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Conformational dynamics of cohesin/Scc2
loading complex are regulated by Smc3
acetylation and ATP binding

Aditi Kaushik 1, Thane Than2, Naomi J. Petela3, Menelaos Voulgaris3,

Charlotte Percival 2, Peter Daniels 2, John B. Rafferty 2, Kim A. Nasmyth3 &

Bin Hu 1

The ring-shaped cohesin complex is a key player in sister chromatid cohesion,
DNA repair, and gene transcription. The loading of cohesin to chromosomes
requires the loader Scc2 and is regulated by ATP. This process is hindered by
Smc3 acetylation. However, the molecular mechanism underlying this inhibi-
tion remains mysterious. Here, using Saccharomyces cerevisiae as a model
system, we identify a novel configuration of Scc2 with pre-engaged cohesin
and reveal dynamic conformations of the cohesin/Scc2 complex in the loading
reaction.Wedemonstrate that Smc3 acetylation blocks the association of Scc2
with pre-engaged cohesin by impairing the interaction of Scc2 with Smc3’s
head. Lastly, we show that ATP binding induces the cohesin/Scc2 complex to
clamp DNA by promoting the interaction between Scc2 and Smc3 coiled coil.
Our results illuminate a dynamic reconfiguration of the cohesin/Scc2 complex
during loading and indicate how Smc3 acetylation and ATP regulate this
process.

Sister chromatid cohesion is mediated by cohesin, a ring-shaped
complex consisting of Smc1, Smc3 and theα-kleisin subunit Scc1. Smc1
and Smc3 dimerise through ‘hinge’ interaction and their ATPase heads
are bridged by Scc1 to form a tripartite ring, which topologically
entraps sister DNAs1. Cohesin has also been demonstrated to act as a
motor and regulate chromatin structure through loop extrusion2.

Loading cohesin to DNA requires the Scc2/4 loading complex,
which catalyses ATP-dependent DNA entrapment3,4. The first step of
loading is thought to involve Scc2 forming a transient complex with
cohesin, called the cohesin/Scc2 loading complex. Subsequently,
Scc2 stimulates ATP hydrolysis and opens the pre-assembled cohesin
ring, permitting DNA entrapment5,6. Genetic and biochemical evidence
suggested that this reaction might trigger the opening of the Smc1/
Smc3 hinge interface7,8. Alternatively, recent studies proposed the
Smc3/kleisin interface as the entry gate9,10. The loading process ismore
complicated than expected because cohesin exists in two different
configurations. Cohesin’s coiled coils are normally juxtaposed
(J-cohesin), restricting head engagement11. ATP binding drives head

engagement (E-cohesin) and the separation of head-end coiled coils,
which are crucial for ATP hydrolysis and loading (Fig. 1A). Recent Cryo-
EM studies revealed that Scc2 can interact with both J- and
E-cohesin10,12–14. In Scc2/E-cohesin, Scc2 interacts with Smc3’s head and
coiled coil to form a DNA clamp compartment, reflecting an essential
step during loading. In addition, other Scc2/cohesin configurations are
found during loop extrusion15, although their roles in loading
are unclear. These discoveries implied a dynamic reconfiguration of
the Scc2/cohesin complex during the loading reaction (Fig. 1A).

DNA-associated cohesin can be released by a regulatory subunit
Wapl16–20, which induces the opening of the Smc3 coiled-coil/N-Scc1
interface, thereby permitting entrapped DNAs to escape from the
cohesin ring21. This Wapl-dependent release poses an inherent risk to
cohesion and, therefore, must be neutralised once sister chromatid
cohesion is established. During DNA replication, Eco1, an acetyl-
transferase transferring acetyl groups to Smc3 K112 and K11316,22,23,
antagonises theWapl’s releasing activity21. Surprisingly, pre-acetylated
cohesin fails to establish cohesion and a deacetylase, Hos1 in yeast or
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HDAC8 in humans, is required to recycle acetylated cohesin by
removing acetyl groups24–26. A clue to how acetylated Smc3 hinders
cohesion derives from a study of the acetylation mimicking form of
SMC3, smc3-K112Q_K113Q (referred to simply as smc3-QQhereinafter)27.
Similar to pre-acetylated cohesin, this version of Smc3 cannot create
cohesion. Calibrated ChIP-seq revealed that smc3-QQ significantly
impairs cohesin loading in vivo27. This implies that Smc3 acetylation
not only counteracts Wapl’s releasing activity but also inhibits the
loading reaction. It is not clear how this modification blocks these

opposite processes. One possibility is that Smc3 acetylation simply
prevents the opening of the Smc3/kleisin interface because this
opening is claimed to be required by both loading and release10,21.
Alternatively, Smc3 acetylation might regulate these processes via
different mechanisms. To understand the role of Smc3 acetylation in
loading and release, these possibilities must be clarified.

Here, we investigated how Smc3 acetylation inhibits the loading
reaction using the acetylation mimicking mutant smc3-QQ. We first
demonstrated that Smc3 acetylation impacts loading and release
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through independent pathways.We then identified a novel transitional
configuration in addition to the two reported configurations and
established the dynamics of conformational changes in the Scc2/
cohesin complex during loading. We further showed that Smc3 acet-
ylation inhibits the transitional configuration by blocking the interac-
tion of Scc2 with the Smc3 head. Additionally, we revealed that ATP
binding promotes Scc2/Smc3 coiled-coil interaction to regulate DNA
clamping. In light of our results, wepropose a dynamic reconfiguration
of the Scc2/cohesin complex during loading regulated by Smc3 acet-
ylation and ATP binding.

Results
Screening of mutations suppressing the lethality of smc3-QQ

To understand the roles of Smc3 acetylation in loading and release, we
identified two suppressor mutations smc3 E199A and smc3 R1008I,
which partially restored the proliferation of smc3-QQ cells (Fig. 1B).
Though at opposite ends of the Smc3polypeptide, E199 andR1008 are
situated close to eachother on opposite strands of Smc3’s anti-parallel
coiled coil, in a part that forms a three helical bundle with the α3 helix
within Scc1’s NTD28 (Fig. 1C). This suppressive effect was fairly weak as
the growth of smc3-QQ_R1008I cells was poor at 25 °C and stopped at
37 °C (Supplementary Fig. 1A). In fact, R1008I barely suppressed the
loading defect of ectopically expressed Smc3QQ, whichmight be due to
the competition of endogenous Smc3 (Fig. 1D). To enable further
characterisation of the suppressing effect, we screened for intragenic
mutations using randommutagenesis and identified 34mutations that
permit the growth of smc3-QQ_R1008I at 37 °C. We identified 18 sup-
pressor mutations distributed across both strands of Smc3 coiled coil
(from R248 to N517 and from K689 to L965), revealing a crucial role of
coiled coil in loading (Fig. 1E). Without exception, all of these muta-
tions require the primary mutation R1008I to permit the proliferation
of smc3-QQ cells, implying a central role of the R1008 region in load-
ing. In this study, we used suppressormutations, smc3W483R_R1008I,
to investigate the role of Smc3 acetylation in loading, because the
growth of SMC3 and smc3-QQ_W483R_R1008I cells are almost indis-
tinguishable (Fig. 1F).

smc3 W483R_R1008I greatly suppresses smc3-QQ’s defect in
loading but not release
To measure the DNA association of Smc3QQ_W483R_R1008I without inter-
ference from endogenous Smc3, we replaced SMC3 with smc3-

QQ_R1008I or smc3-QQ_W483R_R1008I. Calibrated ChIP-seq showed
modest DNA association of Smc3QQ_R1008I, consistent with the ability of
smc3-QQ_R1008I to weakly support cell growth (Fig. 1G). Strikingly,
W483R_R1008I greatly improved the loading of Smc3QQ (Fig. 1G).

We next addressed whether these suppressor mutations also
restored the releasing activity of Smc3QQ. Inhibition of releasing activity
by Eco1 is critical for cohesion and cell viability16,22,23. therefore, the
recovered releasing activity of Smc3QQ_W483R_R1008I will lead to lethality in
eco1Δ cells. Tetrad analysis showed that smc3-QQ_W483R_R1008I

bypassed the requirement of Eco1 for cell growth (Fig. 1H). This effect
is due to the acetylation-mimicking mutations, K112Q K113Q because
Eco1 is still essential in smc3-W483R_R1008I cells (Fig. 1H). This genetic
evidence demonstrated that smc3-QQ can inhibit the releasing activity.
Importantly, the loading suppressor mutationW483R_R1008I does not
release this inhibition. This is confirmed by directly evaluating the dis-
association of the separase-cleaved N-terminal Scc1 fragment from
Smc3QQ_W483R_R1008I, which requiresWapl’s releasing activity, as previously
described29. In this assay, a cysteine pair smc3 S1043C and Scc1 C56 on
the Smc3 coiled-coil/N-Scc1 interface was crosslinked in vivo using
bismaleimidoethane (BMOE), a homobifunctional chemical for cova-
lently crosslinking two sulfhydryl groups within 6-11 Å30. As previously
reported, the release of N-Scc1 from Smc3 is greatly impaired by smc3-

QQ, and this defect cannot be remedied by W483R_R1008I (Fig. 1I).
These results revealed that smc3-QQ is not just a structural

analogue of acetylation but it also functionally mimics Smc3 acet-
ylation to inhibit Wapl’s releasing activity and maintain cohesion.
This allows us to use smc3-QQ to investigate the biochemical prop-
erties of Smc3 acetylation. Moreover, W483R_R1008I can fully sup-
press the loading defect of Smc3QQ, but not its release defect,
revealing that Smc3 acetylationprevents loading and release through
different mechanisms. Hereby, we focused on studying its role in
loading.

smc3-QQ inhibits Scc2-stimulated ATP hydrolysis of cohesin
To understand how Smc3 acetylation inhibits loading, we first eval-
uated the effect of smc3-QQ on the Scc2-stimulated ATPase activity of
cohesin. In this assay, a recombinant tetramer of cohesin (Smc1, Smc3
or Smc3QQ, Scc1, Scc3) was incubated with ATP and GFP-Scc24. Con-
sistent with previous reports, ATPase activity of the wild-type tetramer
was detected only upon stimulation by Scc2 and DNA3,4 (Fig. 2A).
However, Scc2’s ability as a stimulator of ATPase activity was sig-
nificantly undermined by smc3-QQ when DNA is absent (Fig. 2B). This
suggests that smc3 QQ either impair the intrinsic ATPase activity of
cohesin or inhibit the Scc2/cohesin interaction required for triggering
ATP hydrolysis. Surprisingly, DNA greatly recovered the Scc2-
dependent ATP activity of Smc3QQ, although not to a WT level
(Fig. 2B and Supplementary Fig. 2A). This result suggests that DNA
might facilitate ATP hydrolysis-compatible conformation of cohesin,
for example, head engagement, or stabilise cohesin/Scc2 interaction,
evenwhen Smc3 is acetylated. Although Smc3K112 K113 was proposed
as a DNA sensor to promote the DNA/cohesin association9, our results
suggested that it might not be the main function of these residues in
loading.

smc3-QQ barely affects ATP-mediated head engagement and
Scc2/cohesin complex assembly
As Smc3 K112 and K113 are adjacent to the ATP binding pocket, their
acetylation might alter its conformation and inhibit head
engagement28. To survey this, we examined ATP-mediated head

Fig. 1 | Smc3 acetylation affects loading and release through distinct

mechanisms. A Summary of recent discoveries of cohesin loading: cohesin is
normally presented with juxtaposed coiled coils (J-cohesin). The Scc2 forms a
complex with J-cohesin through Scc2/Smc1 head interaction. Then, Scc2/cohesin
complex is recruited to DNA. In this configuration, cohesin heads are engaged by
ATP binding (E-cohesin), Scc2 interacts with both heads, and DNA is clamped in a
compartment enclosed by Scc2 and Smc3 coiled coil. After ATP hydrolysis,
E-cohesin is transformed into J-cohesin, and DNA is entrapped in the J-K com-
partment. The squares with dash lines indicate the structures revealed by Cryo-EM
analysis (EMD-12880 and PDB 6ZZ6). B Tetrad dissection. smc3 R008I and smc3

E199A partially restored cell proliferation of smc3 QQ at 25 °C. Source data is pro-
vided as a Source Data file. C Positions of Smc3 E199 and R1008 on Smc3’s coiled
coil based on Smc3-Scc1 crystal structure (PDB 4UX3). D Calibrated ChIP-seq was
performed in the exponential cells of SMC3, smc3-QQ and smc3-QQ_R1008I. DNA

association of Smc3QQ and Smc3QQ_R1008I is inhibited. Source data is provided as a
Source Data file. E The distributions of additional suppressor mutations for R1008I
on Smc3 coiled coil (F) Tetrad dissection. R1008I_W483R restored the growth of
smc3-QQ. The growth of SMC3 (red circles) and smc3-QQ_W483R_R1008I (green
circles) cells are indistinguishable. Source data is provided as a Source Data file.
G Calibrated ChIP-seq profiles of exponentially grown SMC3, smc3-QQ_R1008I, and
smc3-QQ_W483R_R1008I. smc3 W483R_R1008I greatly improved the DNA associa-
tion of Smc3QQ. Source data is provided as a Source Data file. H Tetrad dissection.
smc3-QQ_W483R_R1008I, but not smc3-W483R_R1008I can bypass the requirement
of Eco1 for cell growth. Source data is provided as a SourceData file. I Exponentially
grown yeast cellswere subject to invivoBMOEcrosslink.Thenon-crosslinkedSmc3
and Smc3 crosslinked to N-Scc1 and full-length Scc1 in whole cell extract were
analysed by western blot using anti-PK antibody. Source data is provided as a
Source Data file.
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engagement using the cysteine pair, smc1 N1192C and smc3 R1222C,
which can be crosslinked by bismaleimidoethane (BMOE) only when
the head engagement is triggered by ATP11. In this experiment, the
exponentially grown cells were incubated with 2.5mM BMOE. After
lysis, the cohesin complex was immunoprecipitated using an anti-PK
antibody against Scc1-PK and Smc3 or Smc1 was examined byWestern
blot (Fig. 2C and Supplementary Fig. 2B). Approximately 23% of
Smc3R1222C formed a covalent crosslink product with Smc1N1192C

(Fig. 2D). This crosslink occurs in an ATP-dependent manner because
the ATP-binding mutant smc3-K38I31 significantly reduced the cross-
linking efficiency (5%) (Fig. 2D). Interestingly, smc3-QQ has little effect

on the crosslink,with a crosslink efficiency of 24%. A similar conclusion
was drawn by examining the Smc1N1192C using anti-Myc antibody (Sup-
plementary Fig. 2C). This result excluded the possibility that the
defective loading of acetylated Smc3 is due to impaired head
engagement.

Next, we examined whether Smc3 acetylation might prevent
the Scc2/cohesin interaction. Co-immunoprecipitation revealed
that Smc3QQ displayed a comparable ability to interact with Scc2
as wild-type Smc3 (Fig. 2E). This indicates that the global inter-
action between Scc2 and cohesin was barely impaired by Smc3
acetylation.
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Fig. 2 | smc3 QQ affects cohesin’s interaction with Scc2 rather than DNA.

A Recombinant tetramer of cohesin (Smc1, Smc3, Scc1 and Scc3) was incubated
with DNA or Scc2 or both. ATP was added to initiate the reaction, and the reaction
rate wasmeasured as the change in absorption at 360 nm over time. Source data is
provided as a Source Data file. B Recombinant tetramer of cohesin (Smc1, Smc3QQ,
Scc1 and Scc3) was incubated with DNA or Scc2 or both. ATP was added to initiate
the reaction, and the reaction rate was measured as the change in absorption at
360 nm over time. Source data is provided as a Source Data file. C In vivo BMOE
crosslink between smc1 N1192C and smc3 R1222C in the exponentially grown cells.
representing the head engagement between Smc1 and Smc3, in the presence of

SMC3, smc3-QQ or smc3-K38I. Cohesin complexes were immunoprecipitated using
anti-PK antibody for Scc1-PK. Crosslink bands were separated by 3–8% gradient gel
and non-crosslinked and crosslinked Smc3 was examined by Western Blot using
anti-HA antibody. Source data is provided as a SourceDatafile.DThepercentage of
crosslinking efficiency in (C) was calculated as mean+SD from three independent
experiments. WT crosslinking efficiency was 23%, Smc3QQ was 24% and Smc3K38I
was reduced to 5%. Source data is provided as a Source Data file. E Co-
immunoprecipitation of Scc2 with Smc3 or Smc3QQ was carried out with expo-
nentially grown cells. Nodifference in co-immunoprecipitating Scc2 between Smc3
or Smc3QQ was recorded. Source data is provided as a Source Data file.
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Scc2 interacts both Smc1 and Smc3 head domains
Although smc3-QQ has little effect on the assembly of the Scc2/cohesin
complex, This mutant might alter a local contact and disrupt an
essential Scc2/cohesin configuration. Based on this rationale, we per-
formed an in vivo BPA crosslink screen to identify Scc2/cohesin
interfaces. Considering its role in ATP hydrolysis, we thus reasoned
three following regions of the Smc3 head as potential interaction sites:
(1) Smc3 acetylation site-KKD strand, consisting of two conserved
lysines (K112 and K113) and one aspartic acid residues (D114); (2) the
adjacent α helix (R58-L64), presumably communicating between the
KKD strand and the Smc3 ATP-binding pocket28; (3) the regions sur-
rounding the Smc3 ATP-binding pocket. A given residue (K57, R58,
R61,H66,Q67,M74, L111, orQ117) in these regionswas substitutedwith
p-benzoyl-l-phenylalanine (BPA) (Fig. 3A), a photoreactive amino acid
that can crosslink to any other residues within 7 Å upon UV
irradiation32,33. We did not detect any Smc3-Scc2 crosslink at the KKD
strand (L111BPA andQ117BPA) (Fig. 3B), not as predicted by the in vitro
Scc2/E-cohesin model13. This might be because this interaction would
be highly sensitive to ATP-mediated head engagement, which is tran-
sient inWT cohesin8. Interestingly, we found that Scc2was crosslinked
with smc3 K57BPA, Q67BPA, or M74BPA, among which smc3 Q67BPA

showed the highest crosslinking efficiency and formed two distinct
crosslink products (Fig. 3B and Supplementary Fig. 3A). Increasing the
size of Scc2 with a 6xFlag tag led to an upshift of the top crosslink
band, as expected for an Smc3-Scc2 crosslink (Supplementary Fig. 3A).
This was confirmed byWestern blot using an anti-FLAG antibody. This
result reveals a physical interaction between Scc2 and the Smc3 ATP-
binding domain (Fig. 3A). Given that head engagement brings Smc3
Q67 close to Smc1’s head domain (Fig. 3A), smc3 Q67BPA was cross-
linked to Smc1, as expected (Supplementary Fig. 3B).

We also carried out a BPA screen in a region of Smc1 near the ATP-
binding pocket (Fig. 3C) and identified three adjacent BPA substitu-
tions, smc1 T1100BPA, E1102BPA, and K1113BPA, which can crosslink to
Scc2 (Fig. 3D). smc1 E1102BPA also crosslink to Smc3 (Supplementary
Fig. 3C). To our surprise, Smc1-Scc2 crosslinks were barely observed
for smc1 F1123BPA, E1127BPA, and Y1128BPA, since head engagement
brings these residues close to Smc3 Q67 (Fig. 3C). Hence, this result
implies that heads might be not engaged when Scc2 interacts with
Smc3 Q67. Through these experiments, we found Scc2 interacts with
two regions (Smc3 Q67 and Smc1 E1102) around ATP binding pocket
on Smc1 and Smc3 heads.

Both interfaces co-exist in the same Scc2/cohesin configuration
To define the interface between Scc2 and Smc3 Q67, we developed a
novel strategy to map Scc2 sites crosslinked by smc3 Q67BPA. We
created a set of functional Scc2 alleles, each containing 3x TEV pro-
tease cleavage sequences at the indicated sites (Supplementary
Fig. 3D). All these versions of Scc2 are labelled with a 6xFLAG tag at the
C-terminus, except Scc2TEV1176, because the FLAG-fusion destroys its
function. The Smc3-Scc2 crosslink products were subjected to TEV
protease digestion, producing an untagged Scc2 N-terminal fragment
and a FLAG-tagged C-terminal fragment (Supplementary Fig. 3D).
Western blot showed that smc3 Q67BPA crosslinked to the C-terminal
fragment up to residue 1109, while it crosslinked to the N-terminal
fragments when cleaved at positions 1176 and 1222 (Supplementary
Fig. 3D). This revealed that smc3 Q67BPA crosslinked to Scc2 1110-1176.

To further refine this interface, we replaced 15 residues across this
region and Smc3 Q67 with cysteine (Supplementary Fig. 3E). Interest-
ingly, six cysteine-substituted alleles of scc2 (R1115C, N1133C, E1158C,
D1162C, E1168C, and R1173C) are synthetically lethal with smc3-Q67C,
implying an essential role of this interface in loading. Of the remaining
nine cysteines, scc2 S1171C or T1175C showed the highest BMOE
crosslink efficiency with smc3 Q67C revealed by in vivo BMOE cross-
link, indicating the interface between Smc3 Q67 and Scc2 S1171/T1175
(Figs. S3E and 3E). Using the same strategy, we found that smc1

E1102BPA crosslinked to Scc2 1260-1303 (Supplementary Fig. 3F) and
smc1 E1102C efficiently crosslinked to scc2 T1281C (Fig. 3F and Sup-
plementary Fig. 3G).

To test whether both interfaces would exist in one Scc2/cohesin
configuration or belong to twodifferent configurations,we introduced
both cysteine pairs into endogenous Smc1/Smc3/Scc2 and examined
whether these two crosslinks could occur simultaneously. Indeed, the
Scc2/cohesin complex bearing both cysteine pairs generated not only
two single crosslink products but also an Smc1-Smc3-Scc2 double
crosslink product (Fig. 3G). The crosslink strictly took place between
the cysteine pair of smc3 Q67C/scc2 T1175C or smc1 E1102C/scc2 T1181C
since interchanged cysteine pairs cannot be crosslinked (Fig. 3G). The
double crosslink demonstrates that the two interfaces (smc3Q67C/scc2
T1175C and smc1 E1102C/scc2 T1281C) co-exist in the same Scc2/cohe-
sin configuration (Fig. 3G). Based on the proximity of these two
cysteine pairs, we constructed a structural model of this configura-
tion (Fig. 3H).

Smc3 Q67/Scc2 interface represents a novel Scc2/cohesin
configuration
In both reported configurations of Scc2/J-cohesin14 and Scc2/E-
cohesin10,12,13, the predicted distances between Smc3 Q67 and Scc2
T1175 are about 16 Å, beyond the BMOE-crosslink distance (6–11 Å)30

(Supplementary Fig. 4A, B), suggesting that Smc3 Q67/Scc2 interface
might represent a novel cohesin/Scc2 configuration. However, we
cannot exclude the possibility that this crosslink could still occur in the
Scc2/E-cohesin complex due to the flexible Q67 loop. Interestingly, a
residue Smc3 M74 in this loop is found to be in the vicinity of Scc2 in
both our modelled Scc2/cohesin and Scc2/E-cohesin configurations,
consistent with our result that smc3 M74BPA can crosslink to Scc2
(Fig. 3B). However, Smc3 M74 is predicted next to different Scc2
residues, Scc2 N886 in our modelled structure and E821 in Scc2/E-
cohesin configuration (Supplementary Fig. 4C, D), which is confirmed
by BMOE crosslink (Fig. 4B and Supplementary Fig. 4E). If these
crosslinks take place only in the Scc2/E-cohesin configurations due to
the flexibility of the Q67/M74 loop, allowing Smc3 M74 to oscillate
between Scc2N886 and E821, thismovement will also bring Smc3M74
close to Scc2 R830, which locates in-between these two residues
(Fig. 4A). However, this possibility was omitted as no crosslinking was
observed between the corresponding cysteine pair (smc3 M74 C/scc2
R830C) (Fig. 4B and Supplementary Fig. 4E), consistent with our claim
of a novel Scc2/cohesin configuration indicated by the smc3Q67C/scc2
T1175C crosslink.

The structural modelling predicted two features of the new con-
figuration: open coiled coils and disengaged heads. Neither E nor
J-cohesin fulfils both criteria, implying that Scc2would not crosslink to
smc3 Q67BPA in either J-cohesin or E-cohesin. To test this, we first
chemically stabilised J-cohesin or E-cohesin by crosslinking the juxta-
posed coiled coils or engaged heads using BMOE. We then examined
whether smc3 Q67BPA can crosslink to Scc2 (Fig. 4C, D; left panels). If
BMOE-stabilised J-cohesin or E-cohesin still interacts with Scc2, the
following BPA crosslink would produce a triple crosslink product
among Smc1-Smc3-Scc2.Otherwise, the BMOE crosslink of Smc1/Smc3
and BPA-crosslink of smc3 Q67BPA/Scc2 would be mutually exclusive.
In this experiment, smc1 E1102BPA was used as a positive control, as
the Smc1 E1102/Scc2 interface presents in both Scc2/J-cohesin and
Scc2/E-cohesin configurations10,12–14. A unique feature of J-cohesin is
the juxtaposed head-end coiled coils, as shown in our modelled
structure (Supplementary Fig. 4F). Extensive contact predicted by this
model was examined by in vivo BMOE crosslink of 7 cysteine pairs
along the coiled coils (Supplementary Fig. 4G). The pair (smc1

R1031C/smc3 E202C) with the highest crosslink efficiency was used to
crosslink coiled coils and thus covalently fix the J-cohesin. As pre-
dicted, smc1 E1102BPA, but not smc3 Q67BPA, was able to crosslink
with Scc2 when the juxtaposed coiled coils were stabilised by a BMOE
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crosslink (Fig. 4C and Supplementary Fig. 4H). We repeated this
experimentwith engagedheads crosslinkedusing a cysteinepair (smc1

N1192C and smc3 R1222C)11. Unlike smc1 E1102BPA, smc3 Q67BPA did
not crosslink with Scc2 when heads were engaged (Fig. 4D, Supple-
mentary Fig. 4I, J). These results show that the cohesin/Scc2 config-
uration characterised by the Smc3 Q67/Scc2 interface is distinct from
the Scc2/J-cohesin or Scc2/E-cohesin configurations, indicating that

Smc3 Q67/Scc2 interface represents a novel configuration, which we
named as Scc2/pre-E-cohesin.

ATP-dependent head engagement promotes DNA clamping
The structural modelling of the Scc2/pre-E-cohesin complex (Fig. 3H)
predicts that this configuration, unlike Scc2/E-cohesin, cannot form
ATP binding pocket and therefore is incompatible with ATP-mediated
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head engagement. To test this, we decided to check the effects of ATP
hydrolysis mutants on formation of the three different configurations,
J, E and pre-E cohesin. For this, we need to establish a method to
examine the Scc2/E-cohesin configuration in vivo. As suggested by
Cryo-EM studies10,12,13, this configuration is maintained by three inter-
faces: Smc1 E1102/Scc2 T1281, and two unique interfaces, Scc2/Smc3
head and Scc2/Smc3 coiled coil—forming a compartment for DNA
entrapment (Fig. 5A). To detect these interfaces in vivo, we introduced
cysteine pairs smc3 S72C/scc2 E819C into Smc3 head/Scc2 or smc3

K1004C/scc2 D369C into Smc3 coiled-coil/Scc2 interfaces (Fig. 5A).
Both cysteine pairs can be specifically crosslinked in vivo using BMOE,
verifying these interfaces of the Scc2/E-cohesin configuration in vivo
(Fig. 5B, C, Supplementary Fig. 5A, B). We next examined whether the
Scc2/J-cohesin, pre-E-cohesin, and E-cohesin conformations would be
affectedbyATPhydrolysismutants smc3E1155Qor smc1E1158Q, which
blocks ATP hydrolysis and is likely to increase E-cohesin by slowing
down its transition to J-cohesin8. The ATP hydrolysis mutants barely
affected the Smc-Scc2 crosslink in Scc2/J-cohesin (smc1 E1102C/scc2
T181C) and Scc2/pre-E-cohesin (smc3 Q67C/scc2 T1175C) (Fig. 5D,
Supplementary Fig. 5C, D). These results are not surprising because, in
these two configurations, the heads are disengaged and cannot form a
proper ATP binding pocket. The ATP hydrolysis mutant smc3 E1155Q

improves the Scc2/E-cohesin configuration. It doubled E-Smc3 head/
Scc2 crosslink (smc3 S72C/scc2 E819C) and increased E-Smc3 coiled-
coil/Scc2 crosslink (smc3 K1004C /scc2 D369C) by about 10 times
(Fig. 5D, Supplementary Fig. 5C, D). These results suggested that ATP
binding and head engagement would orientate Smc3 coiled coil
and promote the interaction between Smc3 coiled coil with Scc2.
Because this interface is critical for the DNA-clamp compartment
formation10,12,13, hence, head engagement should play a major role in
forming this compartment and subsequent DNA entrapment. To
examine the importance of head engagement in Scc2/E-cohesin com-
partment in vivo, both cysteine pairs on the interfaces of E-Smc3 head/
Scc2 (smc3 S72C/scc2 E819C) and E-Smc3 coiled-coil/Scc2 (smc3

K1004C/scc2 D369C) were introduced into Scc2 and Smc3/Smc3E1155Q.
As expected, the crosslink of E-Smc3 coiled-coil/Scc2 (smc3

K1004C/scc2 D369C) is inefficient with wild-type SMC3 and dramati-
cally increased by theATPhydrolysismutation smc3E1155Q to a similar
level of the E-Smc3 head/Scc2 (smc3 S72C/scc2 E819C) (lane 4, Fig. 5E).
An extra crosslink band appeared at the top of western blot for smc3-

E1155Q cells, indicating simultaneous crosslink of both interfaces and
representing the DNA-clamp compartment, as seen in the Scc2/E-
cohesin cryo-EM structure10,12,13. The formation of this compartment
strictly depends on ATP-mediated head engagement since the double
crosslink product is barely detectable in wild-type SMC3 cells
(lane 1, Fig. 5E).

To examine if this compartment would also be present in the
Scc2/pre-E-cohesin complex, we repeated double crosslinks of pre-E-
Smc3 head/Scc2 (smc3 Q67C/scc2 T1175C) and E-Smc3 coiled-coil/Scc2
(smc3 K1004C/scc2D369C). The double crosslink band in the Scc2/pre-
E-cohesin complexwasmuchweaker, about 15%of those in the Scc2/E-
cohesin complex (Fig. 5F).Unlike 1:1 stoichiometric crosslink of E-Smc3
head/Scc2 (smc3 S72C/scc2 E819C) and E-Smc3 coiled-coil/Scc2 (smc3

K1004C/scc2 D369C) (lane 5, Fig. 5F), the crosslink efficiency of pre-E-
Smc3 head/Scc2 (smc3 Q67C/scc2 T1175C) is double in comparison to
E-Smc3 coiled-coil/Scc2 (smc3 K1004C/scc2 D369C) (lane 4, Fig. 5F).
This proved that the crosslinks between of pre-E-Smc3 head/Scc2
(smc3 Q67C/scc2 T1175C) and E-Smc3 coiled-coil/Scc2 (smc3

K1004C/scc2D369C) aremutually exclusive andhence, Smc3Q67/Scc2
T1175 and Smc3 K1004/Scc2 D369 interfaces represent two different
configurations. The weak double crosslink in the Scc2/pre-E-cohesin
complex might indicate a configurational transition from Scc2/pre-E-
cohesin to Scc2/E-cohesin. All these data uncover one of the essential
roles of ATP-dependent head engagement, which modulates the
orientation of the Smc3 coiled coil and promotes its interaction
with Scc2.

smc3-QQ impairs the interactionof Scc2withpre-E- or E-cohesin,
but potentially not J-cohesin
Identification of the Scc2/pre-E-cohesin configurations, together with
two reported configurations, allows us to elucidate the effect of Smc3
acetylation on loading by investigating how smc3-QQ affects these
configurations. We first surveyed the effect of smc3-QQ on the Scc2/
pre-E-cohesin configuration by examining the smc3 Q67C/scc2 T1175C

crosslink. To avoid the interference caused by Smc3 acetylation, cells
were arrested in the late G1 phase by overexpressing a nondegradable
Sic1(9m)21, which inhibits S phase-CDK and prevents DNA replica-
tion and Smc3 acetylation. The crosslink of Scc2/pre-E-cohesin (smc3

Q67C/scc2 T1175C) is dramatically reducedby smc3-QQ, to about 10%of
wild-type Smc3 (Fig. 6A, B and Supplementary Fig. 6A). However, smc3-

QQ might only distort this interface and lead to the misalignment of
these two residues. In this situation, Smc3 Q67might still interact with
other Scc2 residues. To this end,we evaluated the effect of smc3-QQon
smc3 Q67BPA/Scc2 crosslinks. The acetylation-mimicking mutant
scarcely affects the crosslink of smc3 Q67BPA with Smc1 (Supplemen-
tary Fig. 6B), consistent with our claim that Smc3 acetylation has little
effect on head engagement (Fig. 2D). However, the smc3-QQ Q67BPA/
Scc2 crosslink product was barely detectable (Supplementary Fig. 6B),
indicating that smc3-QQ seriously impairs the Scc2/pre-E-cohesin
configuration. Since Pds5 and Scc2 compete for cohesin binding4,
Smc3QQ might preferentially interact with Pds5, inhibiting the forma-
tion of the Scc2/pre-E-cohesin complex. This possibility was omitted

Fig. 3 | Mapping of Smc1-Scc2 and Smc3-Scc2 interfaces. A The indicated resi-
dues near the Smc3 KKD strand and ATP binding pocket based on the crystal
structure of Smc3-Scc1 (PDB 4UX3) were substituted by BPA. B In vivo BPA cross-
linking of selected Smc3 residues. After UV crosslink, Scc1-PK was immunopreci-
pitated from whole-cell extracts and co-immunoprecipitated crosslinked and non-
crosslinked Scc2 were detected by western blot using an anti-FLAG antibody. smc3

K57BPA, R58BPA, Q67BPA andM74BPA successfully crosslinked with Scc2, in which
smc3 Q67BPA showed better crosslink efficiency than the rest three. Source data is
provided as a Source Data file. C The indicated residues around the Smc1 ATP
binding pocket based on the crystal structure of Smc1-Scc3 (PDB 1W1W) were
substituted by BPA. D BPA crosslink for selected Smc1 residues. After in vivo UV
crosslink, Scc1-PK was immunoprecipitated from whole-cell extracts and co-
immunoprecipitated crosslinked and non-crosslinked Scc2 were detected by wes-
tern blot using an anti-FLAG antibody. smc1 E1102BPA and smc1 K1113BPA showed
higher crosslink efficiency. All the samples derive from the same experiment and
bothWestern blots were processed in parallel. Source data is provided as a Source
Data file. E In vivo BMOE crosslinking revealed close proximity between Smc3 Q67
and Scc2T1175. Single or both residueswere replaced by cysteine and in vivo BMOE

crosslinking was performed using exponentially grown cells. Scc1-PK was immu-
noprecipitated from whole-cell extracts and co-immunoprecipitated crosslinked
and non-crosslinked Smc3 and Scc2 were detected by western blot using anti-HA
and anti-FLAGantibodies. Successful crosslink product formation depended on the
presence of both cysteines. Source data is provided as a Source Data file. F In vivo
crosslinking revealed close proximity between Smc1 E1102 and Scc2 T1281. Single
or both residues were replaced by cysteine and in vivo BMOE crosslinking was
performed using exponentially grown cells. Scc1-PKwas immunoprecipitated from
whole-cell extracts and co-immunoprecipitated crosslinked and non-crosslinked
Smc3 and Scc2 were detected by western blot using anti-HA and anti-FLAG anti-
bodies. Successful crosslink product formation depended on the presence of both
cysteines. Source data is provided as a Source Data file. G Simultaneous in vivo
BMOE crosslinks of smc3 Q67C/scc2 T1175C and smc1 E1102C/scc2 T1281C were
performed in exponentially grown cells. Cohesin complexes were immunopreci-
pitated using anti-PK antibody for Scc1-PK separated on gradient gel, and Scc2 was
analysed by Western Blot using anti-FLAG antibody. Source data is provided as a
Source Data file.H Structural model of Scc2-cohesin configuration reported in this
study, showing the positions of Smc3 Q67/Scc2 T1175 and Smc1 E1102/Scc2 T1281.

Article https://doi.org/10.1038/s41467-023-41596-w

Nature Communications |         (2023) 14:5929 7



since Pds5 depletion using auxin-inducible degradation did not
improve the smc3-QQQ67BPA/Scc2 crosslink (Supplementary Fig. 6C).

We next asked if smc3-QQ could affect the Scc2/E-cohesin. To
examine that, we used the two unique interfaces of E-Smc3 head/Scc2
(smc3 S72C/scc2 E819C) and E-Smc3 coiled-coil/Scc2 (smc3 K1004C

/scc2 D369C). We found that smc3-QQ dramatically decreased the
crosslinks of both interfaces by about 90%, compared to the wild
type (Fig. 6E, F, Supplementary Fig. 5D, E), which is similar to the

inhibitory effect of smc3-QQ on the Scc2/pre-E-cohesin represented by
the smc3 Q67C/scc2 T1175C crosslink. These results suggested that
smc3-QQ impairs both the Scc2/pre-E-cohesin and Scc2/E-cohesin
configurations.

Even though smc3-QQ dramatically impairs the Scc2/pre-E-cohe-
sin and Scc2/E-cohesin configurations, as co-IP revealed that Smc3QQ

can still interactwith Scc2 (Fig. 2E), wededuced that the Scc2/J-cohesin
configuration might be not affected by smc3-QQ. However, we could
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not identify a cysteine pair specific to this configuration because the
only Scc2/J-cohesin interface (Smc1 E1102/Scc2T1281) is alsopresent in
theother twoconfigurations. If smc3-QQwould have a limited effect on
the crosslink of this interface, the Scc2/J-cohesin configuration might
not be affected by smc3-QQ, given that this mutant dramatically
decreased the Smc/Scc2 crosslink in the other two configurations. To
test this, we ectopically expressed Smc3-PK or Smc3QQ-PK in cells
bearing endogenous smc1-E1102C/scc2-T1281C. The crosslinked Smc1-
Scc2 associated with Smc3-PK or Smc3QQ-PK complex was immuno-
precipitated using an anti-PK antibody and examined by Western blot
(Fig. 6G). In contrast to the pre-E-cohesin (smc3 Q67C) or E-cohesin
(smc3S72C)/Scc2 crosslinks, the smc1E1102C/Scc2 crosslinkwasmildly
affected by smc3-QQ (Fig. 6G, H). This implied that Smc3 acetylation
might not affect the Scc2/J-cohesin configuration. It is not unexpected
because Scc2/Smc1 head interface (Scc2 T1281/Smc1 E1102) in this
configuration is not close to Smc3 K112 K113. However, we cannot
exclude the possibility that this interface miught be also present in
other undiscovered Scc2/cohesin configurations which are not affec-
ted by Smc3 acetylation.

smc3-W483R_R1008I improves Scc2’s interaction with Smc3QQ
’s

head and coiled coil
We have demonstrated that the suppressor mutation on Smc3 coiled
coil, smc3-W483R_R1008I, greatly remedies the loading defect of
Smc3QQ (Fig. 1F); thus this mutation probably improves the config-
urations impaired by smc3-QQ. To examine this, we evaluated the
effect ofW483R_R1008I on the Scc2/pre-E-cohesin crosslink in Smc3QQ

(represented by smc3-QQ Q67C/scc2 T1175C). We found that R1008I

mildly improved this crosslink (about 40% of wild-type Smc3 with
Scc2), but W483R has little effect (Fig. 7A, B and Supplementary
Fig. 7A). The combination of R1008I and W483R greatly increased the
crosslinking efficiency, about 70% of the wild type. This was confirmed
using smc3QQQ67BPA/Scc2 crosslink (Supplementary Fig. 7B). Similar
effects were also found on the Scc2/E-Smc3QQ head interface (smc3

S72C/scc2 E819C) (Supplementary Fig. 7C, D). These results suggested
that configurational modification of Smc3 coiled coil conferred by
W483R_R1008I might tune Smc3QQ

’s head, facilitating its interaction
with Scc2. Interestingly, R1008I, regardless ofW483R, improved Scc2/
E-Smc3 coiled-coil interaction indicated by smc3 K1004C/scc2 D369C

crosslinks, about 70% of the wild type (Fig. 7C, D and Supplementary
Fig. 7E). This suggests that another role of R1008I is to improve the
interaction of Scc2 with Smc3 coiled coil, which is supported by,
R1008’s proximity to the Scc2/E-Smc3 coiled-coil interface.

We therefore suspected that the defective Scc2-dependent
ATPase activity of Smc3QQ can also be improved by R1008I W483R.
However, W483R_R1008I mildly increased the Scc2-dependent
ATPase activity of Smc3QQ in the absence of DNA (Fig. 7E),
although it greatly improved the DNA association of Smc3QQ

(Fig. 1G). It revealed that the main role of these suppressor muta-
tions is to improve the interaction of Smc3QQ with Scc2 and form the
Scc2/pre-E-cohesin complex. This permits its DNA association
which further enhances ATP hydrolysis. This explains why
W483R_R1008I can greatly improve the loading of Smc3QQ, although

mildly increased Scc2-dependent ATPase activity in the absence
of DNA.

Smc3 acetylation might impair cohesin’s intrinsic ATPase
activity
The fact that smc3-W483R_R1008I greatly improved the Scc2/Smc3QQ

head interaction but not the Scc2-dependent ATPase activity raises a
possibility that the intrinsic ATPase activitymight be affected by smc3-

QQ or Smc3 acetylation. Consistently, we identified 16 suppressors of
smc3-QQ_R1008I, which mutations locate on the Smc3 head regions
responsible for ATP binding/hydrolysis, including Q-loop, signature
motif, and ATPase binding pocket (Supplementary Fig. 7F). Thus, we
proposed that enhancing ATP hydrolysis would remedy the growth
defect of smc3-QQ. To test this, we examined the effect of scc2-

E822K_L937F (scc2-EKLF), a hypermorphic Scc2 allele4, on the growth of
smc3-QQ or smc3-QQ_R1008I mutant. Strikingly, although scc2-EKLF

cannot suppress the lethality of smc3-QQ, it greatly promotes cell
proliferation of smc3-QQ_R1008I mutant (Fig. 7F). Further tetrad dis-
section revealed that either scc2-E822Kor L937F is sufficient to improve
the growth of smc3-QQ_R1008I cells (Supplementary Fig. 7G). We
ectopically expressed Smc3, Smc3QQ, or Smc3QQ_R1008I in wild-type SCC2
or scc2-EKLF cells and examined their DNA association using calibrated
ChIP-seq (Fig. 7G). Although scc2-EKLF barely affected the loading of
Smc3QQ, it significantly elevated the DNA association of Smc3QQ_R1008I

from centromere to chromosomal arms. Intriguingly, the ATP hydro-
lysis of Smc3QQ and Smc3QQ_R1008I in the absence of DNA were drama-
tically increased by scc2-EKLF (Fig. 6H, I). These results implied that the
hypermorphic Scc2 allele can compensate for the impaired intrinsic
ATPase activity of smc3-QQ. However, this compensation is insufficient
for its loading and still requires smc3-R1008I, although R1008I barely
contributes to the ATPase activity of Smc3 or Smc3QQ (Fig. 7I and
Supplementary Fig. 7H). Considering the role of smc3-R1008I in the
interaction of Scc2 with Smc3QQ coiled coil, we inferred that this
mutationwould facilitate the interactionof Scc2EKLFwith Smc3QQ coiled
coil to form the DNA-clamp compartment.

Discussion
Cohesin loader Scc2/4 complex is essential for its various functions,
such as sister chromatid cohesion and loop extrusion34–36. Recently
Cryo-EM studies revealed that Scc2 can bind both J- and E-cohesin
complexes10,12–14. However, it is unclear what are their roles in loading
and how these configurations are regulated. In this study, we con-
firmed both configurations in vivo. Interestingly, we identify another
Scc2/cohesin configuration (Scc2/pre-E-cohesin) (Fig. 3H), defined by
two interfaces between Scc2 and Smc1/Smc3 heads. The interface
between Scc2 and Smc3 head indicated by Scc2 T1175/Smc3 Q67 is
unique to this configuration, while Scc2/Smc1 head interface (Scc2
T1281/Smc1 E1102) is also present in two other two configurations.
Several lines of evidence demonstrated that this Scc2/pre-E-cohesin
configuration is distinguishable fromtheother two. First, smc3Q67BPA

is mainly crosslinked to Scc21110–1176 in this configuration (Supplemen-
tary Fig. 3D). But in the Scc2/E-cohesin configuration, Smc3 Q67 is
much closer to Scc2 K1278 (7.7 Å) and Y1279 (9.5 Å) than T1175 (16.5 Å).

Fig. 4 | Smc3 Q67/Scc2 T1175 interface represents a novel Scc2/cohesin con-

formation. A The relative positions of Smc3 M74 with Scc2 E819, E820, R830, and
N886 in Scc2/E- (PDB 6ZZ6) or pre-E-cohesin configuration. B The in vivo BMOE
crosslink of smc3 M74C with indicated cysteine substituted Scc2 in exponentially
grown cells. Scc1-PK was immunoprecipitated from whole-cell extracts and co-
immunoprecipitated crosslinked, and non-crosslinked Smc3-HA was detected by
western blot using an anti-HA antibody. Source data is provided as a Source Data
file.C In vivoBPA crosslink of smc1 E1102BPA (left) or smc3Q67BPA (right) to Scc2 in
J-cohesin using exponentially grown cells. Juxtaposedcoiledcoilswere stabilisedby
in vivo BMOE crosslink between smc1 R1031C and smc3 E202C, followed by UV-
induced BPA crosslink of smc1 E1102BPA or smc3 Q67BPA with Scc2. Scc1-PK was

immunoprecipitated from whole-cell extracts and co-immunoprecipitated cross-
linked and non-crosslinked Scc2-FLAG was detected by Western blot using anti-
FLAG antibody. D In vivo BPA crosslink of smc1 E1102BPA (left) or smc3 Q67BPA

(right) to Scc2 in E-cohesin using exponentially grown cells. Engaged heads were
stabilised by in vivo BMOE crosslink between smc1 N1192C and smc3 R1222C, fol-
lowed by UV-induced BPA crosslink of smc1 E1102BPA or smc3 Q67BPA with Scc2.
Scc1-PK was immunoprecipitated from whole-cell extracts and co-
immunoprecipitated crosslinked and non-crosslinked Scc2-FLAG was detected by
Western blot using anti-FLAG antibody. Source data is provided as a Source
Data file.

Article https://doi.org/10.1038/s41467-023-41596-w

Nature Communications |         (2023) 14:5929 9



This suggested that Scc2 T1175/Smc3 Q67 interface represents a dif-
ferent configuration (Scc2/pre-E-cohesin). The privileged crosslink of
smc3 Q67BPA with Scc21110–1176 implied that the Scc2/pre-E-cohesin
configuration might predominate over Scc2/E-cohesin. This is likely
because ATP hydrolysis triggers the disassembly of the Scc2/E-cohesin
complex, making Scc2/E-cohesin less stable. Second, this configura-
tion is incompatible with J-cohesin because juxtaposed coiled coils

impose a structural restraint on the Scc2/Smc3 head interaction in the
Scc2/pre-E-cohesin configuration (Fig. 4C). Using the same strategy,
we demonstrated that head engagement also prevents the assembly of
this interface (Fig. 4D). These results are consistent with the prediction
fromourmodelled structure: the Scc2/pre-E-cohesin complex displays
separated coiled coils and disengaged heads. Another piece of evi-
dence is that the interfaces of Scc2/pre-E-cohesin head (Scc2 T1175/
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Smc3 Q67) and Scc2/E-cohesin coiled coil (Smc3 K1004/Scc2 D369)
are mutually exclusive (Fig. 5F). These results support our claim that
the interface of Scc2T1175/Smc3Q67 represents a novel configuration,
Scc2/pre-E-cohesin. This hypothesis is further supported by the dis-
tinctive sensitivities of these three configurations to the acetylation
mimicking mutation smc3 QQ and ATP hydrolysis mutation smc3

E1155Q/smc1 E1158Q. The Scc2/pre-E-cohesin and Scc2/E-cohesin, but
not Scc2/J-cohesin, are seriously defected by smc3 QQ (Fig. 6B, D, F). It
suggested that the interaction of Scc2 with J-cohesin is the first step in
loading. Also, the ATP hydrolysis mutation only enhances the Scc2/E-
cohesin (Fig. 5D), suggesting the occurrence of Scc2/J-cohesin and
Scc2/pre-E-cohesin before the Scc2/E-cohesin. Together, these results
support the notion that Scc2/pre-E-cohesin is a novel configuration
and acts as a transitional step during loading (Fig. 7J).

How does the Scc2/pre-E-cohesin configuration promote the
loading reaction? As suggested by a Cryo-EM study, Scc2 initiates
the loading reaction by interacting with J-cohesin14. However, the
juxtaposed coiled coils in this Scc2/J-cohesin configuration prevent
head engagement and the assembly of the DNA-clamp compart-
ment. In the Scc2/pre-E-cohesin configuration, the interactions of
Scc2 with both heads brings them close, facilitating ATP binding
and head engagement. Moreover, these interactions also drives the
unzipping of juxtaposed coiled coils, permitting the interaction of
Scc2 with Smc3 coiled coil and the formation of the DNA clamp
compartment. In the Scc2/E-cohesin complex, Scc2 interacts with
the ATP-bound cohesin10,12,13. If this configuration forms prior to
cohesin/DNA association, Scc2 could trigger ATP hydrolysis and
disassemble of this complex before loading. Another problem is
that the engaged heads promote the interaction of Scc2 with Smc3
heads and coiled coil (Fig. 5D), which encloses the DNA-clamp
compartment and prevents DNA entry. Unlike the Scc2/E-cohesin
configuration, ATP binding pocket is not formed in the Scc2/pre-E-
cohesin complex, preventing premature ATP hydrolysis. Moreover,
in this configuration, Scc2 interacts with the Smc3 head but not the
coiled coil, which creates an entry gate for DNA clampping. The
subsequent ATP binding drives Scc2/Smc3 coiled-coil interaction
and closes the gate. These structural features of the Scc2/pre-E-
cohesin configuration permit Scc2 to load J-cohesin and form the
DNA-clamped Scc2/E-cohesin configuration. Identifying the Scc2/
pre-E-cohesin conformation also opens the door to an intermediate
conformation in other Smc proteins like condensin, Smc5/6 where
the engaged headDNA-bound conformations have been reported in
cryo-EM studies37,38. Furthermore, the reconfiguration of the cohe-
sin/Scc2 complex in loading might also occur in loop extrusion. It is
conceivable that the cohesin/Scc2 complex would keep switching

between the Scc2/pre-E-cohesin and Scc2/E-cohesin configurations
during the ATP binding/hydrolysis cycle in the “swing and clamp”
process of loop extrusion15.

Acetylation of Smc3 K112 K113 is critical to prevent DNA dis-
association of cohesin by antagonisingWapl’s releasing activity16,21,22,39.
Ironically, this modification also precludes Scc2-mediated DNA asso-
ciation as revealed by studying its mimicking form smc3-QQ9,27. These
observations suggest that Smc3 K112 K113 plays essential roles in both
loading and release. The identified mutation in this study, smc3-

W483R_R1008I, permitting the loading of smc3-QQ, proved that smc3-

QQ can functionally copy Smc3 acetylation to prevent releasing
activity and maintain cohesion. Moreover, this mutation largely
restores the DNA association of Smc3QQ but has little effect on its
release defect, suggesting that Smc3 K112 K113 participates in loading
and release through distinctive pathways.

How do Smc3 K112 K113 promote loading? The Cryo-EM strucrure
of Scc2/E-cohesin/DNA revealed that these two residues are close to
DNA or two conserved negatively charged residues E821 E822 of
Scc210,12. Therefore, twohypotheseswere proposed: positively charged
K112 K113 acts as a DNA sensor by interacting with negatively charged
DNA or promotes the interaction with Scc2 by forming electrostatic
forces with Scc2 E821 E822. Thus, neutralisation of their charge by
acetylation might weaken these interactions and inhibit loading.
However, our results suggest that these interactionsmight not account
for the essential role of K112K113 in loading. First, DNAcan significantly
enhance the Scc2-dependent ATPase activity of Smc3QQ (Fig. 2B),
suggesting that neutralising the positive charges of Smc3K112 113 does
not seriously impair cohesin/DNA interaction. On the other hand, we
found that neutralising charges of Scc2 E821 E822 by scc2 E821Q/

E822Q, unlike smc3-QQ, barely affects cell growth. In contrast, rever-
sing the negative charge of Scc2 E822 leads to a gain-of-function allele
of Scc2 (scc2-E822K),which canefficiently stimulate theATPase activity
of Smc3QQ and Smc3. Interestingly, this allele, together with smc3

R1008I, suppresses the loadingdefect and lethality of smc3-QQ (Fig. 7G
and Supplementary Fig. 7H). These results indicated that the interac-
tion of Smc3 K112 K113 with DNA or Scc2 E821 E822 might not be a
major contributor to loading.

This study revealed that smc3-QQ dramatically decreases the
interaction between Scc2 and Smc3 Q67. It suggests that the acetyla-
tion might impair the Scc2/pre-E-cohesin configuration and prevents
the conformational transition from Scc2/J-cohesin to Scc2/E-cohesin.
Consistently, the mutation smc3 W483R_R1008I which improves the
interaction of Scc2 with Smc3QQ also greatly alleviates the loading
defect of Smc3QQ. This suggests that themain role of Smc3K112 K113 in
loading is to facilitate the formation of Scc2/pre-E-cohesin

Fig. 5 | Inhibition of Scc2/pre-E-cohesin and Scc2/pre-E-cohesin configurations

by smc3-QQ. A Crystal structure of E-cohesin/Scc2 complex showing the positions
of Smc3 and Scc2 residue pairs smc3 S72/Scc2 E819 and Smc3 K1004/Scc2 D369.
(PDB 6ZZ6). B In vivo BMOE crosslinking between smc3 S72C/scc2 E819C in expo-
nentially grown cycling cells. Scc1-PK was immunoprecipitated from whole-cell
extract, co-immunoprecipitated crosslinked, and non-crosslinked Smc3-HA was
detected by western blot using an anti-HA antibody. Successful crosslink product
formation depended on the presence of both cysteines. Source data is provided as
a SourceDatafile.C In vivoBMOE crosslinking between smc3K1004C/scc2D369C in
exponentially grown cycling cells. Scc1-PK was immunoprecipitated from whole-
cell extracts, co-immunoprecipitated crosslinked, and non-crosslinked Smc3-HA
was detected by western blot using an anti-HA antibody. Successful crosslink
product formation depended on the presence of both cysteines. Source data is
provided as a Source Data file. D Effect of cohesin ATP hydrolysis mutant (smc3

E1155Q or smc1 E1158Q) on the in vivo BMOE crosslinks on different Scc2/cohesin
interfaces. Ectopically expressed wild type or EQ mutant versions of Smc3S72C,
Smc3K1004C, Smc3Q67C, or Smc1E1102C were crosslinked to their respective cysteine
substitution of Scc2 residues using BMOE in late G1 arrested cellsScc1-PK was
immunoprecipitated from whole-cell extracts and coimmunoprecipitated Smc3 or

Smc1 was detected by western blot using anti-HA or anti-MYC antibody. Cross-
linking efficiency was quantified using band intensity on western blot. Source data
is provided as a Source Data file. E DNA clamp compartment formed by the inter-
faces of Smc3 S72/Scc2 E819 and Smc3 K1004/Scc2 D369. Simultaneous in vivo
BMOE crosslink of smc3 S72C/scc2 E819C and smc3 K1004C/scc2 D369C with SMC3

or smc3-E1155Q was performed using cells arrested in late G1. Scc1-PK was immu-
noprecipitated from whole-cell extracts and coimmunoprecipitated Scc2 was
detected by western blot using an anti-FLAG antibody. The single and double
crosslink products were quantified using band intensity on western blot. Their
stoichiometric ratios were indicated on the right. Source data is provided as a
Source Data file. F Double crosslink of smc3 Q67C/scc2 T1175C and smc3

K1004C/scc2 D369C in presence of smc3 E1155Q. Simultaneous in vivo BMOE
crosslink of smc3 Q67C/scc2 T1175Cand smc3 K1004C/scc2 D369Cwith smc3-E1155Q

was performed, with indicated control, using cells arrested in late G1. Scc1-PK was
immunoprecipitated from whole-cell extracts, and coimmunoprecipitated Scc2
was detected by western blot using an anti-FLAG antibody. The single and double
crosslink products were quantified using band intensity on western blot. Their
stoichiometric ratios were indicated on the right. Source data is provided as a
Source Data file.

Article https://doi.org/10.1038/s41467-023-41596-w

Nature Communications |         (2023) 14:5929 11



configuration. However, how these residues influence this configura-
tion still requires further investigation.

To our surprise, although the interaction of Scc2with Smc3QQ and
the loading of Smc3QQ are greatly improved by smc3 W483R_R1008I,
this suppressor mutation has a mild effect on the reduced DNA-
independent ATPase activity of Smc3QQ. This suggested that Smc3

acetylation might also impair the intrinsic ATPase activity. In agree-
ment with this hypothesis, many mutations suppressing the growth
defect of smc3-QQ were found in the regions involving ATP binding
andhydrolysis.Moreover,we found that a hypermorphic allele of Scc2,
together with smc3 R1008I, can efficiently suppress the loading defect
of smc3-QQ. Consistently, a mutation in the Smc1 head greatly
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by smc3-QQ. A In vivo BMOE crosslink of scc2 T1175Cwith SMC3 or smc3-QQ_Q67C

using cells arrested in late G1. Scc1-PK was immunoprecipitated from whole-cell
extracts and co-immunoprecipitated crosslinked and non-crosslinked Smc3-HA
was detected byWestern blot using anti-HA antibody. Source data is provided as a
Source Data file. B The percentage of crosslinking efficiency in panel A was calcu-
lated as mean ± SD from 3 independent experiments. smc3-QQ reduced the cross-
linking efficiency to about 10% of wild type. Source data is provided as a Source
Data file. C In vivo BMOE crosslinking of scc2 E819C with SMC3 or smc3-QQ S72C

using cells arrested in late G1. Scc1- PK was immunoprecipitated from whole-cell
extracts and co-immunoprecipitated crosslinked and non-crosslinked Smc3-HA
was detected byWestern blot using anti-HA antibody. Source data is provided as a
Source Data file. D The percentage of crosslinking efficiency in panel C was cal-
culated as mean ± SD from 3 independent experiments. smc3-QQ reduced the
crosslinking efficiency to about 10% of wild type. Source data is provided as a

Source Data file. E In vivo BMOE crosslinking of scc2 D369C with SMC3 or smc3-QQ

K1004C using cells arrested in late G1. Scc1-PK was immunoprecipitated from
whole-cell extracts and co-immunoprecipitated crosslinked and non-crosslinked
Smc3-HA was detected by western blot using an anti-HA antibody. Source data is
provided as a SourceDatafile.FThepercentage of crosslinking efficiency inpanel E
was calculated as mean ± SD of 3 independent experiments. smc3QQ reduced the
crosslinking efficiency to about 10% of wild type. Source data is provided as a
SourceData file.G In vivo BMOE crosslinking of scc2 T1281Cwith smc1 E1102C in the
presenceof ectopically expressed Smc3-PKorSmc3QQ-PKusing cells arrested in late
G1. Smc3/Smc3QQ-PK was immunoprecipitated from whole-cell extracts and co-
immunoprecipitated crosslinked and non-crosslinked Smc1 or Scc2 was detected
by western blot using anti-MYC (Smc1) and anti-FLAG (Scc2) antibody. Source data
is provided as a Source Data file. H The percentage of crosslinking efficiency in
panel J was calculated as the mean ± SD of 3 independent experiments. smc3-QQ

had a mild effect on the crosslink. Source data is provided as a Source Data file.
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improves the intrinsic ATPase activity and suppresses the lethality of
smc3 K113Q40. These results suggested that Smc3 K112 K113 would also
contribute to the intrinsic ATPase activity.

Recent evidence revealed that SMC coiled coils are
juxtaposed41–43, which poses a structural barrier for Smc3/Scc2 inter-
action and ATP binding/hydrolysis. We demonstrated that the chemi-
cal stabilisation of juxtaposed coiled coils prevents Scc2/Smc3 Q67

interaction. Thus, the juxtaposed coiled coils must be unzipped, at
least from “necks” to “heads”, for assembly of the Scc2/pre-E-cohesin
complex and further ATP binding/hydrolysis. Also, Scc2 interacts with
Smc3 coiled coil to form a DNA clampment compartment in Scc2/E-
cohesin, which also requires the unzipping of juxtaposed coiled coils.
Consistently, the primary suppressor mutations smc3 E199A and
R1008I localise to the coiled coil close to this interface, which might
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weaken the interaction between cohesin coiled coils and facilitate the
Scc2/Smc3 coiled-coil interaction. Interestingly, this effect can be
further enhanced by additional mutations occurring on the Smc3
coiled coil. The coiled coils of SMCproteins aremade of severalα-helix
fragments of about 50 residues with conserved breaks44. Remarkably,
most coiled-coil suppressor mutations are found to locate at joints of
α-helix fragments, which might contribute to unzipping juxtaposed
coiled coils by altering the orientation of the α-helix. Our investigation
revealed that smc3 W483R_R1008I greatly improved the interaction of
Scc2 with Smc3QQ Q67. This improvement permits the assembly of the
Scc2-pre-E-cohesin complex and enables the loading.

Methods
Reagents
Key reagents and antibodies are described in supplementary Supple-
mentary Table 5.

Yeast strains and growth conditions
All yeast strains were of W303 background (Supplementary Table 3).
Standard yeast genetic techniques and transformation were used to
construct these strains. Integration of target genes into the MET15

locus using the CRISPR system as previously described45. The yeast
mutations used in this study are summarised in Supplementary
Table 2.

Unless otherwise stated, yeast cells were grown in the rich med-
iumYEP + 2%glucose (YEPD) at 25 °Cwith a rotationof 2000 rpm (New
Brunswic Innova 43R, Eppendorf).

To arrest cells in late G1 by overexpressing non-degradable
Sic1(9m)21, exponentially grown bar1Δ cells in YEP + 2% raffinose
(YEPR) were treated with 0.1 µg/ml α-factor. One hour before release,
galactose of a final concentration of 2% was added to induce the
expression of Sic1(9m). To release cells fromα-factor arrest, cells were
harvestedby centrifuge (3500 rpm×2minutes) andwashedwith YEPD
twice. Cells were resuspended into YEPD containing 0.1mg/ml of
pronase and agitated for 60min at 25 °C. Yeast tetrad dissection was
performed using a Singer dissection microscope MSM 400.

Screening for suppressors of scc2-45 wpl1Δ
Forty independent colonies of the parental strain (scc2-45 wpl1Δ) were
cultured in 5ml YEPD overnight at 25 °C. Cells collected from 1ml
culture were spread ontothree3 plates and incubated at 32 °C until
colonies appeared. A colony was picked from each and confirmed
robust growth at 32 °C by streaking on YEPD plate. Eighty-eight

revertants of Scc2 were identified by sequencing the Scc2 gene
amplified from genomic DNA using PCR. Genetic linkage of the rest
mutations with known cohesin submits (SMC1, SMC3, SCC1, SCC3,
SCC4, PDS5 and ECO1) were examined by tetrad dissection. Twenty-
seven were tightly linked to SMC3 and DNA sequencing revealed
numerous substitutions of just two amino acids, namely E199
and R1008.

Screening for suppressors of smc3-QQ_R1008I

Random mutations were introduced into the smc3 R1008I gene using
two-round error-prone PCR. In the first round of PCR, MnCl2 was
added to a final 30 μM to induce A/T to G/C transition. In the second
round of PCR, 1 μl of the first-round PCR product was used as the
template DNA, and dITPwas added to a final 30μM to induceG/C to A/
T transition. Both PCRs were carried out by standard PCR using G2
DNA Polymerase (Promega). The mutated smc3 R1008I and linearised
YCplac111 bearing Smc3 promoter or terminator plus 50 bp sequences
homologous to Smc3ORF at each endwere co-transformed into smc3-
42 cells. The transformants containing suppressor mutations were
selected on SD -Leu plates at 37 °C. The YCplac111 plasmids were
recovered, and the mutations were identified by DNA sequencing.
Sixteen suppressor mutations on the Smc3 head and twenty-four on
Smc3 coiled coil were verified by replacing endogenous Smc3with the
reconstituted mutations.

In vivo BPA crosslink
In vivo BPA crosslink was performed as previously described46. Yeast
cells were transformed with pBH61 expressing Ec TyrRS and Ec
tRNACUA, and YEplac181 containing Smc1 or Smc3 gene with a TAG
mutation. These cells were grown in SD -Leu -Trp media containing
1mM BPA at 30 °C until the OD reached 0.3-0.6 per mL. The BPA
stocking solution (1M) was made by dissolving BPA in fresh 1N NaOH
solution. The cells (40 OD) were collected, resuspended in 1mL ice
cold 1× PBS and transferred into an 8-well plate. The plate was placed
on a bed of ice and put into a UV crosslinker (Spectrolinker XL-1500W
crosslinker, Spectronics Corporation) equipped with a 352nm wave-
length emitting bulb (Sankyo Denki Co. Ltd). The cells were subjected
to UV light at 352 nm for 3× 1min with a 5-minute rest interval.

In vivo BMOE crosslink
A stock solution of 125mMBMOE and dissolved at 37 °C with shaking.
First, yeast cells were exponentially grownor arrested in later G1. Then
a total 30 OD of cells were collected and washed with 500 µl of PBS

Fig. 7 | Loading defect of Smc3QQ is rescued by Smc3 suppressor R1008I and a

hypermorphic Scc2 allele. A In vivo BMOE crosslink between scc2 T1175C and
smc3-QQ Q67C in the presence of smc3 R1008I or W483R or both using cells
arrested in late G1. Scc1-PK was immunoprecipitated from whole-cell extracts and
co-immunoprecipitated Smc3-HA was detected by Western blot using an anti-HA
antibody. Source data is provided as a Source Data file. B The percentage of
crosslinking efficiency in panel A was calculated as mean+SD from 3 independent
experiments. The highest increase in crosslinkwasobservedwhenbothR1008I and
W483R were present, about 70% of wild type. Source data is provided as a Source
Data file.C In vivo BMOE crosslink between scc2 D369C and smc3-QQK1004C in the
presence of smc3 R1008I orW483R or both using cells arrested in late G1. Scc1-PK
was immunoprecipitated from whole-cell extracts and co-immunoprecipitated
Smc3-HA was detected by Western blot using an anti-HA antibody. Source data is
provided as a Source Data file.D The percentage of crosslinking efficiency in panel
C was calculated as mean± SD from 3 independent experiments. The highest
increase in crosslink was observed when W483R were present, about 70% of wild
type. Source data is provided as a Source Data file. E Recombinant tetramer of
cohesin, Smc3 or Smc3W483R_R1008Ior Smc3QQ or Smc3QQ_R1008I_W483R, Smc1, Scc1 and
Scc3 was incubated with Scc2. ATP was added to initiate the reaction and the
reaction rate was measured as the change in absorption at 360 nm over time.
Source data is provided as a Source Data file. F scc2-E822K_L937F (red circles)

promotes cell proliferation of smc3-QQ_R1008Imutant (green circles), nearly to
wild type (red rectangles). Source data is provided as a Source Data file.
G Calibrated ChIP-seq profiles of Smc3, Smc3QQ, Smc3QQ_R1008I in the SCC2 or scc2-
EKLF cells. Source data is provided as a SourceDatafile.HRecombinant tetramer of
cohesin, Smc3 or Smc3QQ, Smc1, Scc1 and Scc3 was incubated with Scc2 or
Scc2E822K_L937F. ATP was added to initiate the reaction and the reaction rate was
measured as the change in absorption at 360 nmover time. Source data is provided
as a Source Data file. I Recombinant tetramer of cohesin, Smc3 or Smc3QQ R1008I,
Smc1, Scc1 and Scc3 was incubated with Scc2 or Scc2E822K_L937F. ATP was added to
initiate the reaction and the reaction ratewasmeasured as the change in absorption
at 360 nmover time. Source data is provided as a SourceDatafile. JConformational
dynamics of cohesin Scc2 loading complex. Scc2 interacts in J-cohesin with Smc1’s
head. Then the interaction of Scc2/Smc3 heads induces the unzipping of cohesin
CC and orientates heads to facilitate the formation of ATP binding pocket (pre-E-
cohesin). ATP binding leads to head engagement (E-cohesin) and promotes the
assembly of the DNA clamping compartment. DNA clamping triggers ATP hydro-
lysis and the opening of one of the cohesin interfaces, allowing DNA to be
entrapped in cohesin’s J–K compartment. The transition from the configuration of
Scc2/J-cohesin to that of Scc2/pre-E-cohesin is inhibited by Smc3 acetylation and
juxtaposed CCs.
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twice before re-suspending in 1ml of PBS. 25 µL of 125mM BMOE
solution dissolved in DMSO was added to the cell suspension and
incubated on ice for 6minutes. The crosslinking reaction was stopped
by adding 3 µl of 1M DTT. The cells were then washed with 1mL of
5mM DTT in PBS and used for protein extraction. The cysteine pairs
for BOME crosslink are summarised in Supplementary Table 1.

Co-immunoprecipitation
Proteins were extracted from 30 OD of cells in 500 µl of lysis buffer
(0.05MTris pH 7.5, 0.15MNaCl, 5mMEDTApH 8.0, 0.5% NP-40, 1mM
DTT, 1mM PMSF, and cOmplete™ Protease Inhibitor Cocktail tablet).
The crude lysis was added with 3 µl of 1mg/ml antibody and rotated at
4 °C for 1 hour. Then 30 µl of Dynabeads (Thermo Fisher) was added
and rotated at 4 °C overnight. TheDynabeadswerewashed three times
using 1ml of lysis buffer per wash with a 5-minute incubation with
rolling at 4 °C between each wash. The lysis buffer was removed and
the IPed proteins were released in 50 µL of 1× LDS sample buffer
(NuPAGE® Life Technologies) by heating at 65 °C for 5minutes.

TEV proteinase cleavage
TEV cleavage was performed after the wash step during the immuno-
precipitation. The Dynabeads were then washed once with 500μL of
digestion buffer (25mM Tris pH 8.0, 150mM NaCl, and 2mM 2-Mer-
captoethanol). The beads were then incubated for 16 hours at 20 °C
with shaking in 30μL of digestion buffer supplemented with 10μl of
TEV protease (Sigma). The samples were mixed with 10μl of 1× LDS
sample buffer and heated at 65 °C for 5minutes.

Protein gel electrophoresis and Western blotting
The crosslinked samples in 1X LDS sample buffer were separated using
3-8% Tris-acetate gels (NuPAGE® Life Technologies). For single cross-
links, SDS-PAG lasted 150minutes with 150V. For double crosslinks,
SDS-PAG lasted 210minutes with 150V. The proteins were then
transferred onto 0.2μm nitrocellulose using the Mini Trans-blot® Cell
system (Bio-Rad).

To visualise the proteins, the luminant signal was developed using
Immobilon™ Western Chemiluminescent HRP substrate (Millipore)
and detected using G:Box Chemi-XX9 (GENESYS). The density of each
band was measured using GeneTools (GENESYS). The uncropped and
unprocessed scans of all the blots in the main and supplementary
figures are provided in the source data file.

Crosslink efficiency was calculated using the formula-
% of crosslink=Signal for Crosslinked band/ (Signal for crosslinked

band+Signal for non-crosslinked band)*100

Calibrated ChIP-sequencing
Calibrated ChIP-sequencing was performed as previously described27.
Forty-five mL of 15 OD600 units of exponentially grown cells and 5
OD600 units of reference cells C. glabrata were mixed with 4mL of
fixative (50mM Tris-HCl, pH 8.0; 100mM NaCl; 0.5mM EGTA; 1mM
EDTA; 30% (v/v) formaldehyde) and rotated at RT for 30min. Then
2mL of 2.5M glycine was added and incubated at RT for 5min. The
fixed cells were collected by centrifugation at 3500 rpm for 2min and
washedwith 50ml of ice-cold 1X PBS. The cells were then resuspended
in 300μL of ChIP lysis buffer (50mM Hepes-KOH, pH 8.0; 140mM
NaCl; 1mM EDTA; 1% (v/v) Triton X-100; 0.1% (w/v) sodium deox-
ycholate; 1mM PMSF; 1 tablet/25mL protease inhibitor cocktail
(Roche)) and an equal amount of acid-washed glass beads (425-600μm
Sigma) added. Cells were disrupted using a FastPrep®−24 benchtop
homogeniser (M.P. Biomedicals) at 4 °C (3x 60 s at 6.5m/s or until
>90% of the cells were lysed as confirmed by microscopy).

The isolated soluble fraction was subjected to a sonication using a
bioruptor (Diagenode) for 30min in bursts of 30 s on and 30 s off at a
high level in a 4 °C water bath. Under this condition,. Cell debris was
removed by centrifugation at 13,200 rpm at 4 °C for 20min and the

supernatant containing sheared chromatin with a size range of 200-
1000bp was mixed with 700μL of ChIP lysis buffer. The samples were
pre-cleared with 30μL of protein G Dynabeads (Invitrogen) for 1 h at
4 °C. 80μL of WCE was taken. The remaining supernatant was mixed
with 5μg of anti-PK antibody Bio-Rad) and rotated overnight at 4 °C.
50μL of protein G Dynabeads were added and rotated at 4 °C for 2 h.
The beads were washed 2x with ChIP lysis buffer, 3x with high salt ChIP
lysis buffer (50mM Hepes-KOH, pH 8.0; 500mM NaCl; 1mM EDTA; 1%
(v/v) Triton X-100; 0.1% (w/v) sodium deoxycholate; 1mM PMSF), 2x
withChIPwashbuffer (10mMTris-HCl, pH8.0; 0.25MLiCl; 0.5%NP-40;
0.5% sodium deoxycholate; 1mM EDTA; 1mMPMSF) and 1x with TE pH
7.5. The immunoprecipitated chromatin was then released in 120 μL of
TES buffer (50mMTris-HCl, pH8.0; 10mMEDTA; 1% SDS) by heating at
65 °C for 15min and the collected supernatant termed the IP sample.
The WCE extracts were mixed with 40μL of TES3 buffer (50mM Tris-
HCl, pH8.0; 10mMEDTA; 3%SDS). The crosslinkofWCEand IP samples
were reverted at 65 °C overnight. RNA was digested with 2μL RNase A
(10mg/mL; Roche) for 1 h at 37 °C and protein was degradedwith 10μL
of proteinase K (18mg/mL; Roche) for 2 h at 65 °C. DNA was purified
using ChIP DNA Clean and Concentrator kit (Zymo Research).

Preparation of sequencing libraries
Sequencing libraries were prepared using NEBNext® Fast DNA Library
Prep Set for Ion Torrent™ Kit (New England Biolabs) following the
manufacturer’s instructions. Briefly, 10–100 ng of purified DNA was
subjected to end repair and ligated with the Ion Xpress™ Barcode
Adaptors. Fragments of 300bp were then selected using E-Gel® Size-
Select™ 2% Agarose gels (Life Technologies) and amplified with 6-8
PCR cycles. The DNA concentration was then determined by qPCR
using Ion Torrent DNA standards (Kapa Biosystems) as a reference 12–16.
libraries with different barcodes were then pooled together to a final
concentration of 350pM and loaded onto the Ion PI™ V3 Chip (Life
Technologies) using the Ion Chef™ (Life Technologies). Sequencing
was then completed on the Ion Torrent Proton (Life Technologies),
typically producing 6–10million reads per librarywith an average read
length of 190 bp.

Data analysis, alignment and production of BigWigs
Data analysis was performed on the Galaxy platform47. The quality of
the readswas assessed using FastQC (Galaxy tool version 1.,0.0) and the
low-quality bases were removed as required using ‘trim sequences’
(Galaxy tool version 1.0.0). Generally, this involved removing thefirst 10
bases and any bases after the 200th but trimming more or fewer bases
may be required to ensure the removal of kmers and that the per-base
sequence content is equal across the reads. Reads shorter than 50bp
were removed using Filter FASTQ (Galaxy tool version 1.0.0, minimum
size: 50, maximum size: 0, minimum quality: 0, maximum quality: 0,
maximum number of bases allowed outside of quality range: 0, paired
end data: false) and the remaining reads aligned to the necessary gen-
ome(s) using Bowtie2 (Galaxy tool version 0.2) with the default (--sen-
sitive) parameters (mate paired: single-end, write unaligned reads to a
separate file: true, reference genome: SacCer3 or CanGla, specify read
group: false, parameter settings: full parameter list, type of alignment:
end to end, preset option: sensitive, disallow gaps within n-positions of
read: 4, trim n-bases from 5’ of each read: 0, number of reads to be
aligned: 0, strand directions: both, log mapping time: false).

To generate alignments of reads that uniquely align to the S.

cerevisiae genome, the reads were first aligned to the C. glabrata

(CBS138, genolevures) genome and retrieved the unaligned reads.
These unaligned reads were then aligned to the S. cerevisiae (sacCer3,
SGD) genome and the resulting BAM file was converted to BigWig
using ‘BAM to BigWig’ (Galaxy tool version 0.1.0) and the reads are
normalised as counts per million (CPM). Similarly, this process was
done with the order of genomes reversed to produce alignments of
reads that uniquely align to C. glabrata.
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Visualisation of ChIP-seq profiles
The BigWigs were visualised using the IGB browser48. To calibrate the
ChIP profile, the track was multiplied by the samples occupancy ratio
(OR) using the graph multiply function.

The Bigwigs file was used to calculate the average occupancy of
the 10 kb region around all 16 centromeres through the tool “compu-
teMatrix” and ORwas used as the scale factor. A BED file named “yeast
CDEIII” is used to define the centres of all the 16 CDEIII in this calcu-
lation (Supplementary Table 4).

Protein purification of the cohesin and Scc2 complexes
The codons-optimised SMC1/8xHis-SMC3 or smc3-QQ/SCC1-
2xStrepII/SCC3 and GFP-ΔΝ132-scc2-1xStrepII were cloned into bac-
mids and transfected into Sf9 cells (ThernoFisher, CAT# 11496015)
using Fugene HD reagent (Promega). The generated viruses were
infected into Sf9 cells, and the cells were cultured at 27 °C for 72 h in
Insect-XPRESS protein-free medium with L-glutamate (Lonza). To
express the proteins, 500ml of SF-9 insect cellswith a cell density of ~3
million/ml were infected with the appropriate baculovirus stock in a 1/
100 dilution and harvested when lethality (assayed by the trypan blue
test) reached nomore than 70-80%. Cell pellets were quickly frozen in
liquid nitrogen and stored at −80 °C. The thawed pellets were sus-
pended in ~65–70ml of HNTG lysis buffer (25mM Hepes pH 8.0, NaCl
150mM, TCEP-HCl 1mM and Glycerol 10%. The suspension was
immediately supplemented with 2 dissolved tablets of Roche Com-
plete Protease (EDTA-free), 75 µg of RNAse I and 7 µl of DNAseI (Roche,
of 10U/µl stock). The cells were then sonicated at 80% amplitude for
5 s/burst/35ml of suspension using a Sonics Vibra-Cell (3mm micro-
tip). In total 5 bursts were given for every 35ml half of the 70ml sus-
pension (the sonication was always performed in ethanolised ice). Cell
debris were removed using Ti45 fixed angle rotor (45,000 rpm x
45mins). A final concentration of 2mMEDTAwas added to the cleared
extract and loaded to a 2x5ml StrepTrap HP (Fisher Scientific) column
at 1ml/min in an ÄKTA Purifier 100. Washed with HNTG containing
1mM PMSF and 2mM EDTA (HNTGPE) with a flow speed of 1ml/min
until ΔΑU280nm is reduced to ~0. The protein was eluted using
HNTGPE + 20mM desthiobiotin (Fisher Scientific) at 1ml/min. Peak
fractions analysed using SDS-PAGE were pooled and were further
purified in a Superose 6 Increase 10/300 (VWR) using HNTG as a run-
ning buffer (free of EDTA/PMSF). The resulting peaks were again ana-
lysed using SDS-PAGE and the concentration was determined by
measuring A280 using Nanodrop. Protein was aliquoted and stocked
typically in concentrations ranging from 1 to 3mg/ml.

ATPase assay
ATPase activity was determined as described in the protocol of the
EnzChek phosphate assay kit (Invitrogen). The tetramer cohesin of a
final concentration of 50 nMwas dissolved with 50mMNaCl. If dsDNA
is presented, 700nM 40bp dsDNA was used. The reaction was initi-
alised by adding ATP to a final concentration of 1.3mM (final reaction
volume: 150ul). TheODat 360 nmwasmonitored every30 s for 90min
using a PHERAstar FS.ΔΑU at 360nmwas translated to Pi release using
an equation derived by a standard curve of KH2PO4 (EnzChek kit).
Rates were calculated from the slope of the linear phase (first 10min).
At least two independent biological experiments were performed for
each experiment.

Structure modelling
The model of an Smc1-Smc3 heterodimer with coiled-coil extensions
from the ATPase head domains was created by a combination of the
Smc1 homodimer structure (PDB 1W1W) and the Smc3:Scc1 complex
structure (PDB 4UX3) as outlined previously28,49. The model was
developed to be consistent with the cross-linking data using the pro-
gram Chimera50 by manual adjustment of the locations of the coiled
coils for each Smc protein, using the Smc3 structure as a template and

correcting for the sequence of the Smc1 protein chain. The coiled-coil
sections were aligned such that the positions of residues identified by
the cross-linking studies were consistent with distances required to
make covalent cross-links and such that allowed values for main chain
rotation angles were still achieved.

Statistics and reproducibility
All the experiments are repeated at least twice and the results of
repeats are consistent. To quantify the crosslinking efficiency based on
Western blot, the experiments were repeated at least three times using
independent cultures. The results indicating crosslinking efficiency
were plotted as the mean ± SD using Minitab Statistical Software. No
data were excluded from the analyses.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data that support this study are available from the corresponding
author upon request. The calibrated ChIP-seq data (raw and analysed)
were deposited to GEO under accession code GSE217833. All the other
original/analysed data including the modelled structures were
deposited to figshare: https://doi.org/10.6084/m9.figshare.22664902.
v2. The Cryo-EM strucuter of Scc2/J-cohesin was obtained from EMD
(EMD-12880). The Cryo-EM strucuter of Scc2/E-cohesin/DNA was
obtained from PDB (6ZZ6). The crystal structure of Smc3-Scc1 was
obtained from PDB (4UX3). The crystal structure of Smc1-Scc1 was
obtained from PDB ((1W1W). Source data are provided with this paper.

References
1. Nasmyth, K. & Haering, C. H. Cohesin: its roles and mechanisms.

Annu. Rev. Genet. 43, 525–558 (2009).
2. Davidson, I. F., Bauer, B., Goetz, D., Tang, W. & Wutz, G. DNA loop

extrusion by human cohesin. Science 1345, 1338–1345 (2019).
3. Murayama, Y. & Uhlmann, F. Biochemical reconstitution of topolo-

gical DNA binding by the cohesin ring.Nature 505, 367–371 (2014).
4. Petela, N. J. et al. Scc2 is a potent activator of cohesin’s ATPase that

promotes loading by binding Scc1 without Pds5. Mol. Cell 70,
1134–1148.e7 (2018).

5. Murayama, Y., Samora,C. P., Kurokawa, Y., Iwasaki, H. &Uhlmann, F.
Establishment of DNA-DNA Interactions by the Cohesin Ring. Cell
172, 465–477.e15 (2018).

6. Srinivasan, M. et al. The cohesin ring uses its hinge to organize DNA
using non-topological as well as topological mechanisms.Cell 173,
1508–1519.e18 (2018).

7. Gruber, S. et al. Evidence that loading of cohesin onto chromo-
somes involves opening of its SMChinge.Cell 127, 523–537 (2006).

8. Collier, J. E. & Nasmyth, K. A. DNA passes through cohesin’s hinge
as well as its Smc3–kleisin interface. Elife 11, e80310 (2022).

9. Murayama,Y.&Uhlmann, F.DNAentry intoandexit outof thecohesin
ring by an interlocking gate mechanism. Cell 163, 1628–1640 (2015).

10. Higashi, T. L. et al. A structure-basedmechanism for DNA entry into
the cohesin ring. Mol. Cell 79, 917–933.e9 (2020).

11. Chapard, C., Jones, R., vanOepen, T., Scheinost, J. C. &Nasmyth, K.
Sister DNA entrapment between juxtaposed Smc heads and kleisin
of the cohesin complex. Mol. Cell 75, 224–237.e5 (2019).

12. Shi, Z., Gao, H., Bai, X. C. & Yu, H. Cryo-EM structure of the human
cohesin-NIPBL-DNA complex. Science 368, 1454–1459 (2020).

13. Collier, J. E. et al. Transport of DNA within cohesin involves
clamping on top of engaged heads by SCC2 and entrapmentwithin
the ring by SCC3. Elife 9, 1–36 (2020).

14. Petela, N. J. et al. Folding of cohesin’s coiled coil is important for
scc2/4-induced association with chromosomes. Elife 10,
e67268 (2021).

Article https://doi.org/10.1038/s41467-023-41596-w

Nature Communications |         (2023) 14:5929 16



15. Bauer, B.W. et al. Cohesinmediates DNA loop extrusion by a “swing
and clamp” mechanism. Cell 184, 5448–5464.e22 (2021).

16. Rowland, B. D. et al. Building sister chromatid cohesion: Smc3
acetylation counteracts an antiestablishment activity. Mol. Cell 33,
763–774 (2009).

17. Muir, K. W. et al. Structure of the Pds5-Scc1 complex and implica-
tions for cohesin function. Cell Rep. 14, 2116–2126 (2016).

18. Lee, B. G. et al. Crystal structure of the cohesin gatekeeper Pds5
and in complex with kleisin Scc1. Cell Rep. 14, 2108–2115 (2016).

19. Kueng, S. et al. Wapl controls the dynamic association of cohesin
with chromatin. Cell 127, 955–967 (2006).

20. Gandhi, R., Gillespie, P. J. & Hirano, T. Human Wapl Is a cohesin-
bindingprotein that promotes sister-chromatid resolution inmitotic
prophase. Curr. Biol. 16, 2406–2417 (2006).

21. Chan, K. L. et al. Cohesin’s DNAexit gate is distinct from its entrance
gate and is regulated by acetylation. Cell 150, 961–974 (2012).

22. Ben-Shahar, T. R. et al. Eco1-dependent cohesin acetylation during
establishment of sister chromatid cohesion. Science 321,
563–566 (2008).

23. Ünal, E. et al. A molecular determinant for the establishment of
sister chromatid cohesion. Science 321, 566–569 (2008).

24. Beckouët, F. et al. An Smc3 acetylation cycle is essential for estab-
lishment of sister chromatid cohesion.Mol. Cell39, 689–699 (2010).

25. Borges, V. et al. Hos1 deacetylates Smc3 to close the cohesin
acetylation cycle. Mol. Cell 39, 677–688 (2010).

26. Deardorff, M. A. et al. HDAC8 mutations in Cornelia de Lange syn-
drome affect the cohesin acetylation cycle. Nature 489,
313–317 (2012).

27. Hu, B. et al. Biological chromodynamics: a general method for
measuring protein occupancy across the genome by calibrating
ChIP-seq. Nucleic Acids Res. 43, e132 (2015).

28. Gligoris, T. G. et al. Closing the cohesin ring: structure and function
of its Smc3-kleisin interface. Science 346, 963–967 (2014).

29. Beckouët, F. et al. Releasing activity disengages cohesin’s Smc3/
Scc1 interface in a process blocked by acetylation. Mol. Cell 61,
563–574 (2016).

30. Green, N. S., Reisler, E. & Houk, K. N. Quantitative evaluation of the
lengths of homobifunctional protein cross-linking reagents used as
molecular rulers. Protein Sci. 10, 1293 (2001).

31. Arumugam, P. et al. ATP hydrolysis is required for cohesin’s asso-
ciation with chromosomes. Curr. Biol. 13, 1941–1953 (2003).

32. Chin, J. W. & Schultz, P. G. In vivo photocrosslinking with unnatural
amino acid mutagenesis. Chembiochem 3, 1135–1137 (2002).

33. Chen, S., Schultz, P. G. & Brock, A. An improved system for the
generation and analysis of mutant proteins containing unnatural
amino acids in Saccharomyces cerevisiae. J. Mol. Biol. 371,
112–122 (2007).

34. Ciosk, R. et al. Cohesin’s binding to chromosomes depends on a
separate complex consisting ofScc2 andScc4proteins.Mol. Cell5,
243–254 (2000).

35. Davidson, I. F. et al. DNA loop extrusion by human cohesin. Science
366, 1338–1345 (2019).

36. Bastié, N. et al. Smc3 acetylation, Pds5 and Scc2 control the
translocase activity that establishes cohesin-dependent chromatin
loops. Nat. Struct. Mol. Biol. 29, 575–585 (2022).

37. Yu, Y. et al. Cryo-EM structure of DNA-bound Smc5/6 reveals DNA
clamping enabled by multi-subunit conformational changes. Proc.
Natl Acad. Sci. USA 119, e2202799119 (2022).

38. Lee, B. G., Rhodes, J. & Löwe, J. Clamping of DNA shuts the con-
densin neckgate. Proc.Natl Acad. Sci. USA 119, e2120006119 (2022).

39. Nishiyama, T. et al. Sororin mediates sister chromatid cohesion by
antagonizing Wapl. Cell 143, 737–749 (2010).

40. Boardman, K. et al. A model for Scc2p stimulation of cohesin’s
ATPase and its inhibition by acetylation of Smc3p. Genes Dev. 37,
277–290 (2023).

41. Diebold-Durand, M. L. et al. Structure of full-length SMC and rear-
rangements required for chromosome organization. Mol. Cell 67,
334–347.e5 (2017).

42. Bürmann, F. et al. A folded conformation of MukBEF and cohesin.
Nat. Struct. Mol. Biol. 26, 227–236 (2019).

43. Lee, B. G. et al. Cryo-EM structures of holo condensin reveal a sub-
unit flip-flop mechanism. Nat. Struct. Mol. Biol. 27, 743–751
(2020).

44. Beasley, M., Xu, H., Warren, W. & McKay, M. Conserved disruptions
in the predicted coiled-coil domains of eukaryotic SMC complexes:
implications for structure and function. Genome Res. 12,
1201 (2002).

45. Daniels, P. W., Mukherjee, A., Goldman, A. S. H. & Hu, B. A set of
novel CRISPR-based integrative vectors for Saccharomyces cere-

visiae. Wellcome Open Res. 3, 72 (2018).
46. Mohibullah, N. & Hahn, S. Site-specific cross-linking of TBP in vivo

and in vitro reveals a direct functional interaction with the SAGA
subunit Spt3. Genes Dev. 22, 2994–3006
(2008).

47. Giardine, B. et al. Galaxy: a platform for interactive large-scale
genome analysis. Genome Res. 15, 1451–1455 (2005).

48. Freese, N. H., Norris, D. C. & Loraine, A. E. Integrated genome
browser: visual analytics platform for genomics. Bioinformatics 32,
2089–2095 (2016).

49. Haering, C. H., Löwe, J., Hochwagen, A. & Nasmyth, K. Molecular
architecture of SMC proteins and the yeast cohesin complex. Mol.

Cell 9, 773–788 (2002).
50. Pettersen, E. F. et al. UCSF Chimera—A visualization system for

exploratory research and analysis. J. Comput Chem. 25,
1605–1612 (2004).

Acknowledgements
The authors are grateful to Hu and Nasmyth lab members for useful
discussions, A Donaldson and A Lorenz for critical reading of the
manuscript. B Hu was supported by BBSRC (BB/S002537) and the
Wellcome Trust (202062/Z/16/Z).

Author contributions
A.K. and B.H. designed and conducted experiments and wrote the
manuscript. T.T. designed and conducted experiments. N.J.P. per-
formed calibrated ChIP-seq and revised the manuscript. M.V. purified
cohesin tetramer/Scc2 and conducted ATPase analysis. C.P. and P.D.
conducted experiments. J.B.R conducted protein structure modelling.
K.A.N. designed experiments and wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-41596-w.

Correspondence and requests for materials should be addressed to
Bin Hu.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this work.
A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Article https://doi.org/10.1038/s41467-023-41596-w

Nature Communications |         (2023) 14:5929 17



Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-41596-w

Nature Communications |         (2023) 14:5929 18


	Conformational dynamics of cohesin/Scc2 loading complex are regulated by Smc3 acetylation and ATP binding
	Results
	Screening of mutations suppressing the lethality of smc3-QQ
	smc3 W483RR1008I greatly suppresses smc3-QQ’s defect in loading but not release
	smc3-QQ inhibits Scc2-stimulated ATP hydrolysis of cohesin
	smc3-QQ barely affects ATP-mediated head engagement and Scc2/cohesin complex assembly
	Scc2 interacts both Smc1 and Smc3 head domains
	Both interfaces co-exist in the same Scc2/cohesin configuration
	Smc3 Q67/Scc2 interface represents a novel Scc2/cohesin configuration
	ATP-dependent head engagement promotes DNA clamping
	smc3-QQ impairs the interaction of Scc2 with pre-E- or E-cohesin, but potentially not J-cohesin
	smc3-W483RR1008I improves Scc2’s interaction with Smc3QQ’s head and coiled coil
	Smc3 acetylation might impair cohesin’s intrinsic ATPase activity

	Discussion
	Methods
	Reagents
	Yeast strains and growth conditions
	Screening for suppressors of scc2-45 wpl1Δ
	Screening for suppressors of smc3-QQR1008I
	In vivo BPA crosslink
	In vivo BMOE crosslink
	Co-immunoprecipitation
	TEV proteinase cleavage
	Protein gel electrophoresis and Western blotting
	Calibrated ChIP-sequencing
	Preparation of sequencing libraries
	Data analysis, alignment and production of BigWigs
	Visualisation of ChIP-seq profiles
	Protein purification of the cohesin and Scc2 complexes
	ATPase assay
	Structure modelling
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information


