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Abstract 

Cornelia de Lange Syndrome is a pervasive developmental disorder characterized by limb 

truncations, craniofacial abnormalities, and cognitive delays.  This syndrome is a member of a 

class of developmental disorders referred to as cohesinopathies, which result from mutations in 

the genes encoding subunits or regulators of the cohesin complex. The phenotypic 

consequences of these mutations may reflect the critical role that cohesin plays in chromosome 

structure, its ability to tether sister chromatids together during cell cycle progression, or some 

combination of both.  Here we show that a sensitized assay for chromosome loss in budding 

yeast can be used to assess the impact of Cornelia de Lange syndrome (CdLS)-associated 

mutations in the core cohesin subunit Smc1 on cohesin function.  We find that the CdLS-

associated mutations can be grouped into two classes based on their impact on chromosome 

segregation.  One class of mutations includes those that are defective in promoting accurate 

chromosome segregation, some no better than the null allele.  Another class promotes both 

accurate chromosome cohesion and segregation.  Strikingly, the mutations that have no impact 

chromosome dynamics in this assay are clustered near each other in the context of the folded 

SMC1 protein suggesting a previously uncharacterized region of functional importance in higher 

eukaryotes.  This analysis illustrates how budding yeast can be used to elucidate mechanisms 

important in human health and development.   
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Introduction 

Cornelia de Lange Syndrome, is characterized by limb truncations, craniofacial abnormalities, 

and, often, severe developmental and cognitive delays. Cornelia de Lange Syndrome (CdLS) 

was originally attributed to mutations in the NippedBScc2 subunit of the dimeric cohesin loader, 

Scc2/Scc4 1,2.  In recent years, milder variants of CdLS have been attributed to mutations in the 

gene encoding the cohesin deacetylase, HDAC8, as well as those encoding the structural 

subunits of the cohesin complex, Smc1 and Smc3 3-6.  Smc1 and Smc3 are large coiled-coil 

containing proteins that interact to form a heterodimer that along with the Rad21 and SA 

subunits forms the core cohesin complex.  Cohesin binds chromatin and tethers sister 

chromatids together from the time they are made during DNA replication until chromosome 

segregation at anaphase 7.  Cohesion between sister chromatids promotes their accurate 

segregation during cell division, and mediates certain kinds of DNA repair. In recent years, it 

has become evident that the cohesin complex also has profound effects on gene regulation and 

thus cellular and developmental phenotypes 8.  Cohesin is thought to control gene expression 

by regulating chromosome structure, controlling the long-range interaction between genes and 

regulatory elements brought together in space by the formation of chromosome loops and 

topologically associated domains 9.  Some studies also suggest a direct interaction between 

cohesin and the transcriptional machinery. How cohesin is controlled to ensure proper 

regulation of gene expression is not known. 

 

How do abnormalities in the cohesion apparatus lead to developmental disorders?  Several 

possible mechanisms have been suggested 6,8,10.  First, insufficient cohesion could lead to 

delays in cell cycle progression due to checkpoint activation. This, in turn, could cause failure to 

fully populate tissues at appropriate developmental windows, resulting in developmental defects. 

Second, aberrant cohesion might affect expression of developmental regulators through its 

impacts on chromosome structure.  Third, the mutations in cohesion proteins might affect their 
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direct interaction with the transcription machinery, altering the expression of key developmental 

regulators. Finally, cohesin defects could affect the integrity of rDNA repeats, rDNA 

condensation or nucleolar structure in ways that affect protein translation. The phenotypes could 

also result from some combination of all of these mechanisms. Understanding how defects in 

cohesion machinery lead to developmental defects is a major question in the cohesinopathy 

field. Whereas sister chromatid cohesion failure is consistently evident in Robert’s Syndrome 11 

this is not the case with CdLS. Analysis of patient cells and cells from mouse and Drosophila 

models with mutations in homologs of NIPBL, which encodes NippedBScc2, have shown mixed 

results in assays for sister chromatid cohesion, with one study reporting cohesion loss but other 

studies reporting no cohesion defects 12-14. In contrast, heterozygous mutations in NIPBL result 

in changes to transcriptional programs 15.  

 

CdLS-associated mutations in the Smc1 subunit of cohesin, encoded by the SMC1A gene (also 

known as SMC1L1) in humans (CDLS2 [MIM: 300590]), typically encode amino acid 

substitutions or small in-frame deletions 3,5,16. The SMC1A gene is on the pseudoautosomal 

region of the X chromosome, and is thought to escape X inactivation 17. Therefore, the 

phenotypes in female patients likely reflect the expression of both maternal and paternal alleles, 

while male patients express only the allele on their single X chromosome.  The phenotypes 

observed in female patients could reflect dominant-negative activity of the mutant protein. 

Intriguingly, some of the CdLC-associated SMC1A mutations affect residues that are highly 

evolutionarily conserved, but have no previously ascribed function. It is possible that these 

residues represent sites of direct interaction between the cellular machinery that affects CdLS 

and the cohesion apparatus.  Alternatively, these sites might represent previously 

uncharacterized functional motifs critical to the tethering activity of the cohesin complex.   
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How do mutations in SMC1A result in developmental defects? Not all cohesinopathy-associated 

mutations have shown cohesion defects in laboratory assays 14.  The absence of cohesion 

defects in cells bearing CdLS mutations could suggest that failures in sister chromatid cohesion 

are not the immediate cause of the disorder. Alternatively, cohesion defects could contribute to 

the phenotype, but since severe losses in cohesion would be lethal, only mutations with mild 

cohesion defects could be tolerated, and these mild defects might not be detected in cohesion 

assays. Finally, it is possible that CdLS-associated mutations in SMC1A have no impact on 

sister chromatid cohesion, but contribute to defects in chromosome structure only, without 

impacting sister chromatid tethering.  To rigorously test whether CdLS-associated mutations in 

SMC1A compromise sister chromatid cohesion we used sensitive assays available in budding 

yeast to analyze directly the impacts of these mutations on chromosome segregation, DNA 

repair, and sister chromatid cohesion. The results demonstrate that the ability of cohesin to 

tether sister chromatids is compromised by many of the CdLS-associated mutations. In some 

cases, however, the mutations cause no measurable effect even in a sensitized, quantitative 

assay for chromosome segregation, suggesting the intriguing possibility that the mutations lie in 

residues that affect interaction of the cohesin complex with factors that influence development 

independently of sister chromatid cohesion. 

 

Methods 

Strains and Primers 

The genotypes of the strains used in this work are shown in Table S1.   All strains are derived 

from YNN281, with the exception of those used in Figure 4, which are primarily of S288C and 

W303 ancestry and were derived in the RE Esposito laboratory 18. 

Primers used to build and confirm the strains are shown in Table S2. Yeast media, culture 

techniques, and strain construction methods are as described in 19. 
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Strain construction 

Polymerase chain reaction (PCR)-based methods were used to create deletions of open 

reading frames and mutated versions of SMC1.  Strains containing mutations in the SMC1 gene 

were built by a modified two-step gene replacement method. Briefly, SMC1 gene fragments 

were amplified using high-fidelity fusion PCR with primer sets were used to generate the 

appropriate mutations within the gene fragment, which was cloned into the pRS404 vector 20.  

The vector was linearized and transformed into the desired yeast strain and colonies were 

selected on plates lacking tryptophan (the selectable marker in pRS404).  After integration of 

the plasmid was confirmed by PCR, the strains were plated on media containing 5- 

fluoroanthranilic acid to select against vector sequence 21. Loss of vector was confirmed by PCR, 

and retention of the mutations was screened for by genomic PCR and confirmed by sequencing.  

For in vivo labeling of chromosomes, the plasmid pD215 targeted 256 lac operon operator 

(lacO) repeats 22 to the arm of chromosome III about 43 kbp from the centromere (coordinates 

158504 -159234).  Correct integration was confirmed genetically.  A complete list of strains and 

their genotypes is shown in Table S1. 

 

Chromosome segregation assay 

Strains were grown in YPAD medium at 30°C, except HJC2, DJC5, HJC14 and HJC22. These 

four strains were grown in a medium to select for cells that carried the mini-chromosome used 

to assay mis-segregation. Cells were diluted and plated on synthetic complete medium 

supplemented with 6 µg/ml adenine 23 24. This level of adenine allows growth of the ade2-101 

yeast cells that have lost the SUP11 gene marker and permits accumulation of the red pigment 

used to identify segregation errors. Plates were incubated at 30°C until colonies were large (3-4 
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days) and further stored at 4°C for a few days to enhance differentiation of the color phenotypes. 

The half-sectoring assay was scored as previously described 23. 

 

Sister chromatid separation assay 

Cells with PMET-CDC20 (gift from Frank Uhlmann) 25 were arrested with 20 µg/ml α-factor in 

medium without methionine for 3 hr at 30°C. The cells were then washed with water and 

resuspended in medium without methionine. Methionine was added at 20 µg/ml as indicated to 

repress the PMET-CDC20 promoter. Benomyl (#45339; Sigma-Aldrich) and nocodazole (#M1404; 

Sigma-Aldrich) were used 30 µg/ml of and 15 µg/ml, respectively, to depolymerize microtubules 

for 4 hr at 30°C. Nocodazole was re-added every hour at 7.5 µg/ml 26.  

 

Gamma-irradiation sensitivity test 

Cells were grown in YPAD medium until mid-logarithmic phase, collected by brief centrifugation, 

washed with water, and resuspended in the original volume of water. The cells were exposed to 

a Cesium-137 source for the designated dosages. The average of three replicate platings were 

plotted.  Each experiment was performed three times.  One representative experiment is shown. 

 

Statistics and sequence analysis 

Graphing and statistical analysis was done using Prism software and web-based tools 

(QuickCalcs), both from Graphpad (La Jolla, CA).   Protein alignments were done with the 

ClustalW algorithm using MegAlign from DNAStar (Madison, WI).  Parallel coiled-coil folds were 

predicted using Paircoil2 27.   

 

Microscopy 

Images were collected using a Carl Zeiss (Thornwood, NY) AxioImager microscope with band-

pass emission filters, a Roper HQ2 charge coupled device, and AxioVision software. 
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Results 

Some CdLS-associated mutations in SMC1A are defective for chromosome segregation 

A relatively mild variant of Cornelia de Lange Syndrome (CDLS2 [MIM: 300590]) has been 

attributed to mutations in the gene encoding the core cohesin subunit, Smc1 3,5,16.  Several of 

these mutations alter amino acid residues that are well conserved in Smc1 proteins from yeast 

to man, but their role in cohesin function is not well understood. It is not known whether any of 

these mutations affect the ability of the cohesin complex to tether sister chromatids together, or 

whether the phenotypes in affected individuals in fact reflect disruption of genome organization 

or transcriptional control rather than impaired cohesion per se.   

 

One predictable outcome of reduced sister chromatid cohesion is increased chromosome mis-

segregation and loss.  Because these events in human cells are poorly tolerated and hard to 

score, we used budding yeast to better understand how CdLS-associated mutations in 

conserved amino acids of Smc1 affect cohesin function. To do this we used a sensitized assay 

that allows quantification of mis-segregation and loss of a mini-chromosome (CFIII, a truncated 

derivative of chromosome III) that is vulnerable, because of its small size, to defects in 

chromosome segregation machinery (Fig. 1) 24.  This assay provides a colorimetric read-out for 

segregation of the marker mini-chromosome. Because the mini-chromosome carries no 

essential genes, cells that lose the mini-chromosome continue to propagate and can be scored 

in the mis-segregation assay. In diploid cells, the system allows the detection of both mis-

segregation, in which two copies of the chromosome segregate to one daughter cell and none 

segregate to the other (2:0 segregation), and chromosome loss, in which one copy of the 

marker chromosome is lost during cell division (1:0 segregation) (Fig. 1). The mechanistic basis 

for chromosome loss is not clear, but it may reflect the failure of a chromatid, which has lost its 

association with its sister, to attach to microtubules from either side of the spindle, and to be left 
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in the spindle mid-zone at anaphase I, thus failing to be included in either daughter nucleus 23. 

Both types of errors occur when cohesin fails.  Thus, this system provides a sensitized assay for 

failures in establishing or maintaining sister chromatid cohesion. 

 

We chose for analysis ten mutations in SMC1A previously shown to lead to Cornelia de Lange 

Syndrome 5. These mutations map to both the coiled-coil region of the Smc1 protein, as well as 

to N and C terminal globular domains, and are associated with phenotypes of varying severity 

(Table 1) 5.  Several of the affected residues are highly conserved throughout eukaryotic 

phylogeny, whereas some others are particularly well conserved in vertebrates (Fig. 2).   To test 

the effects of these mutations on chromosome segregation, we generated analogous mutations 

in the yeast gene (Table 1), and integrated these mutations into the SMC1 gene at its native 

locus, causing them to be expressed under control of the endogenous yeast SMC1 promoter.  

We also generated a previously-characterized dominant-negative allele of SMC1 to serve as a 

positive control for cohesin failure in the segregation assay. This mutation, SMC1-657H inhibits 

activity of a wild-type SMC1 allele when co-expressed in the same cell, causing cohesion failure 

28.  

 

Versions of the SMC1 gene bearing the mutations shown in Table 1 were introduced into diploid 

cells to create heterozygous cells (with one wild-type and one mutated copy of the gene). To 

test whether any of the mutations were lethal we sporulated the diploid strains, dissected the 

tetrads, and monitored viability of the haploid spores (half of which carry the wild-type allele and 

half of which carry the mutated version).  All of the SMC1 alleles tested, except SMC1-657H, 

supported viability of haploid strains and all exhibited colony sizes similar to the wild-type gene 

demonstrating that the CdLS-associated alleles do not cause catastrophic failures in sister 

chromatid cohesion.  
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Because Cornelia de Lange Syndrome-associated SMC1A mutations probably occur in a 

heterozygous configuration in females and are present as the sole allele of SMC1A in males, we 

scored the chromosome mis-segregation phenotypes of the alleles in both heterozygous and 

homozygous configurations. A schematic of the mis-segregation assay is shown in Figure 1.  

When screening SMC1 alleles in the heterozygous configuration we compared their behavior to 

both the wild-type strain (SMC1/SMC1) as well as a heterozygous null strain, in which one copy 

of SMC1 was deleted from the diploid background (SMC1/smc1Δ). Chromosome segregation 

was disrupted by four of the CdLS-associated alleles in the heterozygous configuration (Fig. 3A 

and Table S2). Heterozygous strains carrying the smc1-TQ842-3E, smc1-Δ59-63, smc1- L210H, 

and smc1- F1123L alleles all showed elevated rates of mis-segregation compared to the 

SMC1/SMC1 control strain (P<0.05 for all but smc1- F1123L; Table S2). The SMC1/smc1Δ 

control also showed significantly higher error rates than the wild-type control demonstrating that 

Smc1 is a limiting component of the cohesin complex for maintaining sister chromatid cohesion.  

Earlier work had shown that levels of Scc1/Mcd1 subunit of cohesin can be lowered several fold 

with no clear impacts on sister chromatid cohesion, although these investigators used different, 

and probably less sensitive, assays to score cohesion function 29.  

 

We found no evidence to suggest that any of the CdLS-associated alleles have dominant 

negative activity, as the chromosome mis-segregation rates were in no case worse than that of 

the SMC1/smc1Δ heterozygote.  This indicates that the CdLS-associated alleles do not interfere 

(in a detectable way) with function of the wild-type protein present in the same cells.  In contrast, 

and as anticipated, the known dominant-negative allele SMC1-657H, resulted in chromosome 

mis-segregation rates that were higher than that seen in the heterozygous SMC1/smc1Δ strain, 

consistent with previous conclusions that this mutation confers dominant-negative activity to the 

protein 28.   
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Six of the CdLS-associated mutations had no measurable effect on chromosome segregation 

when present with the wild-type allele as a heterozygote.  These mutations could still 

compromise sister chromatid cohesion, but might be recessive to the wild-type allele, perhaps 

supplying sufficient partial function such that in the presence of a wild-type copy the cells have 

sufficient cohesion to behave like wild-type cells in the mis-segregation assay. To test this, we 

attempted to re-screen all of the alleles in the homozygous configuration in diploids (Fig. 3 B 

and Table S3). For several of the homozygous mutants this proved impossible, because the 

marker chromosome was lost so frequently that it was not possible to score the sectoring 

phenotype (Fig. 3 B, alleles marked by a red “X”). The four alleles that exhibited clear defects as 

heterozygotes (smc1-TQ842-3E, smc1-Δ59-63, smc1- L210H, and smc1-F1123L) also 

exhibited severe defects as homozygotes. In addition, strains bearing mutations at amino acid 

position 511, which had no clear defects as heterozygotes, exhibited severe chromosome mis-

segregation defects as homozygotes. In contrast, strains that were homozygous mutant for 

smc1-K801Q, smc1-F147V, smc1-E508A, and smc1-D723W, showed chromosome mis-

segrgation rates that were not different from the wild-type strain (Fig. 3B). This result is 

consistent with the lack of apparent mis-segregation defects seen when these mutations were 

present in the heterozygous condition (Fig. 3A). 

 

CdLS mutations in SMC1 that cause mis-segregation have cohesion defects 

Six of the CdLS alleles we assayed show very high levels of mis-segregation of the mini-

chromosome in the assays shown in the sensitized system shown in Figure 3. The fact that cells 

carrying the SMC1 CdLS alleles qualitatively exhibit near normal growth demonstrates that the 

mutations do not exert catastrophic defects on the behavior of natural chromosomes. To confirm 

that the mutant defects observed with the sensitized system reflect defects in sister chromatid 

cohesion, we performed a direct assay of natural chromosome behavior. We chose two of the 

mutations (smc1-L210H and smc1-TQ842E) that exhibited strong mis-segregation defects in the 
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sensitized mini-chromosome segregation assay. We employed an assay that allows visual 

detection of cohesion failure, using a natural chromosome tagged on its arm with a fluorescent 

protein, GFP-LacI, that binds to an array of lac operon operator sequence repeats 22,30 (Fig. 4A).  

In cells with functional cohesion, the GFP foci on the cohered sisters appear as a single dot in 

most metaphase cells, whereas reductions in cohesin function allow the sister chromatids to 

separate, and two dots can be seen (Fig. 4 A) 30. To perform the assay, haploid cells were 

synchronized in G1 using alpha factor, released into the cell cycle and arrested in metaphase by 

limiting expression of CDC20, thereby preventing anaphase initiation. Metaphase cells were 

identified by the separation of the spindle pole bodies, marked by a red fluorescent protein, 

indicating that spindle had been formed. In the wild-type control (SMC1) only 2.81% of the 

chromosomes exhibited two GFP dots. In contrast both the smc1-L210H and smc1-TQ842E 

mutations resulted in greatly increased sister chromatid separation (45.2% and 64.4% 

respectively) (Fig. 4B). To test whether the sister chromatids were being pulled apart by the 

spindle or instead were perhaps never well tethered following their production during S-phase, 

the experiment was repeated in the presence of the microtubule poisons nocodazole and 

benomyl to disrupt spindle function. High levels of sister chromatid separation occurred even 

when spindle function was compromised by the addition of the microtubule poisons, 

demonstrating that the smc1-L210H and smc1-TQ842E mutations resulted in greatly impaired 

ability to ensure cohesion between sister chromatids of natural chromosomes.  

 

CdLS-associated mutations in SMC1 increase sensitivity to ionizing radiation 

Proper cohesion is essential for certain kinds of DNA repair, particularly those that involve 

homologous recombination 31,32.  In budding yeast, DNA repair through homologous 

recombination induces de novo cohesion establishment throughout the nucleus 31,33,34.  When 

cohesion establishment is compromised, survival is inhibited.  To determine whether the CdLS-

associated mutations in SMC1 impact DNA repair, we exposed several strains bearing these 
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mutations to ionizing radiation (IR) to generate DNA double strand breaks, and measured 

colony forming units as an indication of survival. We first tested heterozygous diploid 

SMC1/smc1Δ cells and compared them to the SMC1/SMC1 (homozygous wild-type) cells to 

determine whether SMC1 copy number impacts DNA damage sensitivity. In contrast to the mis-

segregation assays, above, we found that the SMC1 heterozygotes did not show increased 

radiation sensitivity compared to wild-type cells (Fig. 5A). This finding is in contrast to previous 

findings that DNA repair is more sensitive to reductions in Scc1/Mcd1 function than is 

chromosome segregation 29. This may reflect the differences in the specific assays used in the 

two studies or may suggest that the demands upon components of the cohesin complex may 

differ in mitotic segregation and DNA repair. Reasoning that the CdLS-associated mutations 

would therefore be unlikely to have a damage sensitivity phenotype in the presence of the wild 

type allele, we tested haploid cells bearing CdLS-associated mutations in the IR sensitivity.  For 

this assay, we chose three of the CdLS mutations that had measurable impacts on chromosome 

segregation in the sectoring assay: smc1-L210H, smc1-TQ842E, and smc1-F1123L (Fig. 3).  

Consistent with a role for sister chromatid cohesion in DNA repair, all three of these mutations 

resulted in increased sensitivity to ionizing radiation (Fig. 5).  The most severely affected strain 

carried the smc1-TQ842E mutation, which lost >90% viability following exposure to 600Gy of 

ionizing radiation. The smc1-F1123L and smc1-L210H mutations had intermediate phenotypes, 

losing ~85% and 80% viability, respectively. In an earlier study, patient-derived cells bearing the 

human analog to the smc1-F1123L mutation were tested for IR sensitivity and found to be 

among the more IR sensitive of the small collection of SMC1A CdLS alleles tested, including the 

homologs of smc1-K511H, smc1-K511C and smc1-V59-R63 35. In that study, different cell lines 

bearing the same CdLS allele (smc1-K511C analog) showed different sensitivities suggesting 

that other genetic differences if the cell lines might influence the results. Here, because the 

strains are isogenic the observed differences are presumably solely due to the impacts of the 

different mutations. The IR sensitivity data presented here are consistent with the results in the 
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sensitized chromosome segregation assay: the mutations tested impacted the ability of the 

cohesin complex to ensure accurate chromosome segregation and DNA repair and with the 

same order of severity.  We conclude that these mutations impact both the ability of cohesin to 

tether sister chromatids together and to promote DNA repair.   

 

Discussion 

The cohesion apparatus and its regulatory network are generally well conserved from yeast to 

man.  We have analyzed the impact of a number of CdLS-associated mutations in human 

SMC1A on cohesin’s canonical functions by engineering analogous mutations into the budding 

yeast SMC1 gene and measuring their impact on chromosome segregation and sensitivity to 

DNA damage.  Our results suggest that these mutations can be broadly divided into two 

classes: those that have a clear measureable impact on chromosome segregation (and by 

extension sister chromatid cohesion) in budding yeast, and those that do not (Fig. 6).  We 

interpret this to mean mutations of the second class impact functions of cohesin that are 

independent of its ability to tether together sister chromatids. Intriguingly, we found that two of 

the four CdLS-associated mutations in SMC1A (smc1A-E493A and smc1A-R771) that map to 

different ends of the primary protein sequence are predicted to map to the same position on the 

folded protein (Fig. 6). This is a region that is well conserved in vertebrates but less so among 

other species with the exception of the particular amino acid that is mutated (Fig. 2). It is 

possible that this region of the Smc1 protein, just adjacent to the coiled-coil and near the hinge 

domain, impacts development by directly affecting gene expression.  This might be through 

direct interaction between cohesin and other factors that impact chromosome structure.  Such 

models have been proposed, although we do not yet have a detailed mechanistic understanding 

of these interactions. The mediator complex, a global transcriptional regulator, co-purifies with 

cohesin, and like cohesin, contributes to the regulation of certain genes by stabilization of 

chromosome loops 36. It is possible that the interaction between cohesin and mediator occurs 
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through the specific region in the coiled-coil of Smc1 highlighted in our analysis.  An alternative 

model is that higher-order cohesin-cohesin interactions contribute to proper gene expression 

and thus development, and that specific CdLS-associated mutations in SMC1A disrupt these 

interactions 37-39.  

 

We did not find that the severity of the CdLS phenotypes, as reported by Deardorff 5 correlated 

with the severity of the chromosome segregation defects in budding yeast.  This supports the 

notion that cohesinopathies may reflect defects in cohesin functions that are distinct from its role 

in sister chromatid tethering.  For example, the smc1-E508A mutation (corresponding to 

SMC1A-E493A in the human protein), had no measurable effect on chromosome segregation in 

the chromosome mis-segregation assay, but was among the most severe among the mutants 

that we tested in terms of the developmental phenotype in human patients 5. Conversely, some 

of the mutations with the severe chromosome mis-segregation phenotypes in our assays were 

identified in patients with relatively mild developmental phenotypes.  One such mutation, L210H 

(analogous to R196H in humans) was identified in a male patient, and thus was present as the 

only SMC1A allele, though the phenotype was mild.  Two of these mutations  (smc1-Δ58-62, 

smc1-F1122L) map near the ATP binding site which is critical for sister chromatid cohesion 40,41, 

suggesting that proper interactions of cohesin with ATP are critical both for accurate 

chromosome segregation, and to prevent the  symptoms of  CdLS. 

 

The mutations analyzed here have been identified in more than one family, and since beginning 

this work several additional SMC1 mutations have been identified in CdLS patients42.  Our 

results demonstrate that budding yeast provides a valuable tool with which to categorize 

mutations in cohesion proteins that impact human development.  In the case of SMC1, using 

budding yeast to analyze mutations has allowed us to identify a region of the SMC1 protein that 
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may be particularly important for cohesin’s role in human development and distinct from its 

function in sister chromatid cohesion. 

 

Figure legends: 

 

Figure 1.  Illustration of the mini-chromosome segregation assay used to analyze 

cohesin function.  A.  Basis for the colorimetric readout 23.  A marker mini-chromosome 

encodes a suppressor tRNA (SUP11), which suppresses the ochre nonsense mutation in an 

ade2-101 allele carried on natural chromosome III.  In the absence of suppression, ade2-101 

cells accumulate a pigmented intermediate in the adenine biosynthetic pathway, resulting in red 

cells and colonies.  The copy number ratio between the marker mini-chromosome and the ade2-

101 allele determines the degree of suppression, and thus the colony color.  Full suppression 

(1:1 ratio mini-chromosome:Chr III) results in white colonies, while partial suppression (1:2 ratio, 

mini-chromosome:Chr III) results in pink colonies, and in the absence of suppression (no mini-

chromosome) colonies are red (Fig. 1). Colonies are scored based on the first segregation 

event (half colony only), and smaller sectors that arise later during outgrowth are ignored. 

Examples of sectored colonies are shown below the cartoon. 

 

 

Figure 2.  SMC1A mutations analyzed in this study.  Shown is the sequence context of CdLS 

mutations in the human Smc1 protein.  The positions of residues mutated in the human protein 

are indicated with black arrows labeled with bold font numbers.  Small numbers indicate the 

sequence position in the human protein.  Mutations that include deletions are indicated with 

black bars above the amino acids deleted.  The mutation labeled 9 has both a single amino acid 

deletion and a substitution (SMC1A-DQ831E).  ClustalW alignments of the relevant sequences 

in the human protein with Smc1 proteins from diverse eukaryotic organisms are shown. The 
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strength of the alignment is indicated by the height of the colored bars at the top.  Residues that 

match exactly the human sequence are highlighted in yellow.  Full protein alignments are shown 

in Figure S1.   

 

Figure 3.  Chromosome mis-segregation in yeast strains carrying CdLS-associated 

mutations.  A.  Chromosome mis-segregation rates in SMC1 WT/mutant heterozygotes. Shown 

are the percent of colonies exhibiting mis-segregation of the marker chromosome in the first cell 

division after plating.  The total frequency of chromosome mis-segregation events (2:0 

segregation and 1:0 segregation) are reported.  Control strains are shown in black; solid black 

represents homozygous wild-type, while hatched black indicates heterozygous SMC1/smc1Δ.   

For a complete list of P values, see Table S2.  B. Chromosome mis-segregation rates in mutant 

homozygotes (smc1CdLS/ smc1CdLS).  Strains and controls are ordered as in A. For a complete 

list of P values, see Table S3. C. Chromosome mis-segregation rates in haploid mutant strains 

(smc1CdLS).  Haploid mutant strains were similarly scored for chromosome mis-segregation 

events, and a haploid strain with wild-type SMC1 was used as a control.  In all graphs, 

chromosome mis-segregation rates that were statistically different from the SMC1/SMC1 control 

are shown in red (Chi squared test with Yates correction, with Bonferroni’s correction for 

multiple comparisons).  The previously characterized dominant negative mutant is shown in 

grey.  * = strains that were not scorable due to extreme instability of the marker chromosome.  

 

Figure 4.  Precocious sister chromatid separation in yeast cells with CdLS mutations.  A.  

Illustration of system used to monitor sister chromatid separation.  Chromosome III harbors an 

integrated array of repeats of the E. coli lac operon operator sequence, which can be visualized 

as a green dot by expression of a protein fusion between green fluorescent protein and the lac 

repressor (GFP-lacI).  The spindle pole body is tagged by expression of a fusion of the spindle 

pole body protein Spc42 with dsRed  (Spc42-dsRed).  In haploid cells, properly cohered sister 
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chromatids appear as one green dot between two red dots in metaphase cells (top) while 

cohesion failure results in two green dots prior to anaphase (bottom).  B.  The level of sister 

chromatid separation in cells with different SMC1 alleles.  Haploid cells expressing the indicated 

alleles of SMC1 were synchronized and allowed to progress into M phase in the presence of 

vehicle (DMSO, left) or nocodazole and benomyl (NocBen) for 4 hours, and the % of cells with 

separated green dots was measured.  N>400 all samples.   Fisher’s exact, ****  = 2 tailed 

P<0.0001. 

 

Figure 5.  The effect of SMC1 alleles on sensitivity to ionizing radiation (IR).  A.  Survival 

curves for diploid cells.  Survival of diploid cells with the indicated genotypes following exposure 

to ionizing radiation was determined.  B.  Survival curves for haploid cells.  Haploid cells of the 

indicated genotypes were exposed to ionizing radiation and survival was determined in a plating 

assay as in A.  

 

Figure 6.  Cohesion-competent mutations map near each other in the folded SMC1 

protein. A.  The approximate positions of individual CdLS-associated mutations tested in this 

study are shown in the context of the intact cohesin complex.  Mutations with minimal effect on 

chromosome segregation in yeast-based assays are labeled in red; mutations that impact 

chromosome segregation are labeled in brown. B.  Human Smc1 protein represented in green 

(center) with the N and C termini at the bottom and the hinge region at the top. The calculated 

probability of forming coiled-coil folds along the length of human Smc1 (Paircoil2; 27) is plotted 

along the length of human Smc1.  The head and hinge domains of Smc1 are shown as green 

rods (bottom and top, respectively), while the coiled coils are shown as wavy green lines.  Red 

bars indicate CdLS-associated mutations that have minimal impact on chromosome segregation 

in yeast assays.  Brown bars indicate mutations that have defective chromosome segregation.  

Note that E493, and R711 align directly across from one another when coiled-coils are placed in 
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register.  Black ticks on vertical axes: 50 amino acid intervals.  Probability scores (blue plot) are 

indicated at bottom.  
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Table 1. Mutations in SMC1A assessed in this study.   

 

 

 

Table 1.  Mutations assessed in this study.  Shown are the amino acid substitutions or 

deletions analyzed, and the severity of phenotypes in human patients as scored by Deardorff 5. 

The gender of the affected individuals in which the mutations were identified, and the analogous 

mutation in the yeast protein analyzed in this study, are indicated.  The last mutation, 657H, is a 

dominant-negative allele of SMC1 previously characterized in budding yeast 28.   

  

Mutation # Human 
mutation 

Phenotype Gender of 
patient 

Yeast mutation 

1 V58-R62del mild F V59-R63del 

2 F133V mild M F147V 

3 R196H mild M L210H 

4 E493A moderate to severe M E508A 

5 R496H mild F K511H 

6 R496C mild M K511C 

7 R711W mild F D723W 

8 R790Q mild F K801Q 

9 DQ831E moderate to severe M TQ842E 

10 F1122L mild F F1123L 

11 (not patient 
derived) 

dominant negative  657H 
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- - - - - - - - - - - MRGGS S L DS F P GK GT L HT L E I E NF K S Y K GK HT I GP - F T RF T A I I GP NGS GK S NL MDA I S F V L GE K P S S L RV RK Y A D L I HGA P I N- - - - - - - - - - - - - K P V A K K C1 C. eleggans
- - - - - - - - - - - - - - - - - - - - - - - MGR L I GL E V K NF K S Y K GV HNV GF GGK NF I S I V GP NGS GK S NMMDA I S F V L GI RS S HL RS S A L V D L I Y RGRMEE GGS - - - - - - - A HE NNP K S A1 E. gossypii
- - - - - - - - - - - - - - - - - - - - - - - MGR L V GL E L S NF K S Y RGV T K V GF GE S NF T S I I GP NGS GK S NMMDA I S F V L GV RS NHL RS NI L K D L I Y RGV L NDE NS DDY DNE GA A S S NP QS A1 S. cerevisiae
- - - - - - - - - - - - - - - - - - - - - - - MGR L L RL E V E NF K S Y RGH QI I GP - F E DF T S I I GP NGA GK S NL MDA I S F V L GV K S S HL RS T NV K E L I Y RGK I L QR DN- - - - T DF T DS S NP T T A1 S. pombe
- - - - - - - - - - - - - - - - MPA I QS P S GK I L QL E MENF K S Y K GH QL V GP - F K DF T A I I GP NGS GK S NL MDA I S F V L GV RT GQL RGS QL K D L I Y A F DDRDK - - - - - - - - - - - E QRGRK A1 A. thaliana

+ Majority

F V S MVY S E DG- - - - GE E RT F A RV I V GGS - S E Y K I NN K V V QL S E Y S E E L E K L GI L I K A RNF L V F QGA V E S I A MKNP K E RT A L F E E I S R S GE L A QE Y DK X K K E MV K A E E DT QF N Y HR Majority

80 90 100 110 120 130 140 150 160 170 180

F V S MVY S E E G- - - - A E DRT F A RV I V GGS - S E Y K I NN K V V QL HE Y S E E L E K L GI L I K A RNF L V F QGA V E S I A MKNP K E RT A L F E E I S R S GE L A QE Y DK RK K E MV K A E E DT QF N Y HR79 H. sapiens
F V S MVY S E E G- - - - A E DRT F A RV I V GGS - S E Y K I NN K V V QL HE Y S E E L E K L GI L I K A RNF L V F QGA V E S I A MKNP K E RT A L F E E I S R S GE L A QE Y DK RK K E MV K A E E DT QF N Y HR79 B. taurus
F V S MVY S E E G- - - - A E DRT F A RV I V GGS - S E Y K I NN K V V QL HE Y S E E L E K L GI L I K A RNF L V F QGA V E S I A MKNP K E RT A L F E E I S R S GE L A QE Y DK RK K E MV K A E E DT QF N Y HR79 M. musculus
CV S MVY A QDC- - - - GT E RT F A RL I V GS S - S E Y K I NN RV V QL S E Y S E E L E K L GI L I K A RNF L V F QGA V E S I A MKNP K E RT A L F E E I S R S GE L A QE Y DK RK K E MV K A E E DT QF N Y HR79 G. gallus
F V S MVY S E DS - - - - GE E K V F S RV I V GGS - S E Y K I NN K V V QL S E Y S D E L E K L GI L I K A RNF L V F QGA V E S I A MKNP K E RT A L F E E I S R S GE L A QE Y DK RK K E MV K A E E DT QF N Y HR79 X. tropicalis
F V T MVY QQD G- - - - GQ E L S F S RI I I GS S - S E Y RI NN K V V GL S DY S E E L E K L GI L I K A RNF L V F QGA V E S I A MKNP K E RT A L F E E I S R S GE L A QE Y DR CK K E MV K A E E DT QF N Y HR79 D. rerio
Y V T A K F V L NE - - - - E R HMDF QRA V I GGS - S E Y RI NGE S V S S S T Y L N K L E K I GI NV K A K NF L V F QGA V E NI A MKT P K E RT A L F E E I S GS GL L K DDY NR L K QE MI V A E E E T QF T Y QK102 D. melanogaster
RV T MNY K Y S D- - - - GK V K A F T RGV NN GT - S E HL L DGQT V T S A A Y S QE MES I NI F I K A RNF L V Y QGA I E NI A MKT P K E RT QL F E E L S R S HE F QA E Y E R L K V E MT K A E D DT QHN MNK91 C. eleggans
Y V T A F Y V K QDA S GA E R RMEF T RV I HN T GDS T Y K L DGK T V GY K E Y V D V L E GE RI L V K A RNF L V F QGD V E QI A S QS GV D L T K L F E QV S GS V QY QRE Y E R L K DDY E K A S A E Y NE S L K A86 E. gossypii
Y V K A F Y QK - - - G- - NK L V E L MRI I S R NGDT S Y K I DGK T V S Y K DY S I F L E NE NI L I K A K NF L V F QGD V E QI A A QS P V E L S RMF E E V S GS I QY K K E Y E E L K E K I E K L S K S A T E S I K N93 S. cerevisiae
Y V K L MY E L DN- - - - GE QRE Y K RA I T P S GA T E Y K I DE E I V T F S E Y CGS L QK E NI L V R A RNF L V F QGD V E T I A S QS P L E L S K L V E QI S GS L E Y K S E Y DK S K DE QDK A V N L S A HS F NK88 S. pombe
F V RL V Y QMDD- - - - GV E L RF T RS I T S A GGS E Y RI DN RV V NL DE Y NGK L RS L GI L V K A RNF L V F QGD V E S I A S K NP K E L T GL L E E I S GS E E L K K E Y E GL E E K K A S A E E K A A L I Y QK88 A. thaliana
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K K NI A A E RK E A K QE K E E A E RY QRL K D E V V RA QV QL QL F K L Y HNE X E I E K L N K E L A S K NK E I E K DK K RMDK V E DE L K E K K K E L GK MMR E QQQI E K E I K E K DS E L NQK R - P QY I K A K Majority

190 200 210 220 230 240 250 260 270 280 290 300

K K NI A A E RK E A K QE K E E A DRY QRL K D E V V RA QV QL QL F K L Y HNE V E I E K L N K E L A S K NK E I E K DK K RMDK V E DE L K E K K K E L GK MMR E QQQI E K E I K E K DS E L NQK R - P QY I K A K189 H. sapiens
K K NI A A E RK E A K QE K E E A DRY QRL K D E V V RA QV QL QL F K L Y HNE V E I E K L N K E L A S K NK E I E K DK K RMDK V E DE L K E K K K E L GK MMR E QQQI E K E I K E K DS E L NQK R - P QY I K A K189 B. taurus
K K NI A A E RK E A K QE K E E A DRY QRL K D E V V RA QV QL QL F K L Y HNE V E I E K L N K E L A S K NK E I E K DK K RMDK V E DE L K E K K K E L GK MMR E QQQI E K E I K E K DS E L NQK R - P QY I K A K189 M. musculus
K K NI A A E RK E A K QE K E E A DRY QRL K D E V V RA QV QL QL F K L Y HNE A E I E K L N K E L GL K NRE I DK DK K RMDRV E DE L K D RK K E L GK MMR E QQQI E K E I K E K DS E L NQK R - P QY I K A K189 G. gallus
K K NI A A E RK E A K QE K E E A E RY QRL K D E V A RA QV QL QL F K L Y HNE S E I E K L N K DL S V K NK GI E K DK K HMDK V E E E L K D K K K DL GK MMR E QQA I E K E I K E K DA E L NQK R - P QY I K A K189 X. tropicalis
K K NI A A E RK E A K QE K E E A E RY QRL K D E V V RA HV QL QL F K L Y HNE S E I E K L N RE L A H RNK E I DK DRK RMDRV E E E L K D K K K E L GRMMR DQQMI E K E I K E K DA E L NQK R - P L Y I K A K189 D. rerio
K K GI A A E RK E A K HE K ME A DRY T RL QN E Y NE K QV E Y QL F RL F HV E RD I RK F T S DL E V RQQE V K A V E QRK E A A DE I L RE K K K DA GK I T R DL A K I DQE I R E F E T QMNK RR - P L Y I K A K212 D. melanogaster
RRGI A QE K RE A K MEK D E A E K Y QT MKN E L A A K S T ML F L HQL F HCE RT I DE S K E E I NA QK K T I A S L E A T RS K E E A K I A A V HQE H RK A L R E V QK MT RK L D QK E T D L A E K Q- QNML T L K201 C. eleggans
RRK MQI DL K S F K E GV QK E E QY I S L L A E RV K L QQQF ML WQL F HL QS K RS GL V A S L K D S K A K L S QL K R QL S NE E A I L GK S K S L V A K E E L L L A RR RE T L L QK QQD K A RL N - A QL L P V G201 E. gossypii
RRRI HGE L K T Y K E GI N K NE E Y RK QL D K K NE L QK F QA L WQL Y HL E QQ K E E L T DK L S A L NS E I S S L K GK I NNE MKS L QR S K S S F V K E S A V I S K QK S K L D Y I F K D K E K L V - S DL R L I K203 S. cerevisiae
K RGI NA E L RQY QE QK T E A E RY QS QK E K RDS A QL V Y L L WK L F HL E K S I S S NMA E V T R L K A DS I QL I E RRDE N T K E I E K L K E K E GS I RR NL L A F DRK V R K QE K L I A S K R - P E L I S I A199 S. pombe
K K T I GN E K K L K K A QK E E A E K H L RL QE E L K A L K RE RF L WQL Y NI E ND I E K A N E DV DS E K S NR K DV MR E L E K F E RE A GK RK V E QA K Y L K E I A QR E K K I A E K S S K L GK I QQP E L L RF K199 A. thaliana
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T E A K I K Q- K L R E I E E N QK RI E K L E E Y I T T S K QS L E E QK RL E GE L T E E V E X A K RRI D E I NK E L NQV ME QL GD A RI DRQE S S RQQRK A E I MES I K RL Y P GS V Y GRL I DL CQP T QK K Y Majority

420 430 440 450 460 470 480 490 500 510 520 530

T E A K I K Q- K L R E I E E N QK RI E K L E E Y I T T S K QS L E E QK K L E GE L T E E V E MA K RRI D E I NK E L NQV ME QL GD A RI DRQE S S RQQRK A E I MES I K RL Y P GS V Y GRL I DL CQP T QK K Y417 H. sapiens
T E A K I K Q- K L R E I E E N QK RI E K L E E Y I T T S K QS L E E QK K L E GE L T E E V E MA K RRI D E I NK E L NQV ME QL GD A RI DRQE S S RQQRK A E I MES I K RL Y P GS V Y GRL I DL CQP T QK K Y417 B. taurus
T E A K I K Q- K L R E I E E N QK RI E K L E E Y I T T S K QS L E E QK K L E GE L T E E V E MA K RRI D E I NK E L NQV ME QL GD A RI DRQE S S RQQRK A E I MES I K RL Y P GS V Y GRL I DL CQP T QK K Y417 M. musculus
T E A K I K Q- K L R E I E E N QK RI E K L E E Y I A T S K QS L E E QK RL E GE L T A E V E S A K RRI D E I NQE L NQV ME QL GD A RI DRQE S S RQQRK A E I MDS I K RL Y P GS V Y GRL I E L CQP T QK K Y417 G. gallus
T E A K I K Q- K L R E I E E N QK RI E K L E E Y I A T S K QS L E E QK NL E E T L T E E V E L A K RRI D E I NS E L NQV ME QL GD A RI DRQE S S RQQRK A E I MES I K RL Y P GS V Y GRL I DL CQP T QK K Y417 X. tropicalis
T E A K I K Q- K I R E I E E N QK RI E K L E DY I T T S R QS L DE QK RME E E L T E E V E QA K RRI D E I NME L NQV ME QL GD A RI DRQE NS RQQRK A E I L E S I K RL Y P GS V Y GRL I DL CQP T QK K Y417 D. rerio
V E E S F K K - L T L QRE E A V K RRD K L MDH I K S S QA A L E E QNRI K DE L RR DV GT S K E K I A E K QRE L E DV R DQL GD A K S DK H E DA RR K K K QE V V E L F K K QV P G- V Y D RMI NMCQP T H K RY440 D. melanogaster
HQE RV K A - K E GDV RRI E T QI A T L A QR I K E T E E E T K I L K A DL K K I E N DV V I D K S A A A E Y NK E L V A V V RQL S E A S GDS A E GE RN QRRT E A L E GL K K NF P E S V Y GRL V DL CQP S H K RF427 C. eleggans
S K T RA E HDL K V DI E RL E V E V S E RT GN L NDK N A I HS E K V RE WKQI QS E I E S A NNK E Y E L S Y K L RE V L A K L DD L S A NQR E T NK E RK L RE NV A T L RRL F P G- V RGL V HDL CRP K K E K Y427 E. gossypii
S K RRI T E E L S I T GE K L DT QL N DL RV S L NE K N A L HT E RL HE L K K L QS DI E S A NNQE Y DL NF K L RE T L V K I DD L S A NQR E T MKE RK L RE NI A ML K RF F P G- V K GL V HDL CHP K K E K Y431 S. cerevisiae
L E S K I K S - L HE S V S S L DT E RA DL L A K I NE K I E S L E L E K HDQQK K RL T Y S E L F HK T QE L NE E L QS CL QK I L E A S A DRN E S K QD A K K RE A L Y A L K RI Y P E - V K GRI I DL CT P T QK K Y425 S. pombe
L I NRK N D- L DE QI K RF K DRQG E I E T S S S K Y K NE T T S L K T E L RA L QE K HV NA RE A S A K L K T R I A E L E DQL S D L T A E RY E NE RD S RL T QA V E S L K RL F QG- V HGRMT DL CRP NR K K Y424 A. thaliana

5,6 
! 

4 
! 
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DA RRI A F GG- - - HQRH K T V A L DGT L F QK S GV I S GGA S - DL K A K A RR WDE K A V DK L K E K K E R L T E E L K E QMK A - K RK E A E L RQV QS QA HGL QMRL K Y S QS DL E QT K T R HL A L N L QE Majority

630 640 650 660 670 680 690 700 710 720 730

DA RRI A F GG- - - HQRH K T V A L DGT L F QK S GV I S GGA S - DL K A K A RR WDE K A V DK L K E K K E R L T E E L K E QMK A - K RK E A E L RQV QS QA HGL QMRL K Y S QS DL E QT K T R HL A L N L QE624 H. sapiens
DA RRI A F GG- - - HQRH K T V A L DGT L F QK S GV I S GGA S - DL K A K A RR WDE K A V DK L K E K K E R L T E E L K E QMK A - K RK E A E L RQV QS QA HGL QMRL K Y S QS DL E QT K T R HL A L N L QE624 B. taurus
DA RRI A F GG- - - HQRH K T V A L DGT L F QK S GV I S GGA S - DL K A K A RR WDE K A V DK L K E K K E R L T E E L K E QMK A - K RK E A E L RQV QS QA HGL QMRL K Y S QS DL E QT K T R HL A L N L QE624 M. musculus
DA RRI A F GG- - - HQRH K T V A L DGT L F QK S GV I S GGA S - DL K A K A RR WDE K A V DK L K E K K E R L T E E L K E QMK A - K RK E A E L RQV QS QA HGL QMRL K Y S QS DL E QT K T R HL A L N MQE624 G. gallus
DA RRI A F GG- - - HQRH K T V A L DGT L F QK S GV I S GGA S - DL K A K A RR WDE K A V DK L K E K K E R L T E E L K E QMK A - K RK E A E L RQV QS QA HGL QMRL K Y S QS DL E QT K T R HL A MN L QE624 X. tropicalis
DA RRI A F GG- - - P Y RH K T V A L DGT L F QK S GV I S GGA S - DL K A K A RR WDE K A V DK L K DRK E K L T DE L K E QMK A - K RK E A E L RQV QS QA HGL QMRL K Y S QS DL E QT K T R HL S L N MQE624 D. rerio
DA MKV A Y E I D- - RS RF DA L A L DGT F Y QK S GL I S GGS H- DL A RK A K R WDE K H MAQL K MQK E R L QE E L K E L V K K - S RK QS E L A T V E S QI K GL E N RL K Y S MVDL E S S K - K S I S QY DNQ649 D. melanogaster
DA K QL A Y GGGE L K DRF K A V S MDGT L F QQS GV MSGGS A - DL R QK S K K WDE K V V K QL R E K RNQL NE K I A DL QK H- RRRE L E V E S V RS K I NGNE QRL A MMK RDL K NMRE MQL E RL QNE637 C. eleggans
I A RNL K WNRN- - - V K S K L V T L E GA L I HRA GL MT GGI T - - K N - NT NR WDK E E Y QS L L L L K DK I S T E L S E L T T GI RT GS I K S RD Y E NE V S L L S T E I S S L RS QL N QL N- R S MKE A L T E633 E. gossypii
I A K DL K WK K G- - - I RGK L V T I E GA L I HK A GL MT GGI S - - GD - A NNR WDK E E Y QS L MS L K DK L L I QI DE L S N GQR S NS I RA RE V E NS V S L L NS DI A NL RT QV T QQK - R S L DE N RL E637 S. cerevisiae
V A RDL S Y NK R- - - L NA K T V T L E GT V I HK T GL I T GGS S - - NN RS A K H WDDHD F DL L T QT K DR L MHQI GE I E Y Q- K S S C V I T E S DT V K L HS L E S E I S L L K DK Y T V V S - R S V E DK K K E631 S. pombe
E A K V L S WS G- - - - E RF K V V T V DGI L L T K A GT MT GGT S GGME A K S NK WDDK K I E GL K K NK E D F E QQL E NI GS I - RE MQMKE S E I S GK I S GL E K K I QY A E I E K K S I K - D K L P QL E QE650 A. thaliana
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- - - - - - - - - - - - - - - - - - - - - - - MGF L K L I E I E N F K S Y K GR QI I GP - F X RF T A I I GP N GS GK S NL MDA I S F V L GE K T S NL RV K T L RDL I HGA P V G- - - - - - - - - - - - - K P A A NRA Majority

10 20 30 40 50 60 70

- - - - - - - - - - - - - - - - - - - - - - - MGF L K L I E I E N F K S Y K GR QI I GP - F QRF T A I I GP N GS GK S NL MDA I S F V L GE K T S NL RV K T L RDL I HGA P V G- - - - - - - - - - - - - K P A A NRA1 H. sapiens
- - - - - - - - - - - - - - - - - - - - - - - MGF L K L I E I E N F K S Y K GR QI I GP - F QRF T A I I GP N GS GK S NL MDA I S F V L GE K T S NL RV K T L RDL I HGA P V G- - - - - - - - - - - - - K P A A NRA1 B. taurus
- - - - - - - - - - - - - - - - - - - - - - - MGF L K L I E I E N F K S Y K GR QI I GP - F QRF T A I I GP N GS GK S NL MDA I S F V L GE K T S NL RV K T L RDL I HGA P V G- - - - - - - - - - - - - K P A A NRA1 M. musculus
- - - - - - - - - - - - - - - - - - - - - - - MGY L K L I E I E N F K S Y K GR QI I GP - F RRF T A I I V P N GS GK S NL MDA I S F V L GE K T S NL RV K A L RDL I HGA P V G- - - - - - - - - - - - - K P A S NRA1 G. gallus
- - - - - - - - - - - - - - - - - - - - - - - MGF L K L I E I E N F K S Y K GR QI I GP - F HRF T A I I GP N GS GK S NL MDA I S F V L GE K T S NL RV K T L RDL I HGA P V G- - - - - - - - - - - - - K P A A NRA1 X. tropicalis
- - - - - - - - - - - - - - - - - - - - - - - MGY L K L I E I E N F K S Y K GR QI I GP - F HK F T A I I GP N GS GK S NL MDA I S F V L A E K T S NL RV K T L K DL I HGA P V G- - - - - - - - - - - - - K P A A NRA1 D. rerio
MT E E DDD V A QR V A T A P V RK P D DE T A F L E Y I E MEN F K S Y RGH I V V GP - L K QF NA V I GP N GS GK S NF MDA I S F V MGE K T S S L RV K RL NDL I HGS S I G- - - - - - - - - - - - - K P V S RS C1 D. melanogaster
- - - - - - - - - - - MRGGS S L DS F P GK GT L H T L E I E N F K S Y K GK HT I GP - F T RF T A I I GP N GS GK S NL MDA I S F V L GE K P S S L RV RK Y A DL I HGA P I N - - - - - - - - - - - - - K P V A K K C1 C. elegans
- - - - - - - - - - - - - - - - - - - - - - - MGRL I GL E V K N F K S Y K GV HNV GF GGK NF I S I V GP N GS GK S NMMDA I S F V L GI RS S HL RS S A L V DL I Y RGRME E GGS - - - - - - - A HE NNP K S A1 E. gossypii
- - - - - - - - - - - - - - - - - - - - - - - MGRL V GL E L S N F K S Y RGV T K V GF GE S NF T S I I GP N GS GK S NMMDA I S F V L GV RS N HL RS NI L K DL I Y RGV L N DE NS DDY DNE GA A S S NP QS A1 S. cerevisiae
- - - - - - - - - - - - - - - - - - - - - - - MGRL L RL E V E N F K S Y RGH QI I GP - F E DF T S I I GP N GA GK S NL MDA I S F V L GV K S S HL RS T NV K E L I Y RGK I L QRDN - - - - T D F T DS S NP T T A1 S. pombe
- - - - - - - - - - - - - - - - MP A I QS P S GK I L QL E MEN F K S Y K GH QL V GP - F K DF T A I I GP N GS GK S NL MDA I S F V L GV RT GQL RGS QL K DL I Y A F DDR DK - - - - - - - - - - - E QRGRK A1 A. thaliana
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K S K L E S E L A - N F GP RI NDI K R I I QS R E RE MK DL K E K MNQV E DE V F E E F CRE I GV RN I RE X E E E K V K RQNE I A K K RL E F E NQK T RL GI QL DF E K NQL K E DQDK V X MWE QT V K K DE N Majority

740 750 760 770 780 790 800 810 820 830 840

K S K L E S E L A - N F GP RI NDI K R I I QS R E RE MK DL K E K MNQV E DE V F E E F CRE I GV RN I RE F E E E K V K RQNE I A K K RL E F E NQK T RL GI QL DF E K NQL K E DQDK V HMWE QT V K K DE N734 H. sapiens
K S K L E S E L A - N F GP RI NDI K R I I QS R E RE MK DL K E K MNQV E DE V F E E F CRE I GV RN I RE F E E E K V K RQNE I A K K RL E F E NQK T RL GI QL DF E K NQL K E DQDK V HMWE QT V K K DE N734 B. taurus
K S K L E S E L A - N F GP RI NDI K R I I QS R E RE MK DL K E K MNQV E DE V F E E F CRE I GV RN I RE F E E E K V K RQNE I A K K RL E F E NQK T RL GI QL DF E K NQL K E DQDK V HMWE QT V K K DE N734 M. musculus
K S K L E S E L A - N F GP RI NDI K R I I QS R E RE MK DL K E K MNQV E DE V F E E F CRE I GV RN I RE F E E E K V K RQNE I A K K RL E F E NQK T RL GI QL DY E K NQL K E DQDK V HMWE QT V K K DE A734 G. gallus
K S K L E S E L A - N F S P RI NDI K R I I QS R E RE MK DL K E K MNQV E DE V F E E F CRE I GV RN I RE F E E E K V K RQNE I A K K RL E F E NQK T RL GI QL DY E K NQL K E DQGK V QT WE QS V K K DDN734 X. tropicalis
K S K L E S E L A - N F GP RI NDI K R I I QS R E RDMK DL K DR MNV V E DE V F V E F CK E I GV RN I RE F E E E K V K RQNE I A K K RL E F E T QK T RL A I QL DY E K NQL K E DQE K V V MWE QT V K K DE N734 D. rerio
L QQV QS QL D- E F GP K I L E I E R RMQNR E E HI QE I K E N MNNV E DK V Y A S F CRR L GV K N I RQY E E RE L V MQQE R A RK RA E F E QQI DS I NS QL DF E K Q- - K DT K K N V E RWE RS V QD E E D759 D. melanogaster
L E GMT A E MN- ML P P RI S NCQE K L E RS E S T L K S L QT K S NE V A DRI F A DF CT R V GI A S I RDY E NRE MR I K QE ME DK L RS F DDDI QK L A Y E I DF V T E - - QDGNRK V E V E K E K V S QI DR750 C. eleggans
L NY HDD L I E K E Y S P K V DS L HK MVE E V DGQMA DI A K D K A NL QA S V Y K DF S K K I GF - D I GE Y E QHT GG RL RK H S RE L QQ L QK E V MNI E N K L E F E T E RL E S T I K R QQK A R E DL K K V QG741 E. gossypii
I K Y HND L I E K E I QP K I T E L K K K L DDL E NT K D NL V K E K E A L QNNI F K E F T S K I GF - T I K E Y E NHS GE L MRQQ S K E L QQ L QK QI L T V E N K L QF E T DRL S T T QRR Y E K A QK DL E N A QV745 S. cerevisiae
I GHY E S L I K - E K QP HL S E L E ME L RNF V K S RD E L QI QV E K V E E K I F S GF CK R I GI S D I HT Y D E I HRT F T QS F T QK QL E F T K QK S L L E N RI S F E K QRV S DT RL R L E RMH K F I E K DQE739 S. pombe
E RNI I E E I D- R I K P E L S K A RT E V DK R K T E MN K L E K R MNE I V DRI Y K DF S QS V GV P N I RV Y E E T QL K T A E K E A E E RL E L S NQL A K L K Y QL E Y E QN- - R DV GS R I RK I E S S I S S L E T759 A. thaliana

8 
! 

9 
! 

+ Majority

RF NA CF E S V A T NI DE I Y K A L S RN- - - - - - - S S A QA F L GP E N P E E P Y L DGI N Y NCV A P GK RF RP MDN L S GGE K T V A A L A L L F A I HS Y K P A P F F V L DE I DA A L D NT NI GK V A NY I K E Majority

1070 1080 1090 1100 1110 1120 1130 1140 1150 1160 1170

RF NA CF E S V A T NI DE I Y K A L S RN- - - - - - - S S A QA F L GP E N P E E P Y L DGI N Y NCV A P GK RF RP MDN L S GGE K T V A A L A L L F A I HS Y K P A P F F V L DE I DA A L D NT NI GK V A NY I K E1069 H. sapiens
RF NA CF E S V A T NI DE I Y K A L S RN- - - - - - - S S A QA F L GP E N P E E P Y L DGI N Y NCV A P GK RF RP MDN L S GGE K T V A A L A L L F A I HS Y K P A P F F V L DE I DA A L D NT NI GK V A NY I K E1069 B. taurus
RF NA CF E S V A T NI DE I Y K A L S RN- - - - - - - S S A QA F L GP E N P E E P Y L DGI N Y NCV A P GK RF RP MDN L S GGE K T V A A L A L L F A I HS Y K P A P F F V L DE I DA A L D NT NI GK V A NY I K E1069 M. musculus
RF NA CF E S V A T NI DE I Y K A L S RN- - - - - - - S S A QA F L GP E N P E E P Y L DGI N Y NCV A P GK RF RP MDN L S GGE K T V A A L A L L F A I HS Y K P A P F F V L DE I DA A L D NT NI GK V A NY I K E1070 G. gallus
RF NA CF E S V A T NI DE I Y K A L S RN- - - - - - - S S A QA F L GP E N P E E P Y L DGI N Y NCV A P GK RF RP MDN L S GGE K T V A A L A L L F A I HS Y K P S P F F V L DE I DA A L D NT NI GK V A NY I K E1069 X. tropicalis
RF HA CF E S V A T NI DE I Y K A L S RN- - - - - - - S S A QA F L GP E N P E E P Y L DGI N Y NCV A P GK RF RP MDN L S GGE K T V A A L A L L F A I HS Y K P A P F F V L DE I DA A L D NT NI GK V A NY I K D1070 D. rerio
RF V A CC QHI S D A I DGI Y K K L A RN- - - - - - - E A A QA Y I GP DN P E E P Y L DGI N Y NCV A P GK RF QP MNN L S GGE K T I A A L A L L F S T HS F H P A P F F V L DE I DA A L D NT NI GK V A S Y I RD1082 D. melanogaster
RF QDF F DP V A N T I DDI Y K QL S RN- - - - - - - T S A QA F L GA DN MEE P Y L DGI QY NCV A P GK RF RP MDN L S GGE K T I A A L A L L F A V HGRN P A P F F V L DE I DA A L D NT NI GK V A S Y I CE1089 C. eleggans
T F L A CF NHV RD NI DRI Y RE L T RNP GS T A E L A GGS A S L T L E D E DE P Y L GGI R Y HA T P P MKRF K DMDY L S GGE K T MAA L A L L F A I NS Y QP S P F F I L DE V DA A L D V T NV E RI A A Y I RR1058 E. gossypii
L F E K T F DY V S D HL DA I Y RE L T K NP NS NV E L A GGN A S L T I E D E DE P F NA GI K Y HA T P P L K RF K DMEY L S GGE K T V A A L A L L F A I NS Y QP S P F F V L DE V DA A L D I T NV QRI A A Y I RR1063 S. cerevisiae
K F QA A F S HI S E QI DP I Y K E L T K S P - - - A F P L GGT A Y L T L DD L DE P Y L GGI K F HA MP P MKRF RDMDQL S GGE K T MAA L A L L F A I HS Y QP S P F F V L DE I DA A L D QT NV T K I A NY I RQ1069 S. pombe
L F MEA F NHI A S NI DK I Y K QL T K S N- - - T HP L GGT A Y L NL E N E DDP F L HGI K Y T T MP P T K RF RDMEQL S GGE K T V A A L A L L F S I HS Y R P S P F F I L DE V DA A L D NL NV A K V A K F I RS1067 A. thaliana

10 
! 

+ Majority

- - - - - - - - - - - - - - - - - - - - - - - MGF L K L I E I E N F K S Y K GR QI I GP - F X RF T A I I GP N GS GK S NL MDA I S F V L GE K T S NL RV K T L RDL I HGA P V G- - - - - - - - - - - - - K P A A NRA Majority

10 20 30 40 50 60 70

- - - - - - - - - - - - - - - - - - - - - - - MGF L K L I E I E N F K S Y K GR QI I GP - F QRF T A I I GP N GS GK S NL MDA I S F V L GE K T S NL RV K T L RDL I HGA P V G- - - - - - - - - - - - - K P A A NRA1 H. sapiens
- - - - - - - - - - - - - - - - - - - - - - - MGF L K L I E I E N F K S Y K GR QI I GP - F QRF T A I I GP N GS GK S NL MDA I S F V L GE K T S NL RV K T L RDL I HGA P V G- - - - - - - - - - - - - K P A A NRA1 B. taurus
- - - - - - - - - - - - - - - - - - - - - - - MGF L K L I E I E N F K S Y K GR QI I GP - F QRF T A I I GP N GS GK S NL MDA I S F V L GE K T S NL RV K T L RDL I HGA P V G- - - - - - - - - - - - - K P A A NRA1 M. musculus
- - - - - - - - - - - - - - - - - - - - - - - MGY L K L I E I E N F K S Y K GR QI I GP - F RRF T A I I V P N GS GK S NL MDA I S F V L GE K T S NL RV K A L RDL I HGA P V G- - - - - - - - - - - - - K P A S NRA1 G. gallus
- - - - - - - - - - - - - - - - - - - - - - - MGF L K L I E I E N F K S Y K GR QI I GP - F HRF T A I I GP N GS GK S NL MDA I S F V L GE K T S NL RV K T L RDL I HGA P V G- - - - - - - - - - - - - K P A A NRA1 X. tropicalis
- - - - - - - - - - - - - - - - - - - - - - - MGY L K L I E I E N F K S Y K GR QI I GP - F HK F T A I I GP N GS GK S NL MDA I S F V L A E K T S NL RV K T L K DL I HGA P V G- - - - - - - - - - - - - K P A A NRA1 D. rerio
MT E E DDD V A QR V A T A P V RK P D DE T A F L E Y I E MEN F K S Y RGH I V V GP - L K QF NA V I GP N GS GK S NF MDA I S F V MGE K T S S L RV K RL NDL I HGS S I G- - - - - - - - - - - - - K P V S RS C1 D. melanogaster
- - - - - - - - - - - MRGGS S L DS F P GK GT L H T L E I E N F K S Y K GK HT I GP - F T RF T A I I GP N GS GK S NL MDA I S F V L GE K P S S L RV RK Y A DL I HGA P I N - - - - - - - - - - - - - K P V A K K C1 C. elegans
- - - - - - - - - - - - - - - - - - - - - - - MGRL I GL E V K N F K S Y K GV HNV GF GGK NF I S I V GP N GS GK S NMMDA I S F V L GI RS S HL RS S A L V DL I Y RGRME E GGS - - - - - - - A HE NNP K S A1 E. gossypii
- - - - - - - - - - - - - - - - - - - - - - - MGRL V GL E L S N F K S Y RGV T K V GF GE S NF T S I I GP N GS GK S NMMDA I S F V L GV RS N HL RS NI L K DL I Y RGV L N DE NS DDY DNE GA A S S NP QS A1 S. cerevisiae
- - - - - - - - - - - - - - - - - - - - - - - MGRL L RL E V E N F K S Y RGH QI I GP - F E DF T S I I GP N GA GK S NL MDA I S F V L GV K S S HL RS T NV K E L I Y RGK I L QRDN - - - - T D F T DS S NP T T A1 S. pombe
- - - - - - - - - - - - - - - - MP A I QS P S GK I L QL E MEN F K S Y K GH QL V GP - F K DF T A I I GP N GS GK S NL MDA I S F V L GV RT GQL RGS QL K DL I Y A F DDR DK - - - - - - - - - - - E QRGRK A1 A. thaliana

Chen et al Fig 2 

.CC-BY-NC 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted February 10, 2018. ; https://doi.org/10.1101/263418doi: bioRxiv preprint 

https://doi.org/10.1101/263418
http://creativecommons.org/licenses/by-nc/4.0/


WT/W
T
WT/-

TQ84
2-3

E

Δ5
9-6

3

L21
0H

F11
23

L

K80
1Q
F14

7V

K51
1C
E50

8A
K51

1H

D72
3W65

7H
0.0

0.5

1.0
1

2

3

%
 m

is
-s

eg
re

ga
tio

n

** ** * *

WT/W
T

WT/-

TQ84
2-3

E

Δ5
9-6

3

L21
0H

F11
23

L

K51
1C
K51

1H

K80
1Q
F14

7V

E50
8A

D72
3W

0.0

0.5

1.0
1

2

3

%
 m

is
-s

eg
re

ga
tio

n

****

X X X X X

heterozygous 
(SMC1/smc1CdLS) 

homozygous mutant 
(smc1CdLS/smc1CdLS) 

A B 

Chen et al Fig 3 

.CC-BY-NC 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted February 10, 2018. ; https://doi.org/10.1101/263418doi: bioRxiv preprint 

https://doi.org/10.1101/263418
http://creativecommons.org/licenses/by-nc/4.0/


A 

cohered 

separated 

0

50

100

%
 s

ep
ar

at
ed

 c
hr

om
at

id
s

Noc/Ben 

**** 

**** 

DMSO 

B 

Chen et al Fig 4 

.CC-BY-NC 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted February 10, 2018. ; https://doi.org/10.1101/263418doi: bioRxiv preprint 

https://doi.org/10.1101/263418
http://creativecommons.org/licenses/by-nc/4.0/


Chen et al Fig 5 

A B 
%

 s
ur

vi
va

l 

Dose (Gy) Dose (Gy) 

0
20

0
40

0
60

0

10

100

dose (Gy)

%
 s

ur
vi

va
l

WT/WT

WT/-

0
20

0
40

0
60

0

10

100

dose (Gy)

WT

SMC1-L210H
SMC1-TQ842E

SMC1-F1123L

.CC-BY-NC 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted February 10, 2018. ; https://doi.org/10.1101/263418doi: bioRxiv preprint 

https://doi.org/10.1101/263418
http://creativecommons.org/licenses/by-nc/4.0/


A B 

Chen et al Fig 6 

1.0 0.5 0.5 1.0 

E493,R496 R711 

N 

C

ΔV58-R62 

E493A 
R711W 

R790Q 

F1122L 

R496H 
R496C 

DQ831E 

F133V 

R196H 

SMC3 

SA 
Rad21 

SMC1 

N C 
probability of coiled-coil 

.CC-BY-NC 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted February 10, 2018. ; https://doi.org/10.1101/263418doi: bioRxiv preprint 

https://doi.org/10.1101/263418
http://creativecommons.org/licenses/by-nc/4.0/



