms ordered clusters in vivo whose levels are regulated during the cell cycle. 286 
Cohesin may form disordered clusters or ordered clusters (like oligomers) in vivo. If clustering 287 
occurs by either mechanism, two domains from different cohesin complexes should be 288 
proximal to each other. To study cohesin clustering using proximity biotinylation, we 289 
constructed three strains, each expressing two differentially tagged Smc3p. All strains have 290 
one copy of Smc3p with BirA inserted into its head domain. The second copy of Smc3p in 291 
each strain has the AviTag reporter inserted at a different location, either in the head, in the 292 
CC or in the hinge domains (Figure 4A). To probe for clustering during the cell cycle, cells 293 
were cultured in low biotin media, arrested in G1, S or mid-M phase, and then subjected to a 294 
biotin pulse. Cell cycle arrests were confirmed by flow cytometry analysis of the DNA content 295 
(Figure 4 - figure supplement 1A). BirA can only biotinylate an AviTag when the enzyme 296 
touches its substrate directly. Therefore, preferential biotinylation of an Smc3p reporter would 297 
occur in cohesin clusters when the AviTag-tagged domain was close to the head domain BirA 298 
in the second Smc3p (Smc3p-BirA). The maximum level of biotinylation of the Smc3p reporter 299 
would be 50% for an ordered cluster (a dimer or a multimer, like microtubule) where the 300 
domain of one cohesin touches the domain(s) of only one neighboring cohesin.  301 
 302 
Biotinylation levels of all three Smc3p reporters were low in G1 arrested cells. Trans-303 
biotinylation of the head and hinge reporters increased 7.5-fold in S phase to 45%, and 4-fold 304 
in M phase arrested cells to 25% (Figure 4C and Figure 4 - figure supplement 1B). As 305 
expected for trans-biotinylation, no biotinylation of the Smc3p reporter was observed before 306 
the biotin pulse, in cells lacking BirA, or in cells expressing a reporter in which the critical 307 
AviTag lysine was mutated (Figure 4 - figure supplement 1F). These results show that cohesin 308 
efficiently clusters in vivo.  309 
 310 
The trans-biotinylation of the CC reporter by the BirA in the head of another cohesin molecule 311 
remained low in S and mid-M phase arrested cells. This low level was not due to inherent 312 
inaccessibility of the CC to any BirA partner, as high levels of CC reporter biotinylation were 313 
seen using free nucleoplasmic BirA in trans or by the head or hinge BirA in cis. These results 314 
are consistent with cohesin clustering in an ordered manner that enables head-head and 315 
head-hinge interactions between different cohesin molecules, but disfavors interaction 316 
between CC of one cohesin complex and the head of another cohesin. 317 
 318 
To test whether these cell cycle differences also occurred in normally dividing cells, we 319 
assayed biotinylation in cells synchronously dividing after release from G1 arrest. Cells 320 
carrying both the SMC3-BirA and the SMC3-AviTag hinge reporter alleles were cultured in 321 
low biotin media, arrested in G1, and synchronously released into a mid-M arrest. Aliquots of 322 
the culture were taken every 20 minutes, and half of the cells were treated with biotin pulse to 323 
assay Smc3p-AviTag reporter biotinylation (Figure 4 - figure supplement 1C). The other half 324 
of the cells from each aliquot was fixed, and DNA content in the cells was analyzed by flow 325 
cytometry. Cells exhibited a basal level of biotinylation twenty minutes after release from G1 326 
(Figure 4 - figure supplement 1D). By forty minutes some cells started entering S phase 327 
(Figure 4 - figure supplement 1E), and biotinylation levels increased and peaked at 60-80 328 
minutes, the latter time marked the end of S phase. Subsequently, biotinylation decreased 329 
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about 50%, to a similar biotinylation level as observed in cells arrested in mid-M (Figure 4 - 330 
figure supplement 1D and Figure 4C). The results from arrested and cycling cells demonstrate 331 
that cohesin clustering is cell cycle-regulated, forming and peaking during S phase and then 332 
partially dissolving from G2 to M phase. The presence of clusters between S phase to mid-M 333 
correlates with the time when cohesion is established and maintained.  334 
 335 
Cohesin clusters are bound to DNA and their levels at CARs are cell cycle-regulated. 336 
Next, we asked whether cohesin clusters are present on chromosomes. Cohesin binds at 337 
centromeres, pericentric regions, and distinct peaks every 10-15 kb along chromosome arms 338 
called CARs (cohesin associated regions) (Blat and Kleckner 1999; Laloraya, Guacci, and 339 
Koshland 2000; Lengronne et al. 2004; Glynn et al. 2004). We asked whether in trans 340 
biotinylation of the Smc3p-AviTag reporters by the Smc3p-BirA could be detected on 341 
chromosomes.  342 
 343 
To detect the presence and the localization of trans-biotinylated Smc3p-AviTag on DNA, we 344 
modified our AviTags and the readout after biotinylation in vivo. We co-expressed Smc3p-345 
BirA with a modified Smc3p head reporter in which the AviTag was placed at the end of a 346 
Myc-tag linker. This intervening linker made the biotinylated AviTag more accessible to 347 
immunoprecipitation by streptavidin beads (Figure 5A). These tags did not affect the 348 
chromatin localization of cohesin. As shown in Figure 5 - figure supplement 2, both BirA-349 
tagged and AviTag-tagged Smc3p, detected using anti-V5 and anti-MYC antibodies, 350 
respectively, robustly localized at previously identified cohesin associated regions (CARs) at 351 
the centromere, at a pericentric site and on chromosomal arms to similar levels. After pulsing 352 
these cells with biotin, we used streptavidin beads to enrich DNA sequences that were bound 353 
to Smc3p-AviTag that had been biotinylated in trans by Smc3p-BirA (Materials and methods). 354 
DNA sequences associated with the biotinylated Smc3p marked the position of cohesin 355 
clusters on chromosomes. 356 
 357 
We began by assessing the levels and positions of DNA-bound clusters in S phase. The cells 358 
were arrested in S phase, pulsed with biotin, then fixed and processed for ChIP using 359 
streptavidin beads (Figure 5B). We detected biotinylated Smc3p reporter at centromeres (e.g. 360 
CEN3), at pericentric regions and at arm CARs using qPCR (Figure 5C and Figure 5 - figure 361 
supplement 1A). These ChIP signals were specific to reporter biotinylation as they were 362 
absent or dramatically reduced in cells lacking BirA, i.e. expressing only Smc3p-AviTag 363 
without Smc3p-BirA. We repeated these experiments using a strain bearing the same Smc3p-364 
AviTag reporter but over-expressing the free nuclear BirA (NLS-BirA) that we showed 365 
maximally biotinylated all the Smc3p-AviTag reporters (Figure 1E). The ChIP signals of 366 
biotinylated Smc3p head reporter by the NLS-BirA and that by Smc3p-BirA were similar at all 367 
CARs tested (Figure 5C, Figure 5 - figure supplement 1A). This similarity indicates that 368 
cohesin molecules at all CARs tested are clustering in S phase. 369 
  370 
We wondered whether the distribution of chromosome-bound cohesin clusters might change 371 
through the cell cycle, given the cell cycle-regulated changes in cluster abundance. We 372 
assayed for the presence of cohesin clusters in mid-M phase arrested cells (Figure 5D and 373 
Figure 5 - figure supplement 1B). As in S phase arrested cells, Smc3p-BirA mediated trans-374 
biotinylation of the Smc3p-AviTag reporter was robust at both CEN and pericentric regions. 375 
However, the trans-biotinylation signal was greatly reduced at some arm CARs but still above 376 
the signal in the negative control of cells lacking cells without BirA. At other CARs, this signal 377 
was eliminated. The loss of ChIP signals was not due to loss of binding between the Smc3p-378 
AviTag or Smc3p-BirA and CARs. First, the levels of biotinylated Smc3p-AviTag reporter by 379 
the free nuclear BirA at CARs was very similar in S phase and mid-M arrested cells (Figure 380 

https://paperpile.com/c/atd4UK/gReXC+kluZ6+CcmYB+pXpLp
https://paperpile.com/c/atd4UK/gReXC+kluZ6+CcmYB+pXpLp
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5C and 5D), consistent with the robust binding of cohesin to CARs in HU and mid-M arrested 381 
cells reported previously (Blat and Kleckner 1999). Second, the CARs continued to bind both 382 
Smc3p-AviTag and Smc3p-BirA in mid-M as evidenced by ChIP (Figure 5 - figure supplement 383 
2). These results suggest that cohesin clusters at arm CARs are downregulated in mid-M by 384 
mechanisms other than dissociating cohesin from chromosomes. 385 
  386 
To test whether the biotinylation levels of these representative loci were reflective of the 387 
genome, we analyzed the mid-M sample by ChIP-seq. All peaks of cohesin clusters correlate 388 
with previously identified regions of cohesin binding (Figure 5 - figure supplement 1C). As 389 
predicted from the qPCR results, we observed robust trans-biotinylation signal by Smc3p-BirA 390 
at the centromeres and pericentric regions and much weaker signal or no signal at arm CARs 391 
(Figure 5E, Figure 5F and Figure 5 - figure supplement 1C and 1D). In contrast, the 392 
biotinylation signal was robust at all CARs in cells with the free nuclear BirA. In summary, the 393 
qPCR and ChIP-seq results suggest that the majority of cohesins bound to chromosomes are 394 
clustering in S phase. In mid-M arrested cells, the presence of clusters remains high at the 395 
centromeres and pericentric regions but is reduced on chromosome arms.  396 
 397 
Only fully assembled cohesins cluster. 398 
We reasoned that the cell cycle control of cohesin assembly might contribute to cohesin 399 
clustering. In G1, only heterodimers of Smc3p and Smc1p form, because MCD1 expression 400 
is low and Mcd1p is degraded (Guacci, Koshland, and Strunnikov 1997). Ectopic expression 401 
of Mcd1p in G1 restores Mcd1p levels. Mcd1p binds to the heterodimers and recruits Scc3p, 402 
resulting in the formation of fully assembled cohesin (Haering et al. 2002). Therefore, we 403 
introduced an MCD1 gene under the control of a galactose inducible promoter (GAL1) into 404 
our strains with the Smc3p-BirA and the different Smc3p-AviTag reporters, and compared the 405 
biotinylation of the reporters in the presence and absence of galactose (Figure 6A). In G1 406 
arrested cells, when MCD1 expression was repressed, a basal level of reporter biotinylation 407 
was detected (Figure 6B and Figure 6 - figure supplement 1A), but when MCD1 was 408 
overexpressed by the addition of galactose, 35% of reporters were biotinylated (Figure 6B 409 
and Figure 6 - figure supplement 1A). In mid-M arrested cells, where cohesin is already in a 410 
fully assembled complex, overexpression of MCD1 induced by galactose did not affect 411 
reporter biotinylation, indicating that there was no change in cohesin clustering levels. Thus 412 
the absence of Mcd1p in G1 prevents cohesin cluster formation. 413 
  414 
To further test the role of Mcd1p for clustering between G1 and M, we used an auxin degron 415 
to deplete Mcd1p (MCD1-AID) and assayed Smc3p biotinylation. Cells were arrested in G1, 416 
auxin was added to the culture, and then cells were allowed to progress from G1 to mid-M 417 
arrest in the presence of auxin. This regimen prevented accumulation of newly synthesized 418 
Mcd1p-AID in S and M phases (Figure 6 - figure supplement 1E). We observed only a basal 419 
level (8%) of reporter biotinylation in mid-M phase when Mcd1p was depleted, compared to 420 
3-fold higher level of reporter biotinylation (25%) in wild type cells (Figure 6 - figure supplement 421 
1D). Thus the absence of Mcd1p prevents cohesin clustering in G1 and mid-M phases, 422 
suggesting that Mcd1p is essential for cohesin clustering. 423 
  424 
We tested whether Scc3p was also required for the trans biotinylation of the Smc3p-AviTag 425 
reporter by Smc3p-BirA. We assayed the levels of this biotinylation in cells depleted of Scc3p-426 
AID (Figure 6 - figure supplement 1B) from G1 to M using the same regimen as we used for 427 
Mcd1p-AID. We observed a reduction of biotinylation similar to that in the Mcd1p-AID depleted 428 
cells (Figure 6D and Figure 6 - figure supplement 1C). These results suggest that both non-429 
Smc subunits of cohesin are required for cohesin clustering. Furthermore, clustering can occur 430 
in the absence of cohesion, since clusters formed in G1 arrested cells. 431 

https://paperpile.com/c/atd4UK/gReXC
https://paperpile.com/c/atd4UK/4NBbl
https://paperpile.com/c/atd4UK/KCgTm
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  432 
Cohesin clustering can occur off chromosomes and in the absence of cohesin 433 
acetylation. 434 
In budding yeast, cohesin function is modulated by four dedicated regulatory factors, Scc2/4p, 435 
Eco1p, Wpl1p and Pds5p (Onn et al. 2008; Yatskevich, Rhodes, and Nasmyth 2019). We 436 
assessed the potential roles of these factors in cohesin clustering by introducing auxin degron 437 
alleles, or deletion alleles in strains bearing Smc3p-BirA and the Smc3p-AviTag reporters. 438 
Cells that were depleted of these factors in G1 by auxin treatment or by deletion were allowed 439 
to synchronously progress until arrested in mid-M without the depleted factor. The mid-M 440 
arrested cells were assessed for trans-biotinylation of Smc3p-AviTag reporter as a readout of 441 
clustering. 442 
  443 
Scc2p is an essential subunit of the Scc2p/Scc4p cohesin loader and is required for cohesin 444 
to bind DNA (Ciosk et al. 2000). Eco1p acetylates the Smc3p cohesin subunit, which stabilizes 445 
cohesin binding to DNA and enables establishment of sister chromatid cohesion and 446 
condensation (Skibbens et al. 1999; Tóth et al. 1999; Unal et al. 2008; Rolef Ben-Shahar et 447 
al. 2008; Guacci and Koshland 2012; Çamdere et al. 2015). We found that depletion of Scc2p-448 
AID or Eco1p-AID had no effect on the trans-biotinylation levels seen with either the head or 449 
the hinge reporters as compared to wild type cells (Figures 7B, 7C and Figure 7 - figure 450 
supplement 1E and 1F). The efficacies of depletion of Scc2p-AID and Eco1p-AID were 451 
confirmed by Western blot (Figure 7 - figure supplements 1A & 1C). Moreover, cohesin failed 452 
to bind DNA in Scc2p-AID depleted cells, confirming its loss of function (Figure 7 - figure 453 
supplement 1D). These results support four conclusions. Neither the loading of cohesin on 454 
DNA nor cohesin acetylation is required to form cohesin clusters. Also, clustering occurs in 455 
the absence of cohesion as suggested by our experiments analyzing cohesin clusters in G1. 456 
Finally, the presence of cohesin clusters alone is not sufficient to ensure cohesion or 457 
condensation in budding yeast. 458 
  459 
Another regulatory factor called Wpl1p helps dissolve cohesion by removing cohesin from 460 
chromosomes but a subset of cohesin is made refractory to Wpl1p by Eco1p acetylation 461 
(Kueng et al. 2006; Chan et al. 2013). Wpl1p inhibits condensation by an unknown mechanism 462 
(Guacci and Koshland 2012; Lopez-Serra et al. 2013). In cells harboring a deletion of WPL1 463 

(wpl1∆), the biotinylation levels of the head or the hinge reporters were indistinguishable from 464 

those observed in the wild type cells (Figure 7D and Figure 7 - figure supplement 1G). These 465 
results suggest that Wpl1p is neither an activator nor an inhibitor of clustering. 466 
  467 
Pds5p is required for cohesin clustering on and off chromosomes. 468 
The fourth factor, Pds5p, is required for the maintenance of cohesion and condensation in 469 
budding yeast (Hartman et al. 2000; Tanaka et al. 2001; Wang, Read, and Norbury 2002; 470 
Noble et al. 2006). It is also necessary for efficient Eco1p-dependent acetylation of cohesin 471 
during S phase (Chan et al. 2013). In contrast to other regulators, Pds5p-AID depletion 472 
dramatically reduced the trans-biotinylation levels of both the head and the hinge reporters 473 
(Figure 7E and Figure 7 - figure supplement 1H). The trans-biotinylation of the Smc3p 474 
reporters without Pds5p was comparable to the basal level observed in G1 arrested cells that 475 
lack Mcd1p or mid-M phase cells depleted for Mcd1p (Figure 4C, Figure 6B and Figure 6 - 476 
figure supplement 1D). Pds5p-AID depleted cells have reduced cohesin acetylation and DNA 477 
binding (Chan et al. 2013). However, our analysis of Scc2p-AID and Eco1p-AID depletion 478 
cells showed that Smc3p-AviTag reporter biotinylation was independent of either acetylation 479 
or DNA binding (Figures 7B, 7C and Figure 7 - figure supplement 1E & 1F). Therefore, Pds5p 480 

https://paperpile.com/c/atd4UK/GEkHB
https://paperpile.com/c/atd4UK/gsxcq+HDFpr+n6yoQ+pMlo9+QyPkL+XGz0I
https://paperpile.com/c/atd4UK/QyPkL+ij8ya
https://paperpile.com/c/atd4UK/gsxcq+HDFpr+n6yoQ+pMlo9+QyPkL+XGz0I
https://paperpile.com/c/atd4UK/ywvU4+xqNtY
https://paperpile.com/c/atd4UK/b1UPY+tB9cA+31o6x+2v2hG
https://paperpile.com/c/atd4UK/b1UPY+tB9cA+31o6x+2v2hG
https://paperpile.com/c/atd4UK/xqNtY
https://paperpile.com/c/atd4UK/xqNtY
https://paperpile.com/c/atd4UK/OxCKh+cnt6j
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likely promotes the ordered cohesin clustering in mid-M by a mechanism distinct from its 481 
functions in promoting cohesin acetylation or cohesin binding to DNA. 482 
  483 
We wondered whether Pds5p was required for the DNA-independent clustering of cohesins 484 
in the absence of Scc2p. To test this prediction, we examined trans-biotinylation of the Smc3p 485 
reporter in cells depleted for the cohesin loader Scc2p-AID, Pds5p-AID, or co-depleted for 486 
Scc2p-AID and Pds5p-AID. When Scc2p and Pds5p were both depleted, the biotinylation 487 
levels of both the head or the hinge reporters were reduced to a level comparable to the 488 
Pds5p-AID depletion alone and reduced about 70% compared to Scc2p-AID depletion alone 489 
(Figure 7E and Figure 7 - figure supplement 1J). These results show that Pds5p promotes 490 
clustering of DNA-free as well as DNA-bound cohesin. 491 
  492 
Pds5p is required for the maintenance of cohesin clustering 493 
In these previous experiments, Pds5p could promote the establishment or maintenance of 494 
cohesin clusters since Pds5p-AID was inactivated from G1 through mid-M phase. To assess 495 
Pds5p's role in maintaining clustering specifically in S and M phases, we depleted Pds5p in 496 
cells after they were arrested in S or mid-M. Then we assayed trans-biotinylation of the 497 
Smc3p-AviTag reporters while cells remained arrested. Pds5p-AID depletion in S phase 498 
arrested cells had no effect on cohesin clustering, as we found the same high levels of 499 
biotinylation on both the head and hinge reporters as seen in wild type cells (Figure 7F left 500 
side and Figure 7 - figure supplement 1I). In contrast, depletion of Pds5p-AID after cells were 501 
arrested in mid-M reduced biotinylation of both reporters to basal levels (Figure 7F right side 502 
and Figure 7 - figure supplement 1I). These Smc3-AviTag biotinylation levels were similar to 503 
the biotinylation levels detected in cells depleted of Pds5p-AID depletion from G1 to M phase. 504 
These results suggest that cohesin clusters can be maintained in the absence of Pds5p in S 505 
phase, but they require Pds5p to persist post S phase.  506 
 507 
The Pds5p-dependent clustering of cohesin in mid-M introduced a possible caveat to our 508 
previous interpretation of the cis-biotinylation we observed in mid-M in strains with doubly 509 
tagged Smc3p containing both AviTag and BirA. Some of the biotinylations might have 510 
resulted from biotinylation in trans from BirA attached to a neighboring cohesin in the cluster. 511 
To assess the relative cis- and trans-contributions, we introduced the PDS5-AID allele into 512 
our set of strains that containing the AviTag and the BirA partners in the same Smc3p. We 513 
depleted Pds5p-AID in mid-M arrested cells and then subjected them to a biotin pulse. The 514 
levels of biotinylation are slightly lower, but the pattern of biotinylation was the same in the 515 
presence of clustering (presence of Pds5p, Figure 2C) or absence of clustering (Pds5p 516 
depleted, Figure 7 - figure supplement 1H). These results suggest that the biotinylation 517 
patterns we observed with double-tagged Smc3p reflect domain interactions within the same 518 
cohesin complex as we previously suggested. 519 
  520 
Evidence that the biological function of cohesin clustering is to maintain cohesion and 521 
RDN condensation. 522 
The requirement of Pds5p in the maintenance of cohesin clusters correlated with its unusual 523 
biological functions to maintain cohesion genome-wide and condensation of the tandemly 524 
repeated rDNA locus. Therefore, we hypothesized that Pds5p-dependent cohesin clustering 525 
was necessary for cohesion maintenance and RDN condensation. This hypothesis predicts 526 
that cohesin mutations that specifically block cohesion maintenance and RDN condensation 527 
would likely be defective in cohesin clustering. Only three mutations in yeast cohesin are 528 
known to cause defects specifically in cohesion maintenance and RDN condensation (Eng, 529 
Guacci, and Koshland 2014; Robison, Guacci, and Koshland 2018). Two mutations are in the 530 

https://paperpile.com/c/atd4UK/x2E2b+JmKEd
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Mcd1p, one in the linker (mcd1-V137K) and the other in the ROCC domain (mcd1-Q266). The 531 
third mutation lies in the Smc3p hinge domain (smc3-D667). 532 
 533 
To test whether the biological defects caused by these mutations might result from blocking 534 
of cohesin clustering, we introduced these mutations into our Smc3p-AviTag reporters and 535 
monitored their trans-biotinylation by Smc3p-BirA partner. We then assessed for Smc3p 536 
reporter biotinylation in mid-M. All three mutations reduced the levels of trans-biotinylation of 537 
Smc3p-AviTag reporters by 70%, similar to that seen in Pds5p depleted cells (Figure 8B, 538 
Figure 8D and Figure 8 - figure supplement 1), indicating that they too were defective for the 539 
maintenance of cohesin clusters. These results revealed that three domains of cohesin, the 540 
Mcd1p linker, Mcd1p ROCC and Smc3p hinge, are important for cohesin clustering. 541 
Furthermore, these results support the hypothesis that cohesin clusters on chromosomes are 542 
necessary for maintaining cohesion and RDN condensation. 543 
 544 
Differences in the molecular phenotypes of these three mutations provide additional 545 
information about the role of cohesin domains in cohesin clustering and in cohesion 546 
maintenance. Cohesin with mcd1p-V137K binds to chromosomes but fails to bind Pds5p 547 
(Chan et al. 2013; Eng, Guacci, and Koshland 2014). Failure of the mcd1-V137K mutated 548 
cohesin in clustering suggests that Pds5p must be recruited to chromosome bound cohesin 549 
to promote cohesin clustering and cohesion maintenance. In contrast, chromosome bound 550 
cohesin molecules with mcd1p-Q266 or smc3p-D667 bind Pds5p (Eng, Guacci, and Koshland 551 
2014; Robison, Guacci, and Koshland 2018), which suggests that recruitment of Pds5p to 552 
cohesin is not sufficient for cohesin clustering and cohesion maintenance. Taken together, 553 
these results are consistent with a mechanism where Pds5p is first recruited to cohesin by 554 
Mcd1p linker, and then the Mcd1p ROCC region together with Smc3p hinge domain promote 555 
cohesin clustering and cohesion maintenance. Finally, cohesin molecules with either version 556 
of mutated mcd1p subunit are acetylated to the same level as wild type cohesin and bind to 557 
chromosomes as stably as wild type cohesin (Eng, Guacci, and Koshland 2014; Chan et al. 558 
2013). Thus, the mechanism for cohesin clustering and cohesion maintenance is likely 559 
independent of any additional functions of these domains in promoting cohesin acetylation 560 
and stable binding of cohesin to chromosomes.  561 
 562 
Discussion 563 
Here, we use proximity labeling between cohesin domains to probe the in vivo architecture of 564 
cohesin, both on and off DNA. Importantly, labeling only occurs when the two interacting 565 
domains are close enough to bring the AviTag to the BirA active site. The proximity labeling 566 
of AviTags on the elbow, coiled coil or the head by BirA on the hinge strongly supports the 567 
bending of the coiled coil into a butterfly conformation in vivo, as inferred previously from 568 
FRET, genetic experiments and a recent cryoEM structure (Mc Intyre et al. 2007; Robison, 569 
Guacci, and Koshland 2018; Shi et al. 2020). However, the existence of only one single 570 
butterfly conformation in vivo would not accommodate BirA labeling of multiple AviTags in 571 
various positions because of the proximity constraints for labeling by our method. Therefore, 572 
we suggest that the labeling of multiple AviTags reflects the formation of additional butterfly 573 
conformations. These multiple conformations may reflect the inherent flexibility of cohesin 574 
molecules, as their coil coils bend to form the structure shown in electron microscopy or 575 
additional important intermediates in loop extrusion and/or tethering. The formation of multiple 576 
distinct butterfly conformations is likely a generic property of SMC complexes as rapid 577 
transitions between the ring and multiple butterfly conformations have been observed in 578 
recent time-lapse AFM imaging of condensin (Ryu et al. 2019).  579 
 580 
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We also show that BirA partner on DNA could label the head and hinge domains of cohesin, 581 
but not the coiled coil. This result is consistent with independent DNA binding activities located 582 
in the head and hinge domains of cohesin. The existence of two independent DNA binding 583 
sites in cohesin in vivo has been predicted from mutants that uncouple cohesion from stable 584 
DNA binding (Eng, Guacci, and Koshland 2014; Kim et al. 2019; Davidson et al. 2019). Super-585 
resolution imaging of cohesin on worm meiotic chromosomes has also suggested the 586 
proximity of the head and the hinge domains to the chromosomes (Köhler et al. 2017). 587 
Furthermore, the existence of at least two independent DNA binding activities within cohesin 588 
was also inferred from genetic experiments and the observation of cohesin’s loop extrusion 589 
activities (Eng, Guacci, and Koshland 2014; Kim et al. 2019; Davidson et al. 2019). The 590 
restriction of DNA binding to the head and hinge domains are likely an intrinsic nature of SMC 591 
complexes, since AFM images of condensin have shown that DNA is localized to the head 592 
and hinge of condensin but not the coiled coil.  593 

 594 
The existence of butterfly conformations and DNA binding to both the hinge and head domains 595 
have been used to propose a scrunching mechanism for loop extrusion by SMC complexes 596 
(Ryu et al. 2019) (Figure 9A). These structural features of cohesin could also explain how 597 
scrunching could be converted to the DNA tethering that is necessary for cohesion. We 598 
previously suggested that cohesin could be converted from extruding DNA to tethering DNA 599 
by blocking the release of ADP from cohesin, thereby trapping an intermediate state in the 600 
loop extrusion cycle (Çamdere, Carlborg, and Koshland 2018). Here, we speculate that the 601 
hinge and head of extended cohesin, each could bind a different sister chromatid at or near 602 
the DNA replication fork (Figure 9B). The subsequent formation of the butterfly conformation, 603 
cohesin acetylation, and possibly, association with other factors prevent ADP release that is 604 
needed to dissolve the butterfly. Trapping of this intermediate prevents additional cycles of 605 
scrunching that would release the sister DNA molecule, and as a result, generates a stable 606 
tether between sister chromatids. 607 

 608 
Our biotin-based proximity labeling experiments also revealed that cohesins form ordered 609 
clusters in vivo, both off and on DNA. This conclusion is based upon two observations. First, 610 
the detection of robust trans-biotinylation between cohesin complexes on and off DNA. 611 
Second, the pattern of trans-biotinylation for different AviTag reporters is more restricted than 612 
the patterns of biotinylation by freely diffusible BirA or cis-biotinylation within cohesin. 613 
Importantly, the restricted trans-biotinylation between cohesin, on and off DNA, could not be 614 
inferred from a model in which cohesin clustering is mediated by disordered aggregation or 615 
DNA-dependent phase separation (Ryu et al. 2020). Rather it fits with the model that cohesin 616 
molecules in butterfly conformation form oligomers (dimers or multimers), with the head 617 
domain of one cohesin molecule near the head and hinge domains of the other cohesin 618 
molecules of the same oligomer.  619 
 620 
The existence of ordered clusters of butterfly cohesins on chromosomes in vivo fits several 621 
published observations. Cohesin-cohesin interactions on chromosomes in vivo were inferred 622 
from functional cooperation between mutated yeast cohesins in vivo (Kim et al. 2019; N. 623 
Zhang et al. 2008; Eng, Guacci, and Koshland 2015; Srinivasan et al. 2018). In addition, a 624 
superresolution microscopy study of the worm germline reveals that on the meiotic 625 
chromosome axis, meiotic cohesin adopts a conformation that exhibits close proximity 626 
between their head and hinge domains (Köhler et al. 2017). A second study showed that 627 
cohesin clusters (~4) on meiotic chromosomes (Woglar et al. 2020). Thus, the clustering of 628 
cohesin butterflies may be a conserved feature of eukaryotic chromosomes.  629 
 630 
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Previously, we suggested two potential roles of cohesin clusters in cohesion (Eng, Guacci, 631 
and Koshland 2015). First, cohesion could be achieved by clustering of two cohesins, each 632 
bound to a sister chromatid (handcuff model, Zhang et al., 2008). In this model, clusters would 633 
be required for cohesion establishment and maintenance. Alternatively, a single cohesin could 634 
have two DNA binding sites, and therefore be competent to form cohesion. Lateral clustering 635 
of individually cohesion-competent cohesin would generate sites of multivalent cohesion. In 636 
this second model, clustering would not be obligatory for cohesion establishment. Rather, the 637 
multivalent cohesion of the cluster would fortify cohesion by making it persist at a specific 638 
locus even when tethering of individual cohesins fails. We prefer the second model since in 639 
vivo and in vitro studies suggest that individual cohesins have multiple DNA binding sites (this 640 
study; (Ryu et al. 2019)), and a single cohesin is competent to generate cohesion (Haering et 641 
al. 2008).  642 
 643 
A role for cohesin clusters in cohesion maintenance is strongly supported by the observation 644 
that mutations that specifically fail to maintain cohesin clustering (pds5-AID, mcd1-Q266, 645 
mcd1-V137K, and smc3-D667) also specifically fail to maintain cohesion (Hartman et al. 2000; 646 
Eng, Guacci, and Koshland 2014; Robison, Guacci, and Koshland 2018). Furthermore, 647 
Pds5p-dependent cohesion maintenance is independent of Eco1p and Wpl1p as is the 648 
maintenance of cohesion clusters (Tanaka et al. 2001). Pds5p may indirectly promote cluster 649 
maintenance by modulating a post-translational modification (other than acetylation by Eco1p) 650 
that alters cluster formation or dissolution. Alternatively, Pds5p may act directly to stabilize 651 
clusters by binding to different regions of two adjacent cohesin complexes within the cluster. 652 
The regions of Mcd1p and Smc3p necessary for cohesin clustering could impact Pds5p 653 
function or impact cohesin domains that directly mediate clustering. 654 
 655 
The abrogation of cohesin clusters in our mutants also informs on the role of clusters in loop 656 
extrusion in budding yeast. We recently showed that cohesin forms positioned loops genome-657 
wide in mid-M. These loops continue to form in cells depleted for Pds5p or expressing mcd1p-658 
Q266 where cohesin clustering is blocked (Costantino et al. 2020). The ability of these 659 
mutants to loop extrude but not to cluster, suggests that cohesin clusters are not obligatory 660 
for loop extrusion in vivo. Cohesin clustering, e.g. cohesin dimerization, may modulate its 661 
ability to promote symmetric or asymmetric looping (X. Wang et al. 2017; Kim et al. 2019; 662 
Davidson et al. 2019).  663 
 664 
Our study shows that budding yeast also regulates the level and position of clusters on 665 
chromosomes. The ChIP experiment results with trans-biotinylated cohesin suggest that 666 
clusters occur in S phase at all previously identified sites of cohesin binding (centromeres, 667 
pericentromeric regions, and the many CARS along chromosome arms). In mid-M, clusters 668 
are specifically reduced at arm CARs (Figure 9C). This reduction in arm clusters likely leads 669 
to a reduction in the robustness of arm cohesion in mid-M, given the correlation between the 670 
cohesin clustering and cohesion maintenance (this study). Interestingly, the reduction of arm 671 
cohesion also occurs in mammalian prophase by WAPL-dependent destabilization of cohesin 672 
binding to DNA (Kueng et al. 2006). Thus, the reduction of arm cohesion is likely a conserved 673 
feature of mitosis (albeit by different mechanisms).  674 
 675 
Proper mitotic chromosome segregation requires the establishment and maintenance of 676 
tension that results from the bipolar attachment of sister kinetochores and the surrounding 677 
cohesion (Makrantoni and Marston 2018). This cohesion may be strengthened by the cohesin 678 
clusters around the centromere, helping the tension to persist after bipolar attachment (Figure 679 
9C). Similarly, bipolar attachment of homologs during meiosis I requires tension that is 680 
generated by cohesion distal to the crossover site. In C. elegans, COH-3/COH-4 cohesins are 681 
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remodeled prior to anaphase I of meiosis, persisting primarily distal to the crossover 682 
(Severson and Meyer 2014). Interestingly, imaging data suggest that COH-3/COH-4 cohesins 683 
form clusters. These clusters may also serve to strengthen cohesion and to facilitate the 684 
persistence of tension. Thus, the regulation of cluster persistence in the genome may be a 685 
conserved feature of eukaryotes that is important for proper sister chromatid and homolog 686 
alignment in both meiosis and mitosis. In summary, the analysis of cohesin by proximity 687 
labeling in vivo has provided important new mechanistic and biological insights into the 688 
architecture of the cohesin complex and the cohesin-cohesin interactions. 689 
 690 
Materials and Methods 691 

Key Resources Table 

Reagent Type Designation Source Identifiers Additional 
information 

strain, strain 
background (S. 
cerevisiae) 

 This paper 
 

Supplementary File 1 

sequence-
based reagent 

qPCR primers IDT 
 

Supplementary File 2 

Antibody Rabbit 
polyconal anti-
Mcd1 

V. Guacci 
via 
Covance 

Anti-Mcd1 
(555) 

WB (1:10,000) 
ChIP (1:1,000) 

Antibody Rabbit 
polyconal anti-
Pds5 

V. Guacci 
via 
Covance 

Anti-Pds5 
(556) 

WB (1:20,000) 

Antibody Mouse 
monoclonal 
Anti-HA 
(12CA5) 

Roche 11667203001 WB (1:8,000) 

Antibody Mouse 
monoclonal 
Anti-MYC 
(9E10) 

Roche 11667203001 WB (1:8,000) 

Antibody Mouse 
monoclonal 
Anti-V5 

Invitrogen 46-0705 WB (1:8,000) 

Antibody Goat polyclonal 
HRP Anti-
Rabbit 

Biorad 170-6515 WB (1:8,000) 

Antibody Goat polyclonal 
HRP Anti-
Mouse 

Biorad 170-6516 WB (1:5,000) 

Other Protein A 
Dynabeads 

Invitrogen 10002D 
 

Other Dynabeads 
MyOne 
Streptavidin T1 

Invitrogen 65601 
 

peptide, 
recombinant 
protein 

Streptavidin Invitrogen S888 
 

https://paperpile.com/c/atd4UK/huE6v
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chemical 
compound, drug 

Auxin Millipore-
Sigma 

C9911 1 mM final 
concentration, 0.5M 
stock in DMSO 

peptide, 
recombinant 
protein 

Alpha Factor Millipore-
Sigma 

T6901 24 nM final 
concentration, 10 nM 
stock 

chemical 
compound, drug 

Hydroxyurea Millipore-
Sigma 

H8627 0.2 M final 
concentration 

chemical 
compound, drug 

Nacodazole Millipore-
Sigma 

M1404 0.012 mg/ml final 
concentration, 1.5 
mg/ml stock in 
DMSO 

chemical 
compound, drug 

Ethyl acetate 
ACS 

Millipore-
Sigma 

319902 
 

peptide, 
recombinant 
protein 

Pronase 
protease 

Millipore-
Sigma 

537088 10 mg/ml stock in 
water 

Other YNB-biotin Sunrise 
Science 
Products 

1523-100 
 

other BSM powder Sunrise 
Science 
Products 

1387-100 
 

chemical 
compound, drug 

D-Biotin Invitrogen B20656 
 

 692 

Yeast strains and media 693 
Yeast strains used in this study are MATa cells with A364A background, and their genotypes 694 
are listed in Supplementary File 1. Synthetic complete with low biotin (SC-Dex) was prepared 695 
by dissolving 1.4 g/L YNB-biotin (Sunrise Science Products, see Key Reagents), 1.6 g/L BSM 696 
powder (Sunrise Science Products), 5 g/L ammonium sulfate (Fisher Scientific), 20 g/L 697 
dextrose (Fisher Scientific) and 0.6 nM D-Biotin (Invitrogen) in distilled water and filter 698 
sterilized. Synthetic complete medium with raffinose (SC-Raff) for GAL induction was 699 
prepared similarly with SD-Dex, but 20 g/L dextrose was replaced with 20 g/L raffinose 700 
(Millipore-Sigma). 701 
 702 
Dilution plating assays 703 
Cells were grown to saturation in YPD media at 30°C then plated in 10-fold serial dilutions on 704 
LEU- or FOA plates as described. Plates were incubated at 30°C for two days. 705 
 706 
Synchronous arrest in mid-M phase under auxin depletion conditions 707 
G1 arrest 708 
Asynchronous cultures of cells were grown in overnight culture to mid-log phase at 30°C in 709 
SC-Dex media (OD600 = 0.15). Cells were pelleted then resuspended in fresh SC-Dex media 710 
containing 24 nM alpha-factor (Millipore-Sigma). Cells were incubated at 30°C for 2 hours to 711 
induce arrest in G1 phase.  712 

For depletion of AID-tagged proteins, auxin stock was prepared dissolving 44 mg auxin in 0.5 713 
ml DMSO, and 0.05 ml auxin stock was added to each 25 ml medium (~1 mM final). Cells 714 
were incubated for an additional 1 hour in alpha-factor containing media. 715 
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 716 

Synchronous arrest in mid-M phase 717 
0.1 mg/ml pronase (Millipore-Sigma, 10 mg/ml stock solution in water) was added to G1 718 
arrested cells and the culture was incubated at 30°C for 10 minutes. The cells were spun 719 
down and resuspended in SC-Dex with 0.1 mg/ml pronase and 1 mM auxin. Nocodazole 720 
(Millipore-Sigma, 1.5 mg/ml in DMSO) was added to the culture dropwise to 12 μg/ml final, 721 
and ethyl acetate was added to a final concentration of 1.2%. Cells were incubated at 30°C 722 
for 2.5 hours to arrest in mid-M phase. 723 
 724 
Biotinylation of Smc3p-AviTag reporters 725 
Cells were harvested, resuspended in 0.8 ml SC-Dex with auxin, and transferred to a low-726 
binding Eppendorf tube. The biotinylation reaction was initiated by adding 10 nM D-biotin, 727 
incubated on a 30°C heat block for 7 minutes, and terminated by addition of 0.25 ml 80% TCA 728 
(Fisher).  729 
 730 
Protein extracts and western blotting 731 
Total protein extracts 732 
Cell equivalents of 2 OD600 were washed twice in cold PBS freshly supplemented with 0.5 mM 733 
PMSF (Millipore-Sigma) and resuspended in 0.3 ml lysis buffer (15% glycerol, 100 mM TRIS 734 
pH 8.0 and 0.2 mM PMSF). The cell lysate was prepared by bead beating on MP FastPrep 735 
5G Homogenizer at top speed for 1 minute. The cell lysate was supplemented with 0.1 ml 4x 736 
SDS loading dye (16% SDS, 0.2% bromophenol blue and 20% β-mercaptoethanol), and 737 
heated at 95°C for ten minutes. The heated lysate was spun at a bench-top centrifuge at top 738 
speed for 3 minutes and the supernatant was stored in a freezer. 739 
 740 
Streptavidin gel shifts 741 
10 μl protein extract was mixed with 6 μl dilution buffer (1x PBS with 20% glycerol) and 2 μl 742 
streptavidin solution (Invitrogen, dissolved at 10 mg/ml in PBS), and incubated at room 743 
temperature for 10 minutes. The samples were loaded onto 8% SDS-PAGE gels, subjected 744 
to electrophoresis then transferred to PVDF membranes and analyzed by Western blot using 745 
standard laboratory techniques. 746 
 747 
Chromatin immunoprecipitation of biotinylated Smc3p 748 
Cells treated with biotin pulse were fixed with 1% formaldehyde at room temperature for 1 749 
hour and formaldehyde was quenched by incubating with 1 M glycine for 5 minutes. The cells 750 
were pelleted and washed 3x with FA-STD (50 mM HEPES pH 7.5, 150 mM NaCl, 1 mM 751 
EDTA pH 8.0, 1% Triton X-100, 0.1% SDS, 1% sodium deoxycholate and cOmplete protease 752 
inhibitors). The cells were suspended in 1 ml of FA-STD, beaten with glass beads twice on 753 
MP FastPrep 5G Homogenizer for 40 seconds. Chromatin was pelleted at 15,000 rpm for 15 754 
minutes on a bench-top centrifuge, resuspended in 0.3 ml FA-STD, sheared on a Bioruptor 755 
Pico (Diagenode) for 10 min (30 s on/off cycling), and cleared by centrifugation at 15,000 rpm 756 
at 4°C for 10 minutes. Chromatin was then supplemented with an additional 1% SDS and 757 
heated at 60°C for 5 minutes. 900 μl ice-cold FA-STD was added to the tube to cool down the 758 
chromatin. The solution was supplemented with 1 mg/ml of BSA Cohn fraction V (Millipore-759 
Sigma) and 0.1 mg/ml RNase A (Fisher), then incubated with 60 μl Dynabeads MyOne 760 
Streptavidin T1 at 4°C overnight. The beads were washed for 10 minutes at room temperature 761 
for each of the buffers listed below: (1) FA-STD with 1% SDS; (2)FA-STD with 3% SDS; (3) 762 
FA-STD with 3% SDS; (4) FA-STD with 1% SDS; (5) FA-STD with 1% SDS and 0.25 M LiCl; 763 
(6) FA-STD with 1% SDS and 0.5 M NaCl; (7) FA-STD with 1% SDS. The beads were then 764 
resuspended in 0.3 ml ChIP elution buffer (50 mM TRIS pH 8.0, 10 mM EDTA pH 8.0, 1% 765 
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SDS and 0.5 mg/ml proteinase K) and incubated on a 65°C thermomixer overnight. The eluted 766 
DNA was purified with MinElute PCR purification kit (Qiagen) and analyzed by qPCR (See 767 
Supplementary File 2 for primer list) or NovaSeq (150bp paired-end, Illumina). All raw and 768 
processed sequencing data were deposited at the GEO under the accession number 769 
GSE157155. 770 
 771 
Cohesin chromatin immunoprecipitation 772 
Cohesin ChIP experiments were performed as described previously (Eng, Guacci, and 773 
Koshland 2014; Robison, Guacci, and Koshland 2018) with minor modifications. Cells were 774 
fixed with 1% formaldehyde at room temperature for 1 hour and formaldehyde was quenched 775 
by incubating with 1 M glycine for 5 minutes. The cells were spun down and washed 3x with 776 
FA-STD. Chromatin shearing was performed on a Bioruptor Pico (Diagenode) for 10 min (30 777 
seconds on / 30 seconds off, 10 cycles). Immunoprecipitation was performed using polyclonal 778 
rabbit anti-Mcd1p (a gift from V. Guacci) antibodies and protein A Dynabeads (Invitrogen). 779 
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Figure 1. Smc3p reporters for proximity biotinylation experiments. 986 

(A) Cartoons showing the proposed ring, rod or butterfly conformation of budding yeast 987 

cohesin. Each cohesin complex consists of one single copy of each of the four 988 

subunits: Smc1p, Smc3p, Mcd1p and Scc3p. 989 

(B) Cartoons depicting strains used in proximity biotinylation experiments. Each strain 990 

expresses one of the four AviTag reporters and a BirA enzyme fused to a partner. 991 

Each reporter had an AviTag fused to a flexible linker of 6xHA tag inserted into the 992 

head, the coiled coil (CC), the elbow or the hinge domains. 993 

(C) Experimental regime of proximity biotinylation assays. Cells are cultured in synthetic 994 

medium with low biotin and pulsed with biotin briefly. The biotinylation reactions are 995 

terminated with the addition of TCA and cell lysates are prepared in the Laemmli 996 

buffer. The samples are then diluted and incubated with streptavidin and subjected to 997 

Western Blot analysis using anti-HA antibodies to detect both biotinylated and non-998 

biotinylated AviTag reporter. 999 

(D) Streptavidin gel shift assays (see Streptavidin gel shift in Materials and Methods) to 1000 

detect biotinylation of the head reporter. Cells were cultured in low biotin synthetic 1001 

medium with galactose and arrested in mid-M phase by nocodazole. Cell lysates were 1002 

prepared in SDS sample buffer, incubated with 1 mg/ml streptavidin for 15 minutes 1003 

and Biotinylation of the head reporter is seen as a slower migrating band (lane 4, 1004 

SX80F). No reporter biotinylation was detected in cells missing BirA enzyme (lane 1, 1005 

SX73), in cells with a dead AviTag (lane 2, SX222, no lysine in AviTag) or cells treated 1006 

with TCA before biotinylation (lane 3, SX80F). 1007 

(E) Comparison of AviTag accessibility to BirA mediated biotinylation. Cultures of strains 1008 

with SMC3 reporter alleles (SX80B, SX80D, SX80E and SX80F) were grown in low 1009 

biotin synthetic media at 30 °C overnight and treated with nocodazole for 2.5 hours to 1010 

arrest cells in mid-M phase. Then NLS-BirA, a nuclear-localized version of BirA 1011 

enzyme, was induced for one hour. 10 nM biotin was added to initiate biotinylation. 1012 

After a 7-minute biotin pulse, the reactions were terminated by trichloroacetic acid 1013 

(TCA). Efficiencies of reporter biotinylation were assessed by streptavidin gel shift. 1014 

Figure 2. Cohesin adopts a dynamic butterfly conformation in vivo. 1015 

(A) Cartoons depicting inter- and intra-molecular biotinylation of Smc3 hinge reporter. 1016 

Both strains were cultured to early log phase and arrested in G1, where cohesin 1017 

complexes are not fully assembled. In trans biotinylation experiment was carried out 1018 

in a strain carrying two SMC3 alleles, one allele was tagged with BirA enzyme in the 1019 

head domain, while the second allele was tagged with AviTag in its hinge. In cis 1020 

biotinylation was carried out in the cells expressing double tagged Smc3, with BirA in 1021 

the head and AviTag inserted in the hinge domain of the same molecule. Mcd1p and 1022 

Scc3p are omitted from the cartoon for clarity. 1023 

(B) Comparison of biotinylation levels of Smc3 reporters in cis (SX246) and in trans 1024 

(SX48B). Streptavidin gel shift assay as described in Figure 1D was used to compare 1025 

Smc3p-AviTag biotinylation in trans and in cis.  1026 

(C) Smc dimers in G1 and cohesin tetramers in mid-M arrested cells adopt the butterfly 1027 
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conformation. Each strain carries a cis-biotinylation reporter allele of SMC3 (SX246, 1028 

SX247, SX248, SX249 and SX250). The strain was arrested in G1 with α-factor or 1029 

mid-M using nocodazole. The cells were then treated with biotin pulse and biotinylation 1030 

efficiencies were assayed by streptavidin gel shift. 1031 

Figure 3. Cohesin binds DNA with both head and hinge domains on DNA. 1032 

(A) Cartoons depicting strains used in this figure. BirA enzyme was tethered to DNA by 1033 

HUα, a bacterial non-specific DNA binding protein. This DNA-tethered BirA was 1034 

expressed in cells carrying a head, elbow, CC or hinge reporter Smc3, respectively. 1035 

Mcd1p and Scc3p are omitted from the cartoon for clarity. 1036 

(B) Experimental regimen used to test cohesin architecture on DNA. Cells were cultured 1037 

in synthetic media with low biotin overnight to early log phase and arrested in G1 by 1038 

α-factor. 1 mM auxin was added to the arrested cells to deplete the cohesin loader in 1039 

SCC2-AID cells. Cells were synchronously released from G1 and arrested in mid-M 1040 

phase in low biotin media containing auxin and nocodazole, then the cultures were 1041 

treated with biotin pulse. Half of the cells were analyzed by western blotting to assess 1042 

biotinylation efficiencies of the Smc3 reporters. The other half of the cultures were 1043 

fixed to assay cohesin on DNA by ChIP (Figure 3 - figure supplement 1A). 1044 

(C) Biotinylation of Smc3 reporters by DNA-tethered BirA. The gel on the left side shows 1045 

biotinylation of Smc3 reporters in wild type cells (SX136B, SX136D, SX136E and 1046 

SX136F). The gel on the right side shows biotinylation of Smc3 reporters in cells 1047 

depleted of loader subunit Scc2p (SX221B, SX221D, SX221E and SX221F). 1048 

Figure 4. Cohesin forms clusters that are cell cycle regulated. 1049 

(A) Cartoons depicting the strains used (SX48B, SX48E and SX48F). Each strain carries 1050 

two SMC3 alleles. One SMC3 allele is tagged with BirA enzyme in its head domain. 1051 

The other SMC3 allele is the reporter, with AviTag fused to the head domain, the CC 1052 

or the hinge domain. Mcd1p and Scc3p are omitted from the cartoon for clarity. 1053 

(B) Experimental regimen to assess cohesin clusters as a function of the cell cycle. 1054 

Asynchronous cultures were treated with alpha-factor, hydroxyurea or nocodazole, to 1055 

arrest cells in G1, early S phase or mid-M, respectively. Cells were then treated with 1056 

a biotin pulse to access levels of cohesin clusters. 1057 

(C) Comparison of cluster formation in G1, S and mid-M. Asynchronous cultures expressing 1058 

Smc3p-BirA and one of the three Smc3p reporters as shown in 3A were treated as 1059 

described in 3B to assess intermolecular biotinylation of the reporters. Biotinylation 1060 

was assessed by streptavidin gel shift assay as described in Figure 1D. 1061 

Figure 5. Cohesin clusters localize to centromeres and pericentric CARs at high levels 1062 

in both S and mid-M phases, but decrease at arm CARs in mid-M. 1063 

(A) The strain used to assay chromosomal localization of cohesin clusters. The strain 1064 

carries two SMC3 alleles (SX155), one expresses Smc3 with BirA in the head domain 1065 

(Smc3-BirA) while the other expresses a modified Smc3 head reporter with an AviTag 1066 

fused to Smc3 C-terminus via a 13xMyc linker (Smc3-AviTag). Mcd1p and Scc3p are 1067 

omitted from the cartoon for clarity. 1068 

(B) Experimental regime used to study chromosomal localization of cohesin clusters. Cells 1069 
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were cultured in synthetic media, arrested in S phase or mid-M and NLS-BirA was 1070 

induced in the NLS-BirA strain (SX173 expresses NLS-BirA and SX172 has no BirA). 1071 

Reporter biotinylation was achieved by biotin pulse and then cells were fixed and 1072 

harvested for ChIP analysis as described in Materials and Methods. 1073 

(C) Quantitative analysis of cohesin cluster localization by qPCR in S phase arrested cells. 1074 

ChIP experiments were carried out as shown in (B) with cells arrested in S phase by 1075 

hydroxyurea. Cohesin clusters in S phase arrested cells were detected on 1076 

centromeres (right), pericentric CAR (left) and an arm CAR (middle). 1077 

(D) Quantitative analysis of cohesin cluster localization by qPCR in mid-M arrested cells. 1078 

ChIP experiments were carried out as shown in (B) with cells arrested in mid-M by 1079 

nocodazole. In mid-M arrested cells, cohesin clusters were detected at high levels on 1080 

centromeres (right) and pericentric CAR (left) but not on arm CAR (middle). 1081 

(E) Chromatin immunoprecipitation (ChIP) to assess cohesin binding to chromosomes. 1082 

Next-generation sequencing experiments were carried out using samples in (D). 1083 

Biotinylated cohesin clusters were shown in the red trace (SMC3-BirA). Sequencing 1084 

results of the control strains were plotted at the same scale. The black trace shows 1085 

the sequencing result from a positive control, where all Smc3 reporter proteins can be 1086 

biotinylated (NLS-BirA). The grey trace shows sequencing results from a negative 1087 

control with no BirA. Positions of the centromere and a pericentric cohesin associated 1088 

region (CAR) were labeled at bottom of the traces.  1089 

(F) Sequencing traces zoomed in the two highlighted regions in (E). The traces on the left 1090 

show the pericentric region (chrIII: 90 - 142 kb), and the traces on the right show the 1091 

chromosome arm (chrIII: 178 – 237 kb).  1092 

Figure 6. Assembly of the full cohesin tetramer is required for clustering. 1093 

(A) Experimental regime used to assess the requirement of Mcd1p in cohesin clustering. 1094 

The strain carries two SMC3 alleles with one allele tagged with BirA in the head 1095 

domain and the other allele tagged with AviTag in hinge domain, as shown in Figure 1096 

4A (SX165). Cultures were arrested in G1 (when Mcd1p is absent) or mid-M (when 1097 

Mcd1p is assembled in cohesin tetramer). Cultures were split into half, and galactose 1098 

was added to one aliquot to induce Mcd1p overexpression in arrested cells followed 1099 

by a short biotin pulse to allow proximity biotinylation of the reporters. 1100 

(B) Effect of Mcd1p overexpression on cohesin clustering. Cells arrested in G1 or mid-M 1101 

phase were grown with and without Mcd1p overexpression as described in 6A. Levels 1102 

of cohesin clusters were accessed using streptavidin gel shifts as described in Figure 1103 

1(D). 1104 

(C) Experimental regime used to assess the requirement of Scc3p in cohesin clustering. 1105 

The strains carry two SMC3 alleles: one allele was tagged with BirA in the head 1106 

domain and the other allele tagged with AviTag in the hinge or head domains as shown 1107 

in Figure 4A (SX220B and SX220F). Cells were cultured in low biotin synthetic media, 1108 

arrested in G1, and depletion of scc3p-AID was carried out by auxin addition. 1109 

Synchronous cell cycle release was carried out in presence of auxin and cells were 1110 

again arrested in mid-M phase by nocodazole. Proximity biotinylation experiments 1111 

were carried out in the mid-M phase arrested cells. 1112 
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(D) Scc3p is required for cohesin clustering. The plus signs indicate wild type cells 1113 

expressing Scc3p while the minus signs indicate cells depleted of scc3p-AID. 1114 

Figure 7. Cohesin clustering requires Pds5p, but not Eco1p, Wpl1p nor cohesin loader. 1115 

(A) Experimental regime used to assess the requirement of cohesin regulators for cohesin 1116 

clusters. Cells were cultured in low biotin synthetic media, arrested in G1, and 1117 

depletion of the regulator studied was carried out by addition of auxin (except for wpl1Δ 1118 

strains). Synchronous cell cycle release was carried out in presence of auxin and cells 1119 

were again arrested in mid-M by nocodazole. Proximity biotinylation experiments were 1120 

carried out in the mid-M arrested cells. 1121 

(B) Eco1p is not required for cohesin clustering (SX81B and SX81F). Plus signs indicate 1122 

cells carrying wild type Eco1p, while the minus signs indicate strains depleted of 1123 

eco1p-AID. eco1p-AID depletion was confirmed by western blotting (Figure 7 - figure 1124 

supplement 1A). 1125 

(C) Scc2p is not required for cohesin clustering (SX82B and SX82F). Plus signs indicate 1126 

cells carrying wild type SCC2, while the minus signs indicate strains depleted of scc2p-1127 

AID. scc2p-AID depletion was confirmed by western blotting (Figure 7 - figure 1128 

supplement 1C). Cohesin is not loaded onto DNA in absence of Scc2p (Figure 7 - 1129 

figure supplement 1D). 1130 

(D) Wpl1p is not required for cohesin clustering (SX66B and SX66F). Plus signs indicate 1131 

strains carrying the wild type WPL1 allele, while minus signs represent wpl1Δ strains. 1132 

(E) Cohesin failed to cluster in pds5p-AID depleted cells (SX122B and SX122F). Plus 1133 

signs indicate cells expressing wild type PDS5, while minus signs indicate strains 1134 

depleted of pds5p-AID. pds5p-AID depletion was confirmed by western blotting 1135 

(Figure 7 - figure supplement 1B). Hinge or head reporters were biotinylated to basal 1136 

level in absence of Pds5p. 1137 

(F) Effects of Pds5p depletion on cohesin clustering in S phase or mid-M arrested cells 1138 

(SX122B and SX122F). Cells were arrested in S phase or mid-M phase, respectively, 1139 

and auxin was added to the cell cycle arrested cultures to deplete pds5p-AID. Cohesin 1140 

clusters were assayed by biotin pulse after pds5p-AID depletion. Cohesin clustering 1141 

does not require Pds5p in S phase arrested cells but requires Pds5p in mid-M arrested 1142 

cells.  1143 

Figure 8. Cohesin mutants defective in cohesion maintenance failed to cluster. 1144 

(A) Experimental regime used to assay cohesin clusters in strains expressing wild type or 1145 

mutated Mcd1p. Each strain expresses both Smc3p-BirA and Smc3p reporter. Cells 1146 

were cultured in low biotin synthetic media, arrested in G1, and depletion of wild type 1147 

mcd1p-AID was carried out by addition of auxin. Synchronous cell cycle release was 1148 

carried out in presence of auxin and cells were again arrested in mid-M phase by 1149 

nocodazole with Mcd1p (SX134), mcd1p-V137K (SX130) or mcd1p-q266 (SX129) as 1150 

sole Mcd1p protein in the cell. Proximity biotinylation experiments were carried out in 1151 

the mid-M phase arrested cells. 1152 

(B) Cohesin failed to form clusters in cells carrying either mcd1-Q266 or mcd1-V137K 1153 

mutation. Each strain carries two MCD1 alleles: an auxin-depletable MCD1-AID and a 1154 

test MCD1 mutant allele. Lane 1 has protein extracts from cells expressing wild type 1155 
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Mcd1p (SX134); lane 2 has protein extracts from cells expressing mcd1p-V137K 1156 

(SX130); lane 3 has protein extracts from cells expressing mcd1p-Q266 (SX129). 1157 

Cohesin clusters were assayed by biotinylation (left side) and Mcd1p expression was 1158 

confirmed by western blotting using Mcd1p antibody (right side) 1159 

(C) Cartoons showing SMC3 alleles used in (D). Each strain carries two SMC3 alleles. 1160 

One allele expresses a wild type, BirA tagged version of SMC3. The other allele 1161 

expresses a wild type or D667 mutated version of Smc3p reporter (AviTag inserted in 1162 

the head in SX49F, and in the hinge domain in SX49B).  1163 

(D) smc3p-D667 reporters failed to cluster with wild type Smc3p-BirA. Cells depicted in 1164 

(C) were arrested in mid-M phase and interaction between wild type Smc3p and 1165 

mutated smc3p-D667 reporters were assayed by proximity biotinylation. 1166 

Figure 9. Model of cohesin cluster regulation during cell cycle. 1167 

(A) Cartoon showing the initial steps of asymmetric loop extrusion by cohesin. Mcd1p, 1168 

Scc3p and Pds5p are omitted from the cartoon for clarity. Cohesin monomer binds 1169 

DNA with both head and hinge domains (cohesin complex in extended conformation 1170 

may adopt rod or open ring structures), then the coiled coil domain bends to form the 1171 

butterfly conformation and extrude a DNA loop. In subsequent steps (not shown here), 1172 

DNA is transferred from the hinge to a second DNA binding site on the head. The 1173 

hinge binds a new region of DNA and repeats the cycle, increasing the size of the loop. 1174 

Cohesin dimmers can extrude DNA symmetrically. This model has been proposed for 1175 

the condensin complex(Ganji et al. 2018). Mcd1p and Scc3p are omitted from the 1176 

model for simplicity.  1177 

(B) Cartoon showing sister chromatid cohesion by cohesin. Cohesin binds sisters with its 1178 

head and hinge domains, respectively, and tethers sister chromatids. This tethering 1179 

state proceeds to the butterfly conformation where it is trapped. Clustering of cohesins 1180 

in the butterfly conformation stabilizes tethering between sisters and maintains 1181 

cohesion. 1182 

(C) Cartoon showing regulation of cohesin clusters during cell cycle. Cohesin complexes 1183 

form clusters at all previously identified binding sites at early S phase including 1184 

centromeres, pericentric CARs and arm CAR sites. Most of the clusters at 1185 

chromosome arms dissolve in mid-M phase. A small fraction of cohesin complexes 1186 

remain in the clustering state and keep sister chromatids tethered. Pds5 protein 1187 

participates in stabilization of cohesin clusters through S phase into mid-M. 1188 

 1189 

Figure 1 - figure supplement 1. Tagged SMC3 alleles support cell viability. Smc3p-1190 
AviTag yields Western signals proportional to the protein levels. 1191 

(A) Comparison of cells expressing wild type or SMC3-AviTag as sole source of SMC3. 1192 
Shuffle strains carrying CEN URA3 SMC3 plasmid and plasmid expressing the 1193 
tagged SMC3 alleles. Strains were grown overnight in YPD medium and plated at 1194 
10-fold serial dilution on YPD or FOA plates. 1195 

(B) Quantification of Smc3p-AviTag reporter Western bands blotted with HA antibody. 1196 
5%, 10%, 20%, 30%, 40%, 50%, 60%, 80% and 100% diluted cells lysate from 1197 

https://paperpile.com/c/atd4UK/qCDfX
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Figure 1E (hinge reporter, SX80B), respectively, were loaded on the gel, blotted with 1198 
HA antibody, and band intensities were measured using ImageJ. For gels measuring 1199 
ratio of AviTag reporter proteins biotinylated, cell lysates were diluted 1.8x and 1200 
loaded on gel (56% lysate, See Materials and Methods). 1201 
 1202 

Figure 2 - figure supplement 1. Cartoon of elbow folded Smc3p and quantitative 1203 
analysis of Figure 2. 1204 

(A) Cartoon showing AviTag insertion sites on Smc3p in the elbow folded structure. 1205 
(B) Quantitative analysis of Figure 2B. Ratios of Smc3p-AviTag reporter proteins 1206 

biotinylated from two independent cultures were calculated based on band intensities 1207 
(All error bars in this manuscript are indicative of standard deviations). 1208 

(C) Quantitative analysis of Figure 2C. Ratios of Smc3p-AviTag reporter proteins 1209 
biotinylated from two independent cultures were calculated based on band intensities 1210 
(All error bars in this manuscript are indicative of standard deviations). 1211 

 1212 

Figure 3 - figure supplement 1. Confirmation of Scc2p-AID depletion and quantitative 1213 
analysis of Figure 3.  1214 

(A) Cohesin Failed to Bind Chromosome in Scc2p-AID depleted Cells. Cells from 1215 
experiments described in Figure 3B (expressing hinge reporter) were fixed for ChIP 1216 
experiments. Cohesin bound chromosome was immunoprecipitated by anti-Mcd1 1217 
antibody and quantified by qPCR. Cohesin binding at a pericentric site (CARC1) in 1218 
cells with or without Scc2p was plotted against genomic coordinates.  1219 

(B) Quantitative analysis of Figure 3C. Ratios of Smc3p-AviTag reporter proteins 1220 
biotinylated from two independent cultures were calculated based on band 1221 
intensities. 1222 

 1223 

Figure 4 - figure supplement 1. Cohesin clusters in cells synchronously released from 1224 
G1 into mid-M phase. 1225 

(A) DNA content analysis in the G1, early S phase and mid-M phase arrested cells (left 1226 
side, comparing with DNA content in asynchronous culture, SX48B, SX48E and 1227 
SX48F). 1228 

(B) Quantitative analysis of Figure 4C. Ratios of Smc3-AviTag reporter proteins 1229 
biotinylated from three independent cultures were calculated based on band 1230 
intensities. 1231 

(C) Regime used to assay cohesin clusters in cells after synchronous G1 release. Cells 1232 
carrying Smc3p hinge reporter (SX48B) were arrested in G1 and synchronously 1233 
released into mid-M arrest. Aliquots of the culture were taken every 20 minutes and 1234 
cohesin clustering levels in the cells were assayed with proximity biotinylation. Cells 1235 
were preserved in 20% TCA and biotinylated reporters were assayed with 1236 
streptavidin gel shift. 1237 

(D) Cohesin clustering levels during cell cycle progression. A basal level of cohesin 1238 
cluster was detected in G1 arrested cells. The ratio of cohesin in clusters increases 1239 
during S Phase, and then drops to half of its peak level in mid-M arrested cells. 1240 
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(E) Cell cycle progression was shown with DNA content analysis using flow cytometry. 1241 

(F) Trans-Biotinylation of Smc3p-AviTag reporter requires AviTag, BirA and biotin. 1242 
Biotinylation of the head reporter is seen as a slower migrating band (lane 4, 1243 
SX48F). No reporter biotinylation was detected in cells missing BirA enzyme (lane 1, 1244 
SX73), in cells with a dead AviTag (lane 2, no lysine in AviTag, SX74) or cells treated 1245 
with TCA before biotinylation (lane 3, SX48F). 1246 

 1247 

Figure 5 - figure supplement 1. ChIP experiments reveal the centromeric and 1248 
pericentric localization of cohesin clusters. 1249 

(A) Cohesin clusters on the arm of chromosome II in S Phase arrested cells. Samples in 1250 
Figure 5C were analyzed by qPCR using primers targeting CAR sites at the 3’ end of 1251 
NUP170 and TOD6. The two binding sites are both on the arm of chromosome II, as 1252 
shown in (D).  1253 

(B) Cohesin clusters on the arm of chromosome II in mid-M arrested cells. Samples in 1254 
Figure 5D were analyzed by qPCR using primers targeting CAR sites at the 3’ end of 1255 
NUP170 and TOD6. The two binding sites are both on the arm of chromosome II, as 1256 
shown in (D).  1257 

(C) Peaks of cohesin clusters correlate with previously identified CAR sites. Anti-Mcd1p 1258 
ChIP-seq trace (Lorenzo et al. 2020) at chrIII was compared with ChIP-seq traces 1259 
from Figure 5E. 1260 

(D) ChIP-seq traces showing localization of cohesin clusters on chromosome I (top) and 1261 
part of chromosome II (bottom). The figures were generated from the same 1262 
sequencing data set used in Figure 5E. The trace with SMC3-BirA (red, SX155) 1263 
shows position of cohesin clusters; the trace with pGAL-BirA (black, SX173) shows 1264 
cohesin binding sites; the no BirA trace (grey, SX172) is the negative control 1265 
showing non-specific pull down from cells expressing no biotinylation enzyme. 1266 

 1267 

Figure 5 - figure supplement 2. ChIP Experiments Reveal the Centromeric and 1268 
Pericentric Localization of Cohesin Oligomers. 1269 

(A) Quantitative analysis of cohesin binding by qPCR in S phase (black) or mid-M (blue) 1270 
arrested cells. ChIP experiments were carried out with formaldehyde fixed cells 1271 
expressing both Smc3p-BirA and Smc3p-AviTag reporter using Mcd1 antibody 1272 
(SX155). In both mid-M and S phase arrested cells, cohesin were detected at 1273 
centromeres (right), pericentric CAR (left, CARC1) and on arm CAR (middle, TRM1). 1274 

(B) Quantitative analysis of BirA-tagged cohesin binding by qPCR in S phase (black) or 1275 
mid-M (blue) arrested cells. ChIP experiments were carried out with formaldehyde 1276 
fixed cells using V5 antibody. In both mid-M and S phase arrested cells, BirA-tagged 1277 
cohesin were detected at centromeres (right), pericentric CAR (left, CARC1) and on 1278 
arm CAR (middle, TRM1). 1279 

(C) Quantitative analysis of AviTag-tagged cohesin binding by qPCR in S phase (black) 1280 
or mid-M (blue) arrested cells. ChIP experiments were carried out with formaldehyde 1281 
fixed cells using Myc antibody. In both mid-M and S phase arrested cells, AviTag-1282 
tagged cohesin were detected at centromeres (right), pericentric CAR (left, CARC1) 1283 
and on arm CAR (middle, TRM1). 1284 

 1285 
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Figure 6 - figure supplement 1. Depletion of SCC2-AID and MCD1-AID. 1286 

(A) Quantitative analysis of Figure 6B. Ratios of Smc3-AviTag reporter proteins 1287 
biotinylated from independent cultures were calculated based on band intensities. 1288 

(B) Western blot confirms depletion of SCC3-AID. 1289 
(C) Quantitative analysis of Figure 6D. Ratios of Smc3-AviTag reporter proteins 1290 

biotinylated from independent cultures were calculated based on band intensities. 1291 
(D) MCD1 is required for cohesin clustering. The plus signs indicate wild type cells 1292 

expressing MCD1 while the minus signs indicate cells depleted of MCD1-AID. Cells 1293 
were cultured following the experiment regime in Figure 6C. Cells were cultured in 1294 
low biotin synthetic media, arrested in G1, and depletion of MCD1-AID was carried 1295 
out by auxin addition. Synchronous cell cycle release was carried out in presence of 1296 
auxin and cells were again arrested in mid-M phase by nocodazole. Proximity 1297 
biotinylation experiments were carried out in the mid-M phase arrested cells. 1298 

(E) Confirmation of MCD1-AID depletion. Cells were cultured as (D) with (+) or without 1299 
(-) adding auxin, and western blot was carried out with anti-Mcd1p antibody. 1300 

Figure 7 - figure supplement 1. Depletion of Eco1, Pds5, Scc2 and Mcd1.  1301 

(A) Western blot showing Eco1p-AID depletion. Cells carrying hinge reporter (sample in 1302 
Figure 7B) were arrested in G1. The -auxin sample was collected before auxin 1303 
addition, while the +auxin sample was collected one hour after adding auxin. 1304 

(B) Western blot showing Pds5p-AID depletion. The same samples used for the first two 1305 
lanes of Figure 7E were analyzed by western blotting using anti-Pds5p antibody. The 1306 
first lane shows Pds5 protein level in cells with wild type PDS5. The second lane 1307 
shows Pds5 protein level in cells with PDS5-AID. 1308 

(C) Western blot showing Scc2p-AID depletion. Cells carrying hinge reporter (sample in 1309 
Figure 7C) were arrested in G1. The -auxin sample was collected before auxin 1310 
addition, while the +auxin sample was collected one hour after adding auxin. 1311 

(D) Cohesin failed to bind chromosome in cells depleted of Scc2p-AID. Aliquots from cell 1312 
cultures in the first two lanes of Figure 7C were fixed and subjected to ChIP against 1313 
Mcd1. 1314 

(E) Quantitative analysis of Figure 7B. Ratios of Smc3-AviTag reporter proteins 1315 
biotinylated from two independent cultures were calculated based on band 1316 
intensities. 1317 

(F) Quantitative analysis of Figure 7C. Ratios of Smc3-AviTag reporter proteins 1318 
biotinylated from two independent cultures were calculated based on band 1319 
intensities. 1320 

(G) Quantitative analysis of Figure 7D. Ratios of Smc3-AviTag reporter proteins 1321 
biotinylated from two independent cultures were calculated based on band 1322 
intensities. 1323 

(H) Quantitative analysis of Figure 7E. Ratios of Smc3-AviTag reporter proteins 1324 
biotinylated from two independent cultures were calculated based on band 1325 
intensities. 1326 

(I) Quantitative analysis of Figure 7F. Ratios of Smc3-AviTag reporter proteins 1327 
biotinylated from two independent cultures were calculated based on band 1328 
intensities. 1329 
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(J) Cohesin clusters formed in mid-M arrested cells both on and off DNA are Pds5p-1330 
dependent. Wild type cells (first lane), cells depleted of Scc2p-AID (second lane) or 1331 
cells depleted of both Scc2p-AID and Pds5p-AID (third lane) were synchronously 1332 
released from G1 into mid-M phase and biotinylated. All three strains carry the 1333 
Smc3p-BirA and the Smc3p hinge reporter. 1334 

(K) Fully assembled cohesin tetramers on DNA adopt the butterfly conformation. The 1335 
strain expresses an auxin-depletable Pds5p-AID and a cis-biotinylation reporter 1336 
allele (as shown in Figure 2A, right. SX246, SX247, SX248, SX249 and SX250) of 1337 
SMC3. The strain was arrested in mid-M using nocodazole and auxin was added to 1338 
the culture to deplete Pds5p-AID. The cells were then treated with biotin pulse. 1339 
Trans-biotinylation was abolished in this condition (Figure 7E) and the biotinylation 1340 
shown is the result of intramolecular reaction. 1341 

 1342 

Figure 8 - figure supplement 1. Quantification of Smc3 Reporter Biotinylation in Cells 1343 
Expressing mcd1-V137K, mcd1-Q266 or smc3-D667. 1344 

(A) Quantitative analysis of Figure 8B. Ratios of Smc3p-AviTag reporter proteins 1345 
biotinylated from two independent cultures were calculated based on band 1346 
intensities. 1347 

(B) Quantitative analysis of Figure 8D. Ratios of Smc3p-AviTag reporter proteins 1348 
biotinylated from two independent cultures were calculated based on band 1349 
intensities. 1350 

 1351 

Supplementary File 1: Yeast strains used in this study.  All strains listed were generated 1352 
for this study and derived from the A364a background.  1353 
Supplementary File 2: Oligonucleotides used for RT-qPCR.  1354 
 1355 
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