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Cohesin is a fundamental protein complex that holds sister chroma-
tids together. Separase protease cleaves a cohesin subunit Rad21/
SCC1, causing the release of cohesin from DNA to allow chromosome
segregation. To understand the functional organization of cohesin,
we employed next-generation whole-genome sequencing and iden-
tified numerous extragenic suppressors that overcome either in-
active separase/Cut1 or defective cohesin in the fission yeast
Schizosaccharomyces pombe. Unexpectedly, Cut1 is dispensable if
suppressor mutations cause disorders of interfaces among essential
cohesin subunits Psm1/SMC1, Psm3/SMC3, Rad21/SCC1, and Mis4/
SCC2, the crystal structures of which suggest physical and functional
impairment at the interfaces of Psm1/3 hinge, Psm1 head–Rad21, or
Psm3 coiled coil–Rad21. Molecular-dynamics analysis indicates that
the intermolecular β-sheets in the cohesin hinge of cut1 suppres-
sor mutants remain intact, but a large mobility change occurs at
the coiled coil bound to the hinge. In contrast, suppressors of
rad21-K1 occur in either the head ATPase domains or the
Psm3 coiled coil that interacts with Rad21. Suppressors of mis4-
G1326E reside in the head of Psm3/1 or the intragenic domain of
Mis4. These may restore the binding of cohesin to DNA. Evidence
is provided that the head and hinge of SMC subunits are proxi-
mal, and that they coordinate to form arched coils that can hold
or release DNA by altering the angles made by the arched coiled
coils. By combining molecular modeling with suppressor se-
quence analysis, we propose a cohesin structure designated the
“hold-and-release” model, which may be considered as an alter-
native to the prevailing “ring” model.

separase | securin | cohesin | cohesin loader Mis4 | suppressor screen

New mutant alleles that affect important cellular processes
may be identified using suppressor screening followed by

identification of mutations. Extragenic suppressor analysis is a
powerful tool to identify mutations that compensate for pheno-
types of prior mutations. Identification of suppressor muta-
tions has been a technical obstacle, but next-generation
sequencing, especially when using a genomic DNA mixture
as a template (1), has greatly facilitated identification of
alterations caused by single-nucleotide changes throughout
the genome (1–3).
Cohesin forms a protein ring that topologically entraps DNA.

It contains a heterodimer of Psm1/SMC1 and Psm3/SMC3, each
of which comprises two head segments at the N and C termini,
a hinge segment in the middle, and two 50-nm coiled coils
linking the head and hinge segments (4, 5) (Fig. 1A). The
cohesin head has ATPase activity (6). The hinge segments to-
gether form a doughnut-shaped structure with two (north and
south) interfaces (7) (Fig. 1B). Rad21 associates with the
Psm1 head and the Psm3 coiled coil adjacent to the head (8–
10). Separase Cut1 is activated when securin Cut2 is ubiquiti-
nated by the anaphase-promoting complex/cyclosome (APC/C)
complex and degraded by the 26S proteasome (11, 12), and
then Cut1 (illustrated as a pair of scissors) cleaves residues
179R and 231R of Rad21 (which bridges the head domains of

Psm1 and Psm3) during the transition from mitotic metaphase
to anaphase (13–15). The precise location of Mis4 in the
cohesin complex is unknown, but cross-linking experiment
suggested that its homolog Scc2 in Saccharomyces cerevisiae
binds at or near the ATPase domains of the SMC dimer (16).
Here, we employed the comprehensive approach described in

ref. 1 to isolate and analyze spontaneous extragenic suppressors
for three classes of fission yeast temperature-sensitive (ts) or
cold-sensitive (cs) mutants of the following: (i) caspase-like
separase/separin Cut1 and its binding partner securin Cut2
(which acts as a chaperone and an inhibitor of Cut1) (11, 12, 17–
21); (ii) Rad21, the target substrate of Cut1 (13–15); (iii) cohesin
loader Mis4/Scc2/NIPBL, which is required for cohesin loading
onto chromosomes in S phase (22, 23) [and its human homolog
NIPBL is the causal gene of Cornelia de Lange syndrome (24,
25)]. When we employed molecular atomic modeling and dy-
namics analysis to analyze the suppressors identified, we were
able to reveal a cohesin structural model designated the “hold-
and-release” model, which may be presented as an alternative
form of the prevailing “ring” model, explaining cohesin’s struc-
ture and genetic disorders, and suggesting the mechanism by
which cohesin binds to and dissociates from DNA.

Significance

The heterodimeric cohesin SMC complex embraces duplex DNA and
is associated with Rad21, which is cleaved in mitotic anaphase by a
protease called separase/Cut1. Upon Rad21 cleavage, chromosomal
DNAs are released from cohesin and segregated. We identified
extragenic suppressors for separase and cohesin temperature-
sensitive (ts) mutants using whole-genome sequencing and made
the surprising discovery that cleavage of Rad21 is largely dispens-
able if suppressor causes physical disorders of cohesin interfaces
among essential subunits. The predicted disorders provide insights
into a DNA “hold-and-release” model in which hinge and head of
SMC subunits are proximal to form arched coiled coils that close or
open by their orientation. The model is distinct from the “ring”
model and may promote further study.
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Results
Cut1 Suppressors Reside in Four Cohesin Subunits. To identify sup-
pressors that overcome inactive separase or securin, we reinte-
grated the ts mutation sites of cut1 and cut2 (refs. 13, 19, and 26;
SI Appendix, Fig. S1A) into the “clean” wild-type genome, and

obtained mutant phenotypes identical to those produced by the
original cut1 and cut2 ts mutants (SI Appendix, Fig. S1 B and C).
Various spontaneous revertants (frequencies, ∼10−6) produced
at the semirestrictive or restrictive temperatures were then iso-
lated and were subjected to determine suppressor mutation sites

Fig. 1. Destabilizing substitutions in cohesin subunits suppress cut1 and cut2. (A) Summary of 15 spontaneous suppressors in cohesin (underlined; SI Ap-
pendix, Table S1A), and other suppressors obtained by site-directed mutagenesis targeted to cohesin hinge (ts mutants, red; cs mutants, blue). Cut1 is
represented as a pair of scissors. (B) Locations of the suppressors identified in the cohesin hinge. (C) Details of the hinge interfaces. Viewing directions are
specified in B. (D) Structure at 100 ns in a MD simulation (Movie S1) of the hinge for Psm3-A561E suppressor, shows a change in orientation of the Psm3 coiled
coil and preservation of the intermolecular β-sheet at the south interface. R633 (Psm1) and D558, E559 and E561 (Psm3) in hinge containing Psm3-A561E are
shown with sticks. Blue arrows indicate structural changes arising from the A561E mutation. (Inset) A view of the south interface around A561 of Psm3,
showing a steric clash between A561E (ball-and-stick) of Psm3 and I659 of Psm1. A black dotted line represents the boundary between Psm1 and Psm3, and
magenta dashed lines represent hydrogen bonds. Yellow and green are used for wild type, and gray for the Psm3-A561E suppressor. β-Strands (1–8) and
α-helices (A–H) are marked.
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using an efficient next-generation whole-genome sequencing
method, which employs genomic DNA mixtures (1). In total, we
identified 15 extragenic suppressors in four cohesin-subunit
genes: psm3, psm1, rad21, and mis4 (Fig. 1A and SI Appendix,
Table S1A). Five of these mutations were identified in the hinge,
two in the head, five in Rad21, and three in Mis4. No suppressor
was located in other cohesin proteins, such as Wpl1 (WAPL),
Pds5 (PDS5), or Psc3 (STAG1, 2, 3). This raised the question of
how hinge mutations distant from Rad21-cleavage sites can
compensate for inactive separase/Cut1.

Disruption of Cohesin Subunit Interfaces Alleviates the Cut1
Requirement. Five spontaneous suppressors consisting of three
psm1 and two psm3 mutations are located in the hinge south
domain (Fig. 1A). Two psm3 mutations (S127P and G164D) are
located in the head–coiled-coil junction region. They are close to
the N terminus of Rad21, which contains another two suppres-
sors (H42P and A53V). These mutations may perturb the in-
teraction between the Psm3 coiled coil adjacent to head and the
Rad21 N terminus, due to introduction of a helix-breaking pro-
line or amino acids with larger side chains (G → D or A → V).
Two other suppressors (V594F and V605F), located in the
Rad21 C terminus, have similar substitution properties and
should interfere with the proper interaction between the Rad21
C terminus and the Psm1 ATPase head. The precise location of
the remaining T465P could not be determined, but its mutation
(T → P) suggests the perturbation of helical structure. Thus, all
these 12 suppressors weaken interfaces among cohesin subunits.
Three remaining suppressors in Mis4 will be described below in
light of the recently determined 3D structure of Scc2 (16, 27).

Hinge-Locating cut1 Suppressors Destabilize the Hinge Heterodimer
Interface. To examine the precise locations and natures of the
five suppressor mutations in the hinge (psm3-A561E, -P580H,
psm1-C626Y, -V646F, and -G661D), we constructed an atomic
model for the cohesin hinge of Schizosaccharomyces pombe (Fig.
1B), adapted from the crystal structure determined for the
mouse cohesin hinge (28). Psm1 (yellow) and Psm3 (green) are
related by a pseudotwofold symmetry in the hinge, and its di-
meric structure is stabilized by an intermolecular β-sheet and by
salt bridges or hydrogen bonds between helices E and I at both
the north and south interfaces (Fig. 1 B and C and SI Appendix,
Fig. S2A). In addition, these helices stabilize the intermolecular
β-sheet by hydrophobic interactions. Interestingly, all of the five
separase/securin suppressor mutations are clustered at or near
the south interface in the hinge and involve substitutions with
bulkier residues. These would weaken the interface directly
(A561E, P580H, and G661D) or indirectly (V646F and C626Y).
Hence, impairment of the hinge interface seems to be key
for suppression.
Three of the five suppressor sites are directly related to the

hinge dimeric interaction. P580 of Psm3, facing helix E, is lo-
cated on β3 (Fig. 1C), which forms an intermolecular β-sheet
with β8 of Psm1 and makes van der Waals contacts with I659 on
β8 (Fig. 1D). G661 of Psm1 is located at the side of β8, facing
helix E of Psm3, and it contacts Y569 on helix E. A561 of Psm3 is
located at the side of helix E, facing β3, and it contacts I659 on
β8. Thus, replacements of these residues with bulkier ones (His,
Asp, and Glu, respectively) would cause steric conflict at the
south interface. The other two suppressor sites, C626 and V646
of Psm1, are located on β5 and β6, respectively, and are in-
tegrated into the intermolecular β-sheet. Their Tyr or Phe sub-
stitutions would also impair the south interface (Fig. 1 B and C).
Such interference appears to significantly destabilize the hinge
dimer interface, possibly resulting in hinge disorder.
To investigate structural changes in the hinge caused by the

suppressing mutations, the mutations were introduced into the
atomic model derived from the crystal structure of the mouse
cohesin hinge [Protein Data Bank (PDB) ID code 2WD5] and
all-atom molecular-dynamics (MD) simulations were performed
for 100 ns. Interestingly, the intermolecular β-sheets at the south

and north interfaces were preserved in all simulations, showing
that full opening of the interfaces could not readily occur.
However, some of the suppressors showed changes in orientation
of the coiled coils caused by a small opening of the interface
between helices E and I (Fig. 1D). In addition, normal mode
analysis of the atomic models after MD simulations exhibited
collision between helix E and helix A (which connected to the
coiled coil), and then the collision produces large movements of
helix A′, resulting in changes in orientation of the coiled coil
(Movie S1). These observations suggest that increased move-
ment of the coiled coils may play an important role in com-
pensating for the cut1 and cut2 mutations.

Other Hinge-Locating Suppressors All Destabilize the Interface. If
such movement of the coiled coils suppresses the cut1 and cut2
mutations, destabilization of the north interface could conceiv-
ably also compensate for them, as its architecture is very similar
to that of the south interface. Both hinge interfaces may be in-
volved in stable association of cohesin with chromosomes (29).
To examine this idea, we performed site-directed mutagenesis
targeted to cohesin hinge regions. By introducing leucine (L) or
serine (S) → proline (P), or glycine (G) or alanine (A) → glu-
tamic acid (E), we isolated 11 ts or cs mutants with single-amino
acid substitutions in the cohesin hinge and 1 ts mutant with a
Psm3 L479P mutation at the hinge–coiled coil junction from
59 such single-amino acid substitutions selected (6 ts and 6 cs;
Materials and Methods, Fig. 1 A and B, and SI Appendix, Fig.
S3A). Double-mutant analysis indicated that all of these 12 mu-
tants were able to rescue cut1-A1816T (SI Appendix, Fig. S3 B
and C). Interestingly, all of the six ts mutants contain L → P
helix-breaking substitutions. Five of the six cs mutants contained
substitutions from small (G or A) to larger (E) substitutions. The
other cs mutant S626P contained a S → P substitution so that
physical constraints inevitably occurred in all of these cs mutants.
Seven mutations were identified at or near the north interface
and four at or near the south interface (Fig. 1 B and C). Taken
together, in total, 16 hinge mutants with mutations in either
the south or north part of the hinge were all able to suppress
separase/cut1 mutants. Furthermore, all-atom MD simulations
showed large movements of the coiled coils, while keeping the
intermolecular β-sheet intact. Thus, disorder of the north or
south interface is an effective way to suppress the cut1 and cut2
protease complex mutations by increasing the movement of the
coiled coils.

The Mode of Suppression by psm3-A561E. To investigate how sup-
pression occurred, the single-suppressor segregant of the hinge
cs mutant psm3-A561E was studied. cs psm3-A561E rescued the
temperature sensitivity of cut1-L739S, -A1816T, cut2-R267Stop,
and cut2-EA2 (SI Appendix, Fig. S4 A and B). Functionality of
the A561 may require small neutral side chains, such as amino
acids A, S, or G, which are found in other organisms (SI Ap-
pendix, Fig. S4C). The premature mitotic chromosome segrega-
tion phenotype of cs psm3-A561E at 20 °C (SI Appendix, Fig.
S4D) resembles that of cohesin ts rad21-K1 at 36 °C (30). psm3-
A561E is hypersensitive to DNA-damaging agents (SI Appendix,
Fig. S4E) as in other cohesin mutants (31). Thus, the hinge
destabilizing mutant, psm3-A561E, producing the authentic
cohesin mutant phenotype, was able to overcome inactive sep-
arase or securin.

Dispensable Rad21 Cleavage in Hinge-Disordered Mutants. The
above results strongly suggested that Cut1 protease is dispens-
able when the cohesin complex is disordered, consistent with the
fact that Cut1 disrupts the cohesin complex by cleaving Rad21 in
mitotic anaphase (13–15). We further examined this issue us-
ing uncleavable Rad21. We used two rad21 mutants, rad21-13A
and rad21-RERE, which were essentially uncleavable by
Cut1 protease (31, 32). The Rad21-13A strain has alanine sub-
stitutions at 13 presumed polo kinase consensus sites. rad21-13A
cut1-L739S double mutant could not be obtained; therefore, this
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unphosphorylatable (and uncleavable) rad21-13A was synthetic
lethal in combination with separase-inactive cut1-L739S (Fig.
2A). In contrast, the phosphomimetic glutamate mutant rad21-
13E (hypercleavable) was able to form colonies when combined
with cut1-L739S. Interestingly, the hinge mutant psm3-A561E,
described above, rescued the separase-inactive, Rad21-
uncleavable lethality of cut1-L739S rad21-13A, indicating that
Rad21 cleavage is unnecessary in the triple mutant with the
separase inactivated and the cohesin hinge destabilized. In
contrast, the hypercleavable, hinge-disrupted, and separase-
defective triple mutant, cut1-L739S rad21-13E psm3-A561E,
was lethal, perhaps because cohesin was too unstable due to
hypercleavable rad21 and destabilized psm3. Conversely, the
hypercleavable, separase-defective, double mutant, rad21-13E
cut1-L739S, results in normal chromosome segregation at
26 °C. In addition, hinge-disrupted and Rad21 hypercleavable
psm3-A561E rad21-13E is lethal, perhaps due to the nature of
hyper-disordered and hypercleavable cohesin, while the hinge-
disrupted and uncleavable-Rad21 double mutant, psm3-A561E
rad21-13A, grew normally.
Rad21-RERE is mutated in the two separase recognition sites

(R179E and R231E) and is very toxic, even if mildly over-
produced by plasmid pREP81 (32). This strong toxicity was
completely abolished in the genetic background of hinge-
destabilized mutant psm3-A561E (Fig. 2B). Taken together,
these and the above results strongly suggest that the requirement
of Rad21 cleavage can be alleviated by psm3-A561E, which in-
duced a sterically disordered hinge interface, thus producing
destabilized cohesin. Therefore, the strong toxicity of uncleav-
able Rad21 requires an intact cohesin hinge. For successful
chromosome segregation, the cohesin hinge and head, which are
well separated by the intervening coiled coils, may have to in-
teract with each other.

Suppressors Disrupt the Interfaces Between Rad21 and Psm1/3. We
generated an atomic model of the Rad21-N, Rad21-C, head, and
a part of the coiled-coil regions from Psm1 and Psm3, adapted

according to the reported crystal structures of those from S.
cerevisiae (8, 9) (PDB ID codes 4UX3 and 1W1W) and P. fur-
iosus (33) (PDB ID code 4I99) (Fig. 3A). Rad21 (C) is bound to
the head of Psm1, while Rad21 (N) contacts the coiled coil of
Psm3 adjacent to the head (8–10). Recently, the crystal struc-
ture of DNA repair protein, Rad50, was determined (34–36).
Rad50 binds to dsDNA, and its structure highly resembles the
SMC Psm1–Psm3 head–coiled coil region (SI Appendix, Fig. S5
A and B; constructed from the structural data in ref. 36). Ac-
cordingly, presumed electrostatic potential in the Psm1–
Psm3 head–coiled coil region might support DNA binding (SI
Appendix, Fig. S5B). The orientations of coiled coils may affect
the stability of DNA binding.
Judging from the substituted amino acids, all six cut1 sup-

pressors we identified in or near the head of cohesin (magenta
characters in Fig. 3A) appear to destabilize the interfaces be-
tween Rad21 and Psm1/3, possibly affecting the capacity for
DNA binding too. Mutant side chains of H42P and A53V (in
Rad21-N), G164D and S127P (in Psm3), and V594F and V605F
(in Rad21-C) are larger or helix breaking, so that the lack of
Rad21 cleavage may be compensated due to unstable Rad21–
Psm1 or Rad21–Psm3 interactions introduced by suppressors.
The H42P substitution would disrupt the helix bundle formed by
Rad21 and Psm3, because it would introduce a kink into the
helix in which H42 is located.
Two suppressor mutations (S127P and G164D) identified in

the head of Psm3 would also disrupt the interaction between
Rad21 and Psm3 or between DNA and the head–coiled-coil
domain, judging from its structural similarity to Rad50. S127 is
located at the C terminus of helix B connected to the coiled coil
via two short helices. The hydroxyl of S127 caps the helix and its
Pro substitution would alter the path of the two short helices in
the C-terminal side (SI Appendix, Fig. S6A). On the other hand,
Psm3–G164 works as a pivot region, linking the head domain
and the coiled-coil helix, and there are several charged and polar
residues around G164 (Fig. 3A). Substitution of G164 with

Fig. 2. The psm3-A561E suppressor relieves non-
cleavable Rad21 toxicity. (A) Spot test results of six
different strains containing the uncleavable rad21-
13A or the hypercleavable rad21-13E mutation with
or without cut1-L739S and hinge-destabilized psm3-
A561E. (B) Streak test for colony formation of wild
type or the psm3-A561E mutant carrying plasmid
pRad21 wild type or the uncleavable pRad21-RERE
mutant under the inducible promoter (+Thi off,
−Thi on). psm3-A561E rescues the high toxicity of
Rad21-RERE mutant protein overexpression.
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Fig. 3. Suppressors of the cut1, cut2, and rad21 mutants in the head and coiled coil of cohesin. (A) Locations of the suppressors of the cut1, cut2, and rad21
mutants (magenta, suppressors of the cut1 and cut2 mutants; cyan, suppressors of rad21-K1) (SI Appendix, Table S1 A and B). I67, which is responsible for the
rad21-K1 mutant, is also identified (boxed). (Inset) Steric clashes (double-headed arrows) caused by I67F mutation in Rad21. The I67 side chain appears in
white stick, and that of Phe in ball-and-stick. (B) Details of the two ATP binding sites at the head interface. ATP and Mg2+ are shown with sticks and green
spheres, respectively. In A and B, yellow, green, and orange are used for Psm1, Psm3, and Rad21, respectively. α-Helices (A–I for Psm1/3, AN–CC for Rad21) and
β-strands (1–15 for Psm1/3, 1C–3C for Rad21) are marked. The suffix indicates the N- or C-terminal domain of Rad21. (C) Immunochemical detection of
phosphorylation level of Rad21 (upper bands) using a polyclonal anti-Rad21 antibody.
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D164 may change the orientation of the coiled coil by interacting
with charged or polar residues.
The C-terminal domain of Rad21, which contacts the head

ATPase domain of Psm1, contains two suppressor sites: V594F
and V605F (Fig. 3A). These two residues are present in the
Winged helix-turn-helix domain (WHD) (37). It remains to be
determined whether this Rad21 WHD really binds DNA. The
side chain of V594 on the helix faces the interior of the C-
terminal domain of Rad21, together with L542, N562, and
F591, to form a hydrophobic core that would be disrupted by its
substitution with Phe (F), leading to destabilization of the C-
terminal domain. The other site, V605 on a β structure, con-
tacts the aromatic ring of Y1208 in Psm1. The Phe substitution
would clearly introduce steric interference with Y1208; thus, it is
conceivable that suppression of separase/Cut1 inactivation oc-
curred due to disordered Psm1–Rad21 interaction.

Suppressors of rad21-K1 in SMC ATPase Domains or Psm3 Coiled Coils.
To understand the role of Rad21 in cohesin, we then tried to
isolate spontaneous suppressors for ts mutant rad21-K1 (30). We
identified 17 distinct extragenic suppressors (Fig. 3A and SI
Appendix, Table S1B). Interestingly, they reside exclusively in
either the head ATPase or the Psm3 coiled coils adjacent to the
head. The great majority (15/17) are psm3 mutations, and only
two (R1127I and Q1168E) reside in the Psm1 head ATPase.
Locations of Rad21 suppressors are schematized in Fig. 3A.
There are nine mutations in the Psm3 coiled coil interacting with
Rad21-N and eight in or near the ATPase head domains, re-
spectively, suggesting that rad21 defects can be restored by
alterations of the head ATPase or the Psm3 coiled coils. Coiled-
coil mutations are modifying rather than destructive, as none of
them involves proline. Hence, the alteration of the coiled coil
seems to be critical for restoration of the rad21-K1 defect.
Three psm3 residues, S127 (ATPase), R199 (CC), and F1021

(CC), were twice isolated as different suppressor substitutions
(Fig. 3A and SI Appendix, Table S1B). Hence, they may be
critical residues for the structure of Psm3. Particularly distinct
S127 substitutions (SI Appendix, Fig. S6B) were identified for
two opposing ts mutants: separase/cut1 and rad21. The region
around S127 is quite conserved among species (SI Appendix, Fig.
S6C). Hence, S127 may have a pivotal role in controlling the
Psm3–Rad21 interaction: S127 to P rescues cut1 by disrupting
the Psm3–Rad21 interaction, and S127 to Y/F rescues rad21 by
enhancing the Psm3–Rad21 interaction, respectively (Fig. 3A).
Strikingly, all of the five ATPase mutations (K12E, G1099D, and
A1133V in Psm3; R1127I, and Q1168E in Psm1) may affect ATP
binding activity by the ATPase domains (Fig. 3 A and B). Judging
from the exclusive location of rad21 suppressors in the coiled coil
and ATPase head, these two distinct domains may be co-
ordinated in restoring the defect of Rad21, perhaps by restoring
the Psm3–Rad21 interaction.

I67F Is the Effective Mutation in rad21-K1 and Affects the Psm3–Rad21
Interaction. To understand the nature of rad21-K1 suppressors,
it was essential to determine the effective mutation site. Un-
fortunately, however, we found that the original ts strain (30)
contained multiple mutations within the coding region. To de-
termine which one is the responsible mutation for the ts phenotype
of rad21-K1, we performed site-directed mutagenesis for each
mutation: I67F, S89A, S396F, H453R, and E571G. Only rad21-
I67F was found to be ts; therefore, I67F is the responsible mutation
in rad21-K1. The crystal structure (Fig. 3A and SI Appendix, Fig.
S7) reveals that residue I67 (α-helix CN) is located at the helix
bundle, closely interacting with the Psm3 helix (Inset). Re-
placement with bulky F67 (I67 → F67) would interfere with sur-
rounding residues (Fig. 3A, Inset). This rad21-I67F mutation
probably disorders the Psm3–Rad21 helix bundle interaction,
leading to the loss of cohesin at the restrictive temperature and
readily explaining the cohesin-defect phenotype.

Phosphorylation of Rad21 Is Diminished in the rad21-I67F Mutant.
Rad21/Scc1 is hyperphosphorylated (31, 38, 39), and this can
be monitored by immunoblot using an anti-Rad21 polyclonal
antibody. Besides the typical cohesionless cell phenotype, a
striking feature of rad21-K1 was the great reduction of
Rad21 phosphorylation (Fig. 3C; detailed description in ref. 31).
Therefore, Rad21 hyperphosphorylation might serve as an in-
dicator of functional cohesin. If cohesin’s DNA binding activity
decreases, Rad21 phosphorylation level may decrease. We found
that single segregant rad21-I67F mutant cells showed the same
great loss of Rad21 phosphorylation as in rad21-K1. The result is
consistent with the finding that a single I67F mutation caused the
same phenotype as the rad21-K1 mutant. Thus, suppressor
analysis is consistent with the crystal structure, indicating that
defects of Rad21-I67F in the N-terminal CN helix can be rescued
by suppressors in the ATPase or Psm3 coiled coil interacting
with Rad21, which may directly or indirectly enhance DNA-
dependent ATPase via the Psm3–Rad21 interaction.

cut1 Suppressors in mis4 Cause Loss of Cohesion. How can sup-
pressors in mis4 (F616S, P1035L and L1188R; Fig. 1A and SI
Appendix, Table S1A) overcome inactive cut1/separase? We were
able to assign the mutation sites in the atomic model of Mis4
(Fig. 4 A and B) adapted from the recently solved 3D crystal
structure of the Mis4 homolog, Scc2/NIPBL (16, 27). In addition,
the responsible mutation of the ts mutantmis4-242, G1326E, was
indicated too (22) (Fig. 4B). Basic regions are candidates for
DNA binding (40) (Fig. 4A). P1035L would cause steric hin-
drance with neighboring residues (V1072 and F1075; Fig. 4C),
suggesting that cohesin DNA binding might be impaired in the
mis4-P1035L suppressor mutant.
Consistently, all of the three single suppressor segregants

were DNA damage sensitive (Fig. 4D). Furthermore, hyper-
phosphorylation of Rad21 was greatly diminished in these three
mis4 suppressor mutants as well as in mis4-G1326E (Fig. 4E),
which supports that cohesion might be impaired in these
mis4 mutants.

Mis4/Scc2/NIPBL Suppressors May Restore Its Interaction with Psm1/3
Heads. To identify mutations that can compensate for mis4, we
isolated a number of spontaneous suppressors for ts mutant
mis4-G1326E (22), which had been integrated into the clean
genome of wild-type fission yeast by homologous recombination.
A number of Ts+ intragenic suppressors (listed in SI Appendix,
Table S1C) were obtained within the mis4 gene, the majority of
which were located in two narrow domains (amino acids 803–
844 and 1,332–1,387). Mis4/Scc2/NIPBL has the shape of a
handle and a hook (16, 27). The intragenic suppressor mutations
sites are largely concentrated on the hook and the boundary
between the hook and handle (Fig. 4F). Since the two narrow
regions may be directly involved in DNA binding (Fig. 4A), a
possible explanation is that these suppressors may restore the
binding of Mis4 to DNA.
mis4 intergenic suppressors were concentrated on the Psm1

and Psm3 head domains. Twenty-one and two suppressors were
identified in the head domains of Psm3 and Psm1, respectively
(Fig. 4G). They are broadly distributed in the head domains, in
sharp contrast to Rad21 suppressors, which are restricted to
ATPase domains nearby its ATP-binding sites. Our finding of
mis4 suppressors in the Psm1 and Psm3 head domains is con-
sistent with the recent cross-linking and electron microscopy
results, showing that Scc2 (the Mis4 homolog) binds cohesin at
or near its heads (16).

Pds5 Is Not Required for Suppression of the cut1 Mutation. A ques-
tion, whether Pds5–Wpl1 heterodimeric complex is involved in
suppression of cut1 mutants by cohesin mutations, is addressed.
Pds5 and Wpl1 are nonessential but act as cohesin interactors by
disordering the interface between the SMC (Psm3) coiled coil
and Rad21’s N terminus in a nonproteolytic way (41–43).
Therefore, we examined whether suppression of the cut1 mutant
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by psm3-A561E is dependent on the presence of Pds5. If sup-
pression requires Pds5, the triple-mutant cut1-A1816T psm3-
A561E Δpds5 should abolish the suppression. As shown in SI

Appendix, Fig. S8, however, Δpds5 had no effect on the cut1-
A1816T psm3-A561E double-mutant phenotype, demonstrating
that Pds5-dependent release of cohesin does not participate in

Fig. 4. The cut1 suppressors in Mis4/Scc2/NIPBL. (A) Surface potential of Mis4, based on the crystal structure of Scc2. Large positively charged (blue) areas that
are likely to form a binding site for double-stranded DNA (schematically shown with magenta helices) are indicated by two green arrows. Inset shows an end
view of DNA drawn to scale. (B) The architecture of the central part of Mis4/Scc2 and locations of the cut1 suppressors. Mutations are shown in green, and
substitutions are shown with orange spheres. Heat-repeat motifs in which the mutations are identified are in magenta. (C) Boxed area in B, showing steric
clashes caused by the P1035L mutation. (D) Spot test showing that all of the three cut1 suppressors in mis4 are UV damage sensitive. (E) Rad21 phosphor-
ylation level (upper bands) detected using a polyclonal anti-Rad21 antibody. (F) Location of mis4-G1326E intragenic suppressors. (G) Locations of psm1 and
psm3 head mutations that suppress mis4-G1326E or rad21-K1. rad21 suppressors are in blue, and mis4 suppressors are in magenta.
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the cohesin release in the cut1-A1816T psm3-A561E separase-
cohesin hinge double mutant. We thus concluded that Pds5 is
not required for the suppression of separase mutants.

Discussion
At the onset of anaphase, activated Cut1 separase cleaves
Rad21 in the loop connecting the Psm1 head and Psm3 coiled
coil, thereby releasing DNA from cohesin. In suppressors that
overcome the inactive separase, we expected some kind of dis-
order to occur in the vicinity of the cleavage site due to sup-
pressor mutations. Indeed, certain cut1 suppressors suggested
destabilization in Psm1–Rad21 and Psm3–Rad21 interfaces.
However, many other suppressors identified are actually at the
interface within the hinge. Destabilization of the hinge might
greatly contribute to the release of DNA. How then does the
release occur in the hinge mutants? Currently, the ring model of
cohesin (40, 41, 44–46) is generally accepted (Fig. 5A). One (or
two) duplex DNAs may be embraced within the ring (SI Ap-
pendix, Fig. S9A) that is composed of two distinct SMC and
Rad21 subunits. Rad21 is the linker in the head. Our work is
based on suppressor analysis, which apparently dispenses with
the separase-induced cleavage or overcomes destabilized cohesin
subunits. Thus, an explanation of cut1 and rad21 suppressor re-
sults is possible through this ring model: the destabilized hinge or
the head interfaces are open in cut1/cut2 suppressors; therefore,
the cohesin ring may be fully open (or somehow unfolded) and
can release DNAs (SI Appendix, Fig. S9B), while the cohesin ring
might be disrupted in rad21-K1 but restored by rad21-K1 sup-
pressor mutations (SI Appendix, Fig. S9C). Although our MD
analysis suggests a tight association in the hinge interface in
suppressors, the release of DNA might still be possible through
infrequent opening of the hinge, etc.
Structural changes other than hinge opening might also be

able to suppress the absence of loop cleavage. We are interested
in the large movements of the coiled-coil portions in suppressors
and want to propose an alternative hold-and-release model
(described below). The hold-and-release model requires the in-
teraction of DNA with arched coiled coils. The model does not
negate the embrace models, including handcuff model (47), but
explains the binding and release of DNA from cohesin without
protein cleavage. Sister chromatids may be held by coiled-coil

interactions rather than by the loop (SI Appendix, Fig. S10 A
and B).
The previous studies of cohesin using atomic force micros-

copy (48, 49) or electron microscopy (16) showed that cohesin
forms a tadpole-like structure and that the length of the tadpole
tail (∼25 nm) is about one-half of the planar head–hinge dis-
tance. The cohesin coiled coils might thus fold so that the hinge
and head can interact directly, forming the arched coiled coils
(shown in Fig. 5B and SI Appendix, Fig. S10A). In fact, the
possibility of such interaction between hinge and head in SMCs
has already been suggested in several biochemical studies. The
condensin hinge interface was previously shown to undergo in
vitro phosphorylation, which resulted in dissociation from
DNA, and this phosphorylation was abolished by a mutation in
the condensin head ATPase (50). Binding between DNA and
the head might be diminished by hinge interface phosphoryla-
tion driven by the head ATPase. Since condensin and cohesin
adopt similar structures, the hinge and head might thus directly
interact with DNA in cohesin too. Acetylation and ATPase
activity of head have been reported to be modulated by hinge
(28, 51, 52). Furthermore, isolated SMC3 hinge and SMC1
head were immuno-coprecipitated with SMC1 hinge, suggest-
ing that hinge and head are possibly directly associated (53).
This report also suggested that head-interacting subunit Pds5 is
closely situated on hinge. More recently, the direct binding of
cohesin hinge to Psc3, which binds to Rad21 and is located near
cohesin head, has been shown by a coimmunoprecipitation
assay (41). Waldman et al. (54) identified the presence of
breaks in the coiled-coil structure and suggested that such
breaks would induce “folded” coiled coils. Hence, we propose
that arched coiled coils might exist and can hold DNA, and the
angle made by the arched coils is the determining factor of
holding and releasing DNA (Fig. 5B). The suppressing muta-
tions identified in the hinge might actually widen the angle of
the arched coils so that DNA is less strongly held and more
easily released.
The crystal structure of Rad50 with bound DNA was recently

solved (34–36) and is helpful in interpreting our results. Rad50, a
subunit of the Mre11 DNA damage repair complex (55, 56),
contains an SMC head-like ATPase and coiled coils, but lacks
the hinge. Its structure and electrostatic surface potential are
very similar to the S. pombe cohesin head (SI Appendix, Fig. S5 A

Fig. 5. The prevailing ring model and the hold-and-
release model proposed in this study. (A) Cohesin
protein complex forms a ring that topologically en-
traps chromosomal DNAs. In anaphase, Cut1/sepa-
rase cleaves Rad21, resulting in the release of DNAs.
(B) The hold-and-release model proposes to explain
how cohesin hinge interface mutations dispense
with Rad21 cleavage. In this model, SMC subunits’
head and hinge are proximal to form arched coiled
coils, which can hold or release DNA.
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and B). Therefore, we assume putative DNA-binding sites in the
cohesin head. Two bands of positive charges are present on the
surface of the cohesin head, while a cluster of positive charges
exists near the root of coiled coil. These positively charged
patches might be used for DNA binding, as proposed for Rad50
(34, 36), when the two strands of the coiled coil are open by
unwinding, but the space for DNA may become narrowed if the
coiled coils adopt a more upright orientation. Consistently, re-
ports (57–59) have shown that the SMC hinge acquires higher
affinity for DNA when coiled coils are present. Taken together,
the head–hinge interaction of cohesin may affect the opening
angle of the coiled coil arch.
The hold-and-release model requires dynamic interactions of

DNA with the coiled coil, hinge, and head (Fig. 5B and SI Ap-
pendix, Fig. S10 A and B). The hinge and the head are brought
into proximity by the folding of the coiled coils so that DNA is
sandwiched between the arched coiled coils. Extensive opening
of the “arched” (folded) coiled coils leads to the release of DNA,
so that coiled-coil movements may play a central role in DNA
binding and dissociation (Movie S1 shows larger movements of
the coiled coil in a hinge mutant). Accordingly, opening/closing
of coiled coils may be indirectly controlled by the head ATPase.
Note that some rad21 suppressors are located closely to the
head ATP sites possibly controlling the orientation of the coiled
coil. This hold-and-release model does not interfere with the
gliding movements of cohesin along DNA (60, 61). Chemical
cross-linking (10, 16) indicated that cohesin coiled coils
closely interact with each other. The hinge and head may thus
indirectly affect the force of DNA binding via a change in
orientation or the opening/closing of the folded coiled coils.
DNA may simultaneously fall out of cohesin through the
Rad21-cleavage independent signal, leading to chromosome
segregation. This may explain many suppressors we isolated in
this study of inactive separase. Conversely, Psm3 coiled coils
and Psm1/Psm3 head mutations that suppress ts rad21 may
restore DNA holding. The hold-and-release model offers
potentially a unique perspective on the dynamic association of
cohesin proteins with chromosomal DNA. Note that this
model can also be applied to the wild-type situation. Further
investigation is needed to understand how cohesin functions
to achieve sister chromatid cohesion and separation. In par-
ticular, the model does not explain how two duplex DNAs are
held together. If only one duplex DNA can bind to the arched
coiled coil, two sets of them would be needed for sister DNAs’
cohesion. To this end, Mis4 may play an essential role in
tethering two sister DNAs together. In SI Appendix, Fig. S10B,
two postreplicative duplex DNAs, each of which binds to
cohesin complex, is illustrated for wild type and for cut1
suppressor.
In conclusion, our suppressor analysis identifies the functional

interfaces in cohesin. Since the method is based on obtaining
spontaneous suppressors, this unbiased way of identifying es-
sential functional interfaces may be further exploited not only in
cohesin but also in other chromosomal or even protein com-
plexes in general, when whole-genome sequencing can be ap-
plied to identify suppressor sites (1) and 3D structures have been
previously determined.

Materials and Methods
S. pombe cut1 and cut2Mutants Used for Suppressor Screening. Two previously
characterized cut1 ts mutants (cut1-206, cut1-693) and cut2 ts mutants (cut2-
364, cut2-EA2) were selected for suppressor screening (13, 19). Responsible
mutations (SI Appendix, Fig. S1A) were reintegrated into the 972h− wild-
type strain using site-directed mutagenesis. Newly constructed mutants were
ts and exhibited the same phenotypes as the original ts mutants (SI Ap-
pendix, Fig. S1 B and C).

Isolation of Cohesin Hinge Ts/Cs Mutants. Beside spontaneous suppressor
mutations, we isolated cohesin hinge ts/cs mutants using site-directed
mutagenesis targeted to cohesin hinge regions. Leucine (L) or serine
(S) → proline (P), and glycine (G) or alanine (A) → glutamic acid (E) often
cause ts or cs. The residues change from L to P was successful in isolating

condensin ts mutants (62). While mutant psm3-A561E produced the cs
phenotype, mutants mis4-242, mis6-302, and mis12-537 containing
G1326E, G135E, and G52E substitutions, respectively (22, 63, 64), produced
the ts phenotype. Thus, we made 59 new hinge mutants (33 psm3 and 26
psm1, respectively) using the above substitutions (SI Appendix, Fig. S3A),
and found 6 ts and 6 cs mutants. Detailed procedures for PCR mutagenesis
and chromosomal integration followed by selection have been previously
described (62).

Suppressor Screening, Next-Generation Sequencing, and Mutation Identification.
Suppressor screening, next-generation sequencing, and mutation identi-
fication follow the procedures described in ref. 1. Briefly, appropriate re-
strictive temperatures were then selected for each ts mutant to ensure
revertant frequencies between 1×10−8 and 1×10−6. Mutant cells were
plated on YPD plates and cultured at selected restrictive temperatures for
4 d. Colonies (revertants that contained suppressor mutations in addition
to the original ts mutation) were selected. In total, we isolated and se-
quenced 888 revertants (103 for cut1-L739S; 245 for cut1-A1816T; 84 for
cut2-R267Stop; 17 for cut2-EA2; 93 for rad21-K1; and 446 for mis4-
G1326E ) and identified 100 suppressor mutations in cohesin subunits or
its loader Mis4 (SI Appendix, Table S1). Genomic DNAs were extracted,
and then genomic DNA of each ∼10 revertants of the same ts mutant
were mixed together in equal amounts and used for library construction.
Each 10 DNA mixtures were barcoded for one lane of pooled sequencing.
DNA libraries for Illumina sequencing were generated using standard proto-
cols (Illumina). The libraries were sequenced with paired-end (2 × 150-bp) runs
using Illumina HiSeq 2000 sequencers. Sequence reads were mapped against
the S. pombe reference genome using the Novoalign mapping tool with de-
fault settings. Mutations were called with SNVer (65) (version 0.5.3). Genes
with two or more independent mutations or two or more independent mu-
tations in genes involved in same complex/pathway were manually selected as
probable suppressors for further analysis.

Immunochemistry. Protein extracts were prepared by cell breakage using glass
beads in extraction buffer (25 mM Tris·HCl at pH 7.5, 15 mM EDTA, 85 mM
β-glycerophosphate, 0.1% Nonidet P-40, 10% glycerol, 1 mM DTT, 1 mM
PMSF) supplied with protease inhibitor tablets, EDTA-free (Roche). Extracts
were boiled with LDS sample buffer and loaded onto a custom-made 3–8%
gradient Tris-acetate gel (NuPAGE; Invitrogen). Immunoblotting was per-
formed using the anti-Rad21 (13, 31, 39) and anti-PSTAIR (a gift from
Dr. Yoshitaka Nagahama, National Institute for Basic Biology, Okazaki, Ja-
pan) antibodies with Ponceau S staining.

Generating Atomic Models of S. pombe Cohesin Hinge and Head. For homology
modeling, sequences of S. pombe Psm1 and Psm3 were aligned with those
of SMC1 and SMC3 from mammals and S. cerevisiae, and condensin from
Pyrococcus furiosus. Then, an atomic model of S. pombe cohesin hinge was
generated from the crystal structure of the murine cohesin hinge (PDB ID code
2WD5; ref. 28) based on the sequence alignment using Modeler (66). An
atomic model of S. pombe cohesin head was also generated from the
crystal structures of SMC heads from S. cerevisiae [PDB ID codes 1W1W (9)
and 4UX3 (8)] and from P. furiosus [PDB ID code 4I99 (33)] with the
same procedure.

MD Simulations of the Mouse Cohesin Hinge. To evaluate structural changes of
the hinge due to suppressing mutations, MD simulations were carried out
with the atomic models generated from the crystal structure of the mouse
cohesin hinge [PDB ID code 2WD5 (28)]. The mutations were manually in-
troduced using Coot (67). Potential protonation in the models was examined
using PDB2PQR server (68). K+ and Cl− ions were added at a concentration of
∼0.15 M into the systems using CHARMM-GUI (69). The systems solvated
using water molecules (TIP3P) are 88 × 88 × 88 Å3 in size and contain
∼63,400 atoms. All simulations were carried out with NAMD using the
CHARMM36 force field (70). The systems were preequilibrated using energy
minimization and 50-ps MD simulation with harmonic restraints on the
heavy atoms of the protein, and then productive runs were performed for
100 ns. Normal-mode analyses of the models generated from the MD sim-
ulations were carried out with ANM 2.1 (71).
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