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Brc1 Promotes the Focal Accumulation and SUMO Ligase
Activity of Smc5-Smcé during Replication Stress
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ABSTRACT As genetic instability drives disease or loss of cell fitness, cellular safe-
guards have evolved to protect the genome, especially during sensitive cell cycle
phases, such as DNA replication. Fission yeast Brc1 has emerged as a key factor in
promoting cell survival when replication forks are stalled or collapsed. Brc1 is a
multi-BRCT protein that is structurally related to the budding yeast Rtt107 and hu-
man PTIP DNA damage response factors, but functional similarities appear limited.
Brc1 is a dosage suppressor of a mutation in the essential Smc5-Smc6 genome sta-
bility complex and is thought to act in a bypass pathway. In this study, we reveal an
unexpectedly intimate connection between Brc1 and Smc5-Smc6 function. Brc1 is
required for the accumulation of the Smc5-Smc6 genome stability complex in foci
during replication stress and for activation of the intrinsic SUMO ligase activity of the
complex by collapsed replication forks. Moreover, we show that the chromatin associa-
tion and SUMO ligase activity of Smc5-Smc6 require the Nse5-Nse6 heterodimer, ex-
plaining how this nonessential cofactor critically supports the DNA repair roles of Smc5-
Smc6. We also found that Brc1 interacts with Nse5-Nse6, as well as gamma-H2A, so it
can tether Smc5-Smcé6 at replicative DNA lesions to promote survival.
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he maintenance of genome stability is paramount to suppress disease-priming

changes to the genetic code. DNA is particularly vulnerable to damage as it is
replicated, and therefore, multiple pathways have evolved to safeguard it during this
sensitive process.

The multi-BRCT domain protein Brc1 has emerged as a key factor in protecting the
fission yeast genome during replication (1-3). Cells lacking Brc1 are specifically hyper-
sensitive to genotoxins that impede replication fork progression, including methyl
methanesulfonate (MMS), hydroxyurea (HU), and camptothecin (CPT). Brc1 forms foci at
DNA lesions through its gamma-H2A binding C-terminal BRCT domain, and disruption
of this interaction with the Brc1-T672A mutation causes sensitivity to genotoxic stress (2).
In response to HU, gamma-H2A and Brc1-T672A mutations are epistatic, indicating that a
major role of gamma-H2A in this context is the recruitment of Brc1 to stalled forks.

Brc1 was initially identified as a dosage suppressor of smc6-74, a hypomorphic
mutation in the octameric Smc5-Smc6 genome stability complex (4). Smc5-Smcé6 is
related to the cohesin and condensin structural maintenance of chromosomes (SMC)
complexes, and all play key roles in chromosome segregation or other DNA transac-
tions that require large-scale dynamic manipulation of the genome (5). Whereas
functions for cohesin and condensin in chromosome segregation are quite well de-
fined, those of Smc5-Smcé6 are still emerging.

Smc5-Smcé6 is known to prevent the accumulation of aberrant homologous recom-
bination (HR) structures when replication fork progress is hampered, and also during
meiosis (6-15). Fission yeast Smc5-Smcé6 is recruited to stalled and collapsed replication
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forks, where it helps promote replication restart, together with Rad52 and RPA (12, 16).
The loading of Smc5-Smcé6 at collapsed replication forks appears to activate the SUMO
ligase activity of its Nse2 (MMS21) subunit, which is required to inhibit/resolve HR
intermediates (15-18). In addition, Smc5-Smcé6 is involved in the separase-independent
pathway that removes cohesin from chromosome arms (19). Together, unresolved HR
intermediates and persistent arm cohesion cause many of the chromosome segrega-
tion defects associated with mutations in Smc5-Smcé.

The Brcl-suppressible smc6-74 mutation is close to the Smc6 ATPase head domain
and causes both sensitivity to genotoxins and reduced chromatin loading of Smc5-
Smc6 (4, 20, 21). However, Brc1 overexpression does not suppress the smc6-X hinge
region mutation that also causes genotoxin sensitivity but exhibits normal chromatin
loading of Smc5-Smc6 (4, 20-22). Therefore, smc6-74 has specific defects that can be
mitigated by increased levels of Brc1. Suppression of smc6-74 by Brcl requires the
structure-specific endonucleases SIx1/SIx4 and Mus81-Eme1 and the postreplication
repair factor Rad18 (3). As a result, Brc1 is thought to act in parallel to or downstream
of Smc5-Smcé6, thereby reducing the need for Smc5-Smc6 in the management of stalled
or collapsed replication forks.

Of note, a mutation in the Nse4 (Rad62) subunit of Smc5-Smcé6 is also partially
suppressed by Brc1 overexpression (23), suggesting that smc6-74 and nse4-1 could
share a functional defect. Nse4 is a kleisin that bridges the ATPase head groups of
Smc5-Smc6 to generate a ring-like structure and could impact loading like the smc6-74
ATPase proximal mutation (21, 24). Therefore, among other roles, we speculated that
Brc1 could enhance Smc5-Smc6 chromatin association to partially compensate for
smc6-74 or nse4-1 defects.

In this study, we identify Brc1 as an Smc5-Smc6 interactor and key mediator of its
focal accumulation at sites of replication fork stalling or collapse. The formation of
Smc5-Smcé6 foci requires the gamma-H2A binding BRCTs of Brc1 (2) but not the recently
identified Brc1-interacting partner, Rad18 (1). In addition, we found that Brc1 is required
for the MMS-induced SUMOylation of Nse4 by the Nse2 SUMO ligase subunit of
Smc5-Smc6 (16). Thus, the high local concentration of Smc5-Smcé6 in Brc1-dependent
foci likely contributes to the MMS-induced activation of Nse2 (16, 17).

Moreover, we show that in the absence of the Smc5-Smc6 subunits, Nse5 and Nse6,
the amount of the complex on chromatin at its binding hot spots is strongly reduced
(16, 25). Therefore, the Nse5-Nse6 heterodimer plays a key role in the recruitment
and/or chromatin loading of Smc5-Smc6, as we had proposed earlier (25). We also
found that Brc1 interacts with Nse5-Nse6 in vivo; therefore, Brc1 could tether Smc5-
Smc6 at damaged replication forks via gamma-H2A to enhance focus formation, local
chromatin loading, and SUMO ligase activity of the complex to promote survival.

RESULTS

Replication stress-induced Smc5-Smcé6 foci are Brc1 dependent. Replication fork
stalling by HU treatment induces a single subnuclear focus of Smc5-Smc6 at the
clustered heterochromatic centromeres of fission yeast (16). MMS causes DNA damage
that impedes replication fork progression and induces multiple Smc5-Smc6 foci, which
are often perinucleolar (16).

Brc1 is intimately associated with Smc5-Smcé function, as (i) increased Brc1 dosage
can partially suppress the genome stability defects caused by smc6-74; (i) the deletion
of Brc1 is synthetically lethal with most hypomorphic Smc5-Smc6é mutants; (iii) like
Smc5-Smc6 (16), Brc1 accumulates at the pericentromere (dg-dh repeats) following HU
treatment and forms MMS-induced nuclear and perinucleolar foci (2, 26); and (iv) Brc1
peptides were identified by mass spectrometry in our previous purifications of Smc5-
Smcé6 (4, 23, 25, 27).

We therefore asked if Brc1 influences the punctate localization of Smc5-Smc6 that
is induced by HU or MMS treatment. As we previously observed, Nse4-green fluorescent
protein (GFP) formed a single focus in HU-treated cells and multiple foci in MMS-treated
cells (Fig. TA and B) (16). Strikingly, however, deletion of Brc1 abolished Nse4-GFP foci
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FIG 1 Replication stress-induced Nse4 focus formation depends on Brc1 but not on Rad18 (Rhp18). (A) Live-cell microscopy of endogenous Nse4-GFP upon HU
or MMS treatment. Nse4-GFP foci were present in wild-type (wt) and rhp18A background cells but largely absent in brc71A and brc1A rhp18A cells. The boxed
areas are enlarged below the images. (B) Quantification of the data in panel A. Mean values and standard deviations (SD) from the results of =2 independent
experiments are shown. (C) Expression of wild-type Brc1 from a plasmid restores Nse4-GFP focus formation, unlike the empty-plasmid control or expression of
Brc1-T672A, which cannot bind gamma-H2A. vector, pREP41; pBrc, pREP41-NTAP-Brc1; pBrc1-T672A, pREP41-NTAP-Brc1-T672A. (D) Quantification of the data

in panel C. Mean values and SD from the results of 3 independent experiments are shown.

under both conditions (Fig. 1A and B). This reveals an unappreciated role for Brc1 in the
focal accumulation of Smc5-Smc6 at collapsed and stalled replication forks and indi-
cates that there is a more complex interplay between Brc1 and Smc5-Smc6 than
thought.

Rad18 is dispensable for Smc5-Smc6 replication stress-induced foci. The sup-
pression of smc6-74 by increased Brc1 dosage requires a noncatalytic role of Rad18
(fission yeast Rhp18) (3, 28). In addition, Brc1 was recently shown to physically interact
with Rad18 via its N-terminal BRCT cluster to maintain genome stability (1). We
therefore tested if the Nse4-GFP HU/MMS-induced foci were also dependent on Rad18
by generating an Nse4-GFP rad18A strain. Interestingly, Rad18 was not required for
Nse4-GFP focus formation under either condition (Fig. 1A and B). Of note, because
rad18A cells are sensitive to MMS, similarly to brc1A cells (28), this result also indicates
that lesion amplification in brc1A cells cannot account for their defective Smc5-Smc6
focus formation.
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As rad18A compromises postreplicative repair (PRR) (29), we wanted to test if
Smc5-Smc6 focal accumulation could occur via a Brc1-independent pathway in rad18A
cells due to the use of alternative repair pathways. To this end, we generated Nse4-GFP
brc1A radi18A triple-mutant cells, treated them with MMS or HU as before, and
monitored Nse4-GFP foci. In this context, brcTA was epistatic to rad18A cells, as no
Nse4-GFP foci were observed (Fig. 1A and B).

Therefore, Brc1, but not the Brc1-Rad18 complex (1), is required for Smc5-Smc6
accumulation at centromeres and subtelomeres during replication stress, which is
interesting in light of the Rad18 dependency of Brc1-mediated suppression of smc6-74
(see Discussion).

Brc1-T672A reduces focal accumulation of Smc5-Smc6. The C-terminal BRCT
domains of Brc1 interact with gamma-H2A, which is required for Brc1 accumulation at
DNA lesions during replication (2). We therefore tested if the Brc1 gamma-H2A binding
mutant, Brc1-T672A (2), can support Nse4-GFP focus formation. We monitored Nse4-
GFP foci in MMS- or HU-treated brc1A cells carrying an empty control vector, wild-type
Brc1, or Brc1-T672A. Nse4-GFP foci in MMS- and HU-treated brc1A cells expressing
wild-type Brc1 were abundant, whereas they were strongly reduced in the vector-alone
controls (Fig. 1C and D). Interestingly, Brc1-T672A-expressing brc1A cells were also
deficient in Nse4-GFP focus formation, similar to those expressing the control vector
(Fig. 1C and D). Therefore, gamma-H2A recognition by Brc1 is important for the local
accumulation of Smc5-Smcé6 at DNA lesions induced during replication.

Brc1 physically interacts with the Smc5-Smc6 complex. In light of the above-
mentioned data, we tested whether Brc1 could act as a physical tether on chromatin
(i.e., gamma-H2A bound), recruiting Smc5-Smc6 to replication-born lesions in the
quantities required to detect GFP foci. We previously detected Brc1 peptides in mass
spectrometry-based approaches to identify Smc5-Smc6 complex components (25, 27).
The peptide number did not reach our threshold for follow-up experiments at the time;
however, a recent study revealed that endogenous Brc1 is not readily precipitated and
detected by Western analysis under the native buffer conditions used in our analyses
(1, 25, 27). Thus, detection of any peptides coprecipitating with Smc5-Smc6 subunits
was likely more significant than we had appreciated.

Therefore, we used ectopically expressed TAP-Brc1 to assess interaction with Smc5-
Smc6, a method that recently identified a physical and functional interaction between
Brc1 and Rad18 in surviving replicative stress (1). In pairwise tests against endogenous
epitope-tagged Smc5-Smc6 subunits, we detected an interaction of TAP-Brc1 with
Nse6-myc, which is part of the nonessential Nse5-Nse6 heterodimeric subcomplex (Fig.
2A) (25). This interaction does not depend on gamma-H2A binding by the Brc1
C-terminal BRCT domains, as it was also observed between TAP-Brc1-T672A and
Nse6-myc (Fig. 2A). Brc1 also interacts with the essential core complex subunit Smc5,
again independently of its gamma-H2A binding C-terminal BRCT domains (Fig. 2B).
Therefore, Brc1 physically interacts with both Smc5-Smc6 and gamma-H2A via non-
overlapping interfaces and thus can promote Smc5-Smc6 focus formation at DNA
lesions.

A role for Nse5-Nse6 and Brc1 in Smc5-Smc6 chromatin association. We initially
identified the fission yeast Nse5-Nse6 heterodimer as a cofactor for Smc5-Smcé func-
tions in DNA repair and genome stability (8, 25). Cells lacking Nse5-Nse6 exhibit
phenotypes that overlap with those caused by mutations in the essential Smc5-Smc6
subunits, including sensitivity to various genotoxic stresses and chromosome segrega-
tion failure due to the accumulation of unprocessed homologous recombination
intermediates in mitosis and meiosis (8, 12, 17, 23-25, 27, 30, 31). Importantly, because
fission yeast Nse5-Nse6 is nonessential, unlike the core Smc5-Smcé6 subunits, it provides
a clean separation of function within the Smc5-Smc6 holocomplex (8, 18, 25).

We had speculated that Nse5-Nse6 supports the recruitment and/or loading of
Smc5-Smc6 on chromatin (25). To begin to test this possibility, we assayed genotoxic-
stress-induced Nse4-GFP focus formation in wild-type and nse6A cells, as done for
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FIG 2 Brc1 physically interacts with the Smc5-Smc6 complex. (A) Amino-terminally TAP-tagged Brc1,
Brc1-T672A, or empty vector (pREP41) was ectopically expressed in an Nse6-Myc strain. Wild-type cells
were also transformed with pREP41-TAP-Brc1 as an additional control. All the strains were subjected to
TAP pulldown followed by anti-Myc Western blotting (WB). Brc1 and Brc1-T672A specifically interacted
with Nse6. (B) TAP pulldown of ectopically expressed TAP-Brc1, TAP-Brc1-T672A, or empty vector in the
Smc5-Myc strain.

brc1A cells. To enable clear microscopy-based quantification of Nse4-GFP foci, we used
Nts1 overexpression, which specifically mitigates the relatively severe genotoxin sen-
sitivity of nse6A versus brcTA cells (32). Strikingly, whereas wild-type cells expressing
Nts1 had the expected levels of HU- and MMS-induced Nse4-GFP foci, they were almost
completely absent in cells lacking Nse6 (Fig. 3A). Therefore, Brc1 and Nse5-Nse6 are
both required for the formation of Smc5-Smcé foci around DNA lesions.

In light of the above-mentioned results, we more directly tested the roles of Nse5-Nse6
and Brc1 in Smc5-Smc6 chromatin association. Previously, we used chromatin immuno-
precipitation with microarray technology (ChIP-chip) and ChIP-quantitative PCR (qPCR)
against Nse4 and Smc5 to determine the binding sites of fission yeast Smc5-Smc6 genome-
wide in the presence or absence of genotoxic stress (16). This revealed constitutive
enrichment of Smc5-Smcé6 at fission yeast transfer DNAs (tDNAs) and core centromeres,
with inducible enrichment at heterochromatic centromeric loci and subtelomeres upon
HU and MMS treatment, respectively. These Smc5-Smc6 binding hot spots have since
been confirmed by others using different epitope-tagged subunits and ChIP-qPCR (21,
31). Overall, the six essential core subunits of the Smc5-Smc6 holocomplex operate
interdependently and load as a unit at distinct chromosome loci to function (21, 23-25).

Therefore, we tested Smc5-Smc6 chromatin association in wild-type, nse5A, nse6A,
and brcTA cells using ChIP-gPCR against Nse4 at some Smc5-Smc6 binding hot spots.
In wild-type cells, we observed the anticipated HU- and MMS-induced enrichment of
Nse4 at each of these Smc5-Smc6 binding hot spots (Fig. 3B and C) (16). Notably,
however, deletion of either Nse5 or Nse6 strongly reduced Nse4 residence at all binding
sites tested, which was most evident under conditions of genotoxic stress that stimu-
late de novo Smc5-Smc6 loading (Fig. 3B and C) (16).

Deletion of Brc1 also significantly reduced Smc5-Smcé residence at its binding hot
spots under conditions of genotoxic stress, albeit to a lesser extent (Fig. 3B and C). A
model incorporating the different penetrances of loading defects in each background
is included in the discussion. Overall, consistent with their nonessential but critical
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FIG 3 Nse5-Nse6 and Brc1 are involved in Smc5-Smc6 chromatin association. (A) Live-cell microscopy of
endonuclear HU- or MMS-induced Nse4-GFP foci in wt and nse6A strains, both on a background of
constitutive overexpression of Nts1. Foci were strongly reduced in the absence of Nse6. The bar graph
represents mean values and SD from the results of 3 independent repeats. (B and C) Loading of Nse4 at
the indicated loci is impaired in nse5A and nse6A strains and to a lesser extent in the brcTA strain
compared to the wild-type background. (B) ChIP-qPCR of Nse4-FlagHis at centromeric loci and a tRNAA
site in HU-treated (+HU) and untreated (—HU) cells. (C) ChIP-gPCR of Nse4-FlagHis at telomeric loci in
MMS-treated (+MMS) and untreated (—MMS) cells. (Inset) Western analysis of Nse4-FlagHis in the
indicated strains using Cdc2 as a loading control.

functions in DNA repair, Nse5-Nse6 and Brc1 promote the recruitment of Smc5-Smc6 to
chromatin.

Brc1 and Nse5-Nse6 support Smc5-Smc6 SUMO ligase activation by MMS. Upon
MMS-induced replicative stress, several Smc5-Smc6 complex subunits are SUMOylated
by the resident Nse2 SUMO E3 ligase (16, 17). For example, we previously determined
that Nse4 is specifically SUMOylated by Nse2 in MMS-treated cells (16). We hypothe-
sized that the chromatin loading and high local concentration of Smc5-Smc6 in
MMS-induced foci could support its auto-SUMOylation. To test this, we monitored
endogenous Nse4-TAP in wild-type, nse6A, brc1A, and rhp18A cells, as previously
described (16).
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FIG 4 Nse6 and Brc1 support Nse4 SUMOylation. (A) IP and Western blotting of endogenously TAP-
tagged Nse4 showing MMS-induced SUMOylation of Nse4-TAP in wild-type cells. The SUMOylation of
Nse4 is eliminated in nse6A cells. exp., exposure. (B) SUMOylation of Nse4 is diminished in brc1A cells,
but not in rhp18A cells, upon IP and WB of Nse4-TAP. (C) Spot assay of wt, brc1A, nse2-SA, and
double-mutant brc1A nse2-SA strains. The sensitivity of the double mutant to genotoxins was higher than
that of the parental single-mutant strains.

As anticipated, the MMS-induced SUMOylation of Nse4-TAP in wild-type cells was
detectable upon immunoprecipitation (IP) of Nse4 without overexpression or initial
enrichment of SUMO (Fig. 4A) (16). This indicates uncommonly high stoichiometry of
the Nse4 SUMO modification. Notably, however, Nse4-TAP SUMOylation was undetect-
able in nse6A cells (Fig. 4A). Our SUMO antibody also revealed a baseline level of Nse4
SUMOylation, which was strongly induced by MMS treatment in wild-type but not
nse6A cells (Fig. 4A).

MMS-induced Nse4 SUMOylation was also reduced in brcTA cells but was similar to
wild-type in rhp18A cells, which support normal Nse4-GFP focus formation (Fig. 4B).
Double-mutant nse2-SA brc1A cells are more sensitive to genotoxins than either single
mutant (Fig. 4C). Therefore, although Brc1-mediated Smc5-Smcé focus formation sup-
ports Nse2 SUMO ligase activity, this is not the only function of Brc1.

Overall, the Nse5-Nse6- and Brc1-dependent chromatin association of Smc5-Smc6,
together with its accumulation in MMS-induced foci, drives the SUMOylation of Nse4 by
Nse2. Of note, the Nse4 SUMOylation defect is more pronounced in nse6A versus brc1A
cells, which agrees well with their respective impacts on Smc5-Smc6 chromatin asso-
ciation (Fig. 3B and C).
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Interestingly, we have shown that MMS, but not HU, treatment induces readily
detectable Nse4 SUMOylation, despite HU promoting the formation of a single nuclear
focus of Smc5-Smc6 at centromeres (16). Therefore, either the higher number of
Smc5-Smc6 foci in MMS versus HU reveals Nse2 SUMO ligase activity, or there are
additional DNA forms/structures at MMS lesions that activate Nse2.

A repair-defective Brc1 mutant compromises the Brc1-Nse6 interaction. The
interaction of Brc1 with Nse6 does not require its C-terminal gamma-H2A binding BRCT
domains (Fig. 2A); we therefore tested if the N-terminal BRCT domains of Brc1 were
required. We found that Brc1 with mutations in conserved residues of BRCT domain 4,
brc1-HYP307-9GFG (1), severely compromised the interaction between Brc1 and Nse6
(Fig. 5A). In addition, the sensitivity of brcTA cells to MMS was only minimally rescued
by brc1-HYP307-9GFG, whereas brc1-W248F, P301G, with mutations in conserved BRCT
domain 3 residues, provided a full rescue (Fig. 5B).

Interestingly, brc1-HYP307-9GFG was recently shown to also compromise the inter-
action between Brc1 and Rhp18 (Rad18) (1). This is consistent with the known multi-
protein interaction scaffolding of the budding yeast Brc1 orthologue Rtt107 (33, 34).
Therefore, phenotypes ascribed to brc1-HYP307-9GFG are compound and can minimally
be attributed to defects in the interaction of Brc1 with both Smc5-Smc6 and Rad18. In
the future, once protein-protein interfaces are defined at the structural level, it will be
interesting to dissect these interactions to determine their relative contributions to
DNA repair.

Impact of Brc1 dosage on the growth of Smc5-Smc6 mutants. Brc1 was first
identified as a strong dosage suppressor of the smc6-74 Smc5-Smc6 complex mutant
(4) and was later found to also suppress the MMS sensitivity of a hypomorphic allele of
Nse4 (Rad62) (23). To further probe the functional relationship between Brc1 and
Nse5-Nse6, we tested the effect of Brc1 overexpression on the MMS sensitivity of nse5A
or nse6A versus smc6-74 cells. Interestingly, pBrc1 robustly suppressed the MMS
hypersensitivity of smc6-74 cells, whereas it provided little benefit to cells lacking
Nse5-Nse6 (Fig. 5C).

Importantly, hypomorphic alleles of any of the essential Smc5-Smc6 core subunits,
i.e., Smc5, Smc6, and Nsel through Nse4, absolutely require Brc1 for viability (4, 23, 25,
27). Given that pBrc1 failed to suppress either the nse5A or nse6A phenotype, we tested
the Brc1 dependency of cells lacking Nse5-Nse6. Strikingly, compared to nse6A cells,
nse6A brc1A double mutant cells were viable and showed little additional growth
defect in the unchallenged cell cycle (Fig. 5D). This is all the more notable as nse6A cells
are generally sicker and more sensitive to genotoxic stresses than cells with the
above-mentioned Smc5-Smc6 core hypomorphic alleles, which are synthetically lethal
with brc1A cells. The nse6A brc1A double mutants were more sensitive to replication
stress than nse6A cells, indicating that Brc1 also has Nse5-Nse6-independent DNA
repair functions (Fig. 5D).

The most economical interpretation of the above-mentioned data is that Brc1 can
act in part through Nse5-Nse6 to support the functions of the Smc5-Smc6 core
complex. Indeed, like brc1A, deletion of either Nse5 or Nse6 is lethal in combination
with hypomorphic alleles of the Smc5-Smc6 hexameric core (25). This fact precludes
more direct experimental testing of the Nse5-Nse6 dependence of pBrcl-mediated
smc6-74 suppression.

DISCUSSION

In this study, we reveal that there is a more direct functional link between Brc1 and
the Smc5-Smc6 complex than previously thought. This has significant implications for
models of how Brc1 functions in replication stress tolerance and as a dosage suppressor
of smc6-74. Before now, it appeared that Brc1 functions in a separate pathway to bypass
smc6-74 (28), but our data indicate that the situation may not be so straightforward.
That is, Brc1 reinforces Smc5-Smc6 recruitment into foci at replication-derived DNA
lesions and enhances its SUMO ligase activity.

Moreover, we demonstrate a critical role for the Nse5-Nse6 subunits of the fission
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FIG 5 (A) Immunoprecipitation of TAP-Brc1 or TAP-Brc1-HYP307-309GFG ectopically expressed from
PREP41 plasmid in the wt or Nse6-Myc strain. Mutations in Brc1 BRCT domain 4 weaken its interaction
with Nse6. (B) Sensitivity of brc1A to MMS is rescued by brc1+ and brc1-W248F, P301G but not by a
brc1-HYP307-309GFG mutant. All Brc1 variants were expressed from the pREP41 plasmid. The strains were
cultured in minimal medium lacking leucine and spotted onto YES medium with or without MMS at 30°C.
(C) Effect of Brc1 dosage on Smc5-Smc6 mutant genotoxin sensitivity. Ectopic expression of Brc1 in
smc6-74, nse6A, nse5A, and wild-type strains was analyzed in a spot assay. Overexpression of Brc1
rescued the MMS sensitivity of smc6-74 but not nse5 or nse6 deletion. vector, pREP41; brc1+, pREP41-
NTAP-Brc1. (D) Spot assay of nse6A, brc1A, and the double nse6A brc1A mutant strains. Cells were
spotted onto YES medium containing the indicated concentrations of genotoxic agent at 32°C. The
double-mutant nse6A brc1A strain showed higher sensitivity to genotoxic stress than the single-mutant
parental strains.

yeast Smc5-Smc6 complex in recruiting/loading the complex at its known binding hot
spots across the genome (16). Fission yeast Nse5-Nse6 is nonessential yet still promotes
key functions of Smc5-Smc6, thus providing a clean separation of function within the
holocomplex (25). Our data showing that Nse5-Nse6 and Brc1 together support Smc5-
Smc6 focal accumulation, chromatin association, and SUMO ligase activity now provide
an explanation for the importance of Nse5-Nse6 in genome stability.

Brc1 is structurally related to budding yeast Rtt107 and human PTIP in terms of their
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content of 6 BRCT domains, although PTIP has a different linker arrangement than the
yeast proteins (35). These three BRCT domain-containing proteins share the ability to
bind gamma-H2A that is formed by the master checkpoint kinases at DNA lesions (2, 36,
37). However, Brc1, Rtt107, and PTIP appear to bind functionally distinct cofactors (1, 35,
38, 39), which likely accounts for the markedly different synthetic genetic interaction
profiles of Rtt107 and Brc1 (40). Therefore, despite their common involvement in the
replication stress response (2, 3, 38, 39), Brc1, Rtt107, and PTIP appeared to function in
different pathways.

However, our results now reveal an apparently conserved role for Brc1 and Rtt107
in the recruitment of the Smc5-Smc6 complex to DNA lesions. During replicative stress
or following the induction of DNA double-strand breaks (DSBs), Rtt107 was found to
interact with the budding yeast Smc5-Smc6 complex (38, 41). Although fission yeast
Smc5-Smc6 does not accumulate at DSBs, there is a clear parallel between the inter-
action of Brc1 and Rtt107 with Smc5-Smc6 in response to collapsed replication forks
(35, 38, 42).

Thus, although genetic interrogation suggested major functional divergence of Brc1
and Rtt107 (40), physical interaction and other analyses indicate that they both can act
as scaffolds for the Smc5-Smc6 complex at DNA lesions. As noted, both Brc1 and Rtt107
bind gamma-H2A that is generated in proximity to both DSBs and collapsed replication
forks. Therefore, as Brc1 is specifically required for the response to replication stress but
Rtt107 acts in response to both replication stress and DSBs, it will be interesting to
determine how this selectivity is achieved. PTIP localizes to replication forks and
regulates their stability (39), but it has not yet been implicated in regulating Smc5-Smc6
localization.

However, another complex, consisting of RAD18 and BRCTx, has been implicated in
localizing Smc5-Smc6 to DNA interstrand cross-links and laser-induced damage stripes
(43). BRCTx contains BRCT domains that bind RAD18 (not gamma-H2A), and it is a
well-characterized RAD18 binding protein, with reports differing on its involvement in
RAD18-mediated DNA repair (44, 45). As Rad18 does not localize fission yeast Smc5-
Smc6 to lesions, it will be interesting to determine if RAD18-BRCTx involvement in
humans represents a major divergence from yeast or if, perhaps, PTIP is also required
in certain instances.

As described above, Brc1 interacts with and requires Rad18 to suppress smc6-74 (1,
28), which seems to agree with the role of human RAD18 in SMC5-SMC6 localization
(43). However, as Rad18 is not required for fission yeast Smc5-Smcé localization, we
envisage a distinct role for the Brc1-Rad18 complex in smc6-74 suppression.

By binding Nse5-Nse6, Brc1 would recruit the dysfunctional Smc5-Smc6-74 complex
to DNA lesions. While this may partially compensate for the lower chromatin associa-
tion of smc6-74 caused by its ATPase defect (21, 46), loading of the mutant complex
may also pose a challenge or “roadblock” for replication and other repair processes.
Here, the Brc1-Rad18 complex could act in a parallel pathway to help circumvent such
roadblocks and enhance the survival of smc6-74 cells during replication stress (1, 28).

It is known that MMS treatment strongly enhances the SUMOylation of components
of the fission yeast Smc5-Smc6 complex in an Nse2-dependent manner (16, 17).
However, determinants of such Smc5-Smc6-Nse2 activation have remained unidenti-
fied. From our data, one factor that contributes to MMS-induced auto-SUMOylation of
Smc5-Smcé is its Nse5-Nse6- and Brc1-mediated recruitment into foci at DNA lesions
during replication. Incorporation of Smc5-Smcé6 into foci may enable trans SUMOylation
of its subunits by Nse2 due to the increased local concentration of the complex. Indeed,
a recent in vitro study revealed that budding yeast Nse4 is SUMOylated in trans in a
DNA-stimulated manner by Smc5-Smc6-Nse2 (47). Thus, the defective recruitment
and/or loading of Smc5-Smc6 at DNA lesions in cells lacking Brc1 or Nse5-Nse6 can
explain the strongly reduced MMS-induced Nse4 SUMOylation in these cells.

We previously showed that Nse2-dependent SUMO conjugation also contributes to
the accumulation of Smc5-Smcé6 in replication stress foci (16). Therefore, it appears that
Brc1 and Nse2 cooperate to maximize local recruitment of Smc5-Smcé to the region
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around collapsed replication forks. It will be interesting to determine if fission yeast
Smc5-Smc6 subunits contain SUMO-interacting motifs (SIMs) that could contribute to
such a mechanism by mediating interactions between proximal SUMO-modified Smc5-
Smc6 complexes. In this regard, although clear SIMs have not yet been delineated, the
Nse5 subunit of the fission and budding yeast Smc5-Smc6 complexes interacts with
SUMO pathway factors (48, 49). Clearly, it is also possible that protein targets outside
the Smc5-Smc6 complex are targeted by Nse2 to reinforce its recruitment.

Overall, our data are consistent with an initial recruitment of Smc5-Smc6 to DNA
lesions by Nse5-Nse6 and Brc1, in part through its gamma-H2A binding BRCT domain,
followed by Nse2-mediated reinforcement. A similar cooperative recruitment mecha-
nism was revealed for the DNA damage checkpoint factor Crb2, an orthologue of
human 53BP1 (50). Crb2 binds gamma-H2A and methylated histone H4-K20 via its BRCT
and Tudor domains, respectively (50). Interestingly, although Crb2 DNA damage-
induced foci are largely abolished in cells lacking H4-K20 methylation (e.g., H4-K20R),
such cells show only a minor checkpoint defect compared to crb2A cells (50). This is
consistent with the focal accumulation of proteins at DNA lesions functioning as a
safety net or backup pool that maintains a high local concentration of key factors, even
though not all of it is necessarily engaged in signaling or lesion processing.

How the nonessential fission yeast Nse5-Nse6 heterodimer mediates the DNA repair
roles of Smc5-Smc6 had remained enigmatic since its discovery (8, 25). We found that
Nse5-Nse6 is required for full levels of Smc5-Smc6 chromatin loading in the absence
and presence of genotoxic stress at all genomic sites tested. It remains unknown if
Nse5-Nse6 supports the topological loading of Smc5-Smc6, like Mis4-Ssl3 (Sc Scc2-Scc4)
of the related cohesin complex (5), or if its role is restricted to localizing Smc5-Smcé6 to
specific genomic sites. Residual Smc5-Smc6 loading is sufficient for viability but leads
to increased genomic instability and sensitivity to genotoxic stress. The function of
Nse5-Nse6 in loading the core Smc5-Smc6 complex may begin to explain some of its
unique features.

For example, unlike all other hypomorphic core Smc5-Smcé alleles tested, nse5A
and nse6A are viable in the absence of Brcl. This is consistent with an Nse5-Nse6-
mediated role for Brc1 in recruiting the Smc5-Smc6 complex to chromatin, wherein
nse5A or nse6A would be expected to be epistatic to Brc1. A requirement for Nse5-Nse6
to bridge Brc1 to the core Smc5-Smc6 complex may also explain the inability of Brc1
overexpression to suppress nse5A or nse6A cells. However, as nse6A brc1A double-
mutant cells are more sensitive to genotoxins than nse6A or brc1A single mutants, each
protein also has independent functions.

In conclusion, we found that Brc1 and Nse5-Nse6 together enrich the fission yeast
Smc5-Smc6 complex at replication-derived DNA lesions, leading to activation of its
SUMO ligase activity and promoting recovery from replication stress (Fig. 6). In general,
the concentration or forced nucleation of SUMO pathway components leads to in-
creased local activity (51-53). Thus, although not tested here due to the lack of an
appropriate substrate, it is likely that other proteins at collapsed replication forks in the
vicinity of Smc5-Smc6-Nse2 foci also undergo increased regulatory SUMOylation.

We envisage that Brc1-mediated Smc5-Smc6 focal accumulation flanking a lesion
provides a funnel that pushes the loading equilibrium toward wild-type levels.
Nse5-Nse6 likely plays an additional direct role in the loading/recruitment of the
Smc5-Smc6 complex via interacting factors at DNA lesions. This would explain the
more penetrant defects in Smc5-Smc6 localization and SUMO ligase activity in
nse6A versus brc1A cells.

Our data also reveal apparent differences between the recruitment of human and
fission yeast Smc5-Smc6 proteins to lesions, e.g., Rad18 is not required in fission yeast.
It will be interesting to determine if this reflects truly divergent mechanisms or if the
cancer cells used in the human cell studies have coopted additional Smc5-Smc6
recruitment mechanisms.
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FIG 6 Brc1 and the Nse5-Nse6 dimer are required for the accumulation of the Smc5-Smc6 complex in foci
or on chromatin during replication stress and for the Nse2-dependent SUMOylation of its subunits, e.g.,
Nse4. Brc1 physically interacts with Nse5-Nse6, as well as gamma-H2A, so it can tether Smc5-Smc6 at
replicative DNA lesions. It is likely that other proteins at collapsed replication forks in the vicinity of
Smc5-Smc6-Nse2 foci also undergo SUMOylation.

MATERIALS AND METHODS

Yeast strains and growth conditions. Standard yeast methods were performed as described
previously (54). The strains used in this study are listed in Table 1.

Spot assays. Cells were grown at 32°C to logarithmic phase (optical density at 600 nm [ODg,], 0.6
to 0.8), spotted on yeast extract-sucrose (YES) agar plates supplemented with the relevant drug in 5-fold
dilutions from a starting OD,, of 0.5, and then incubated at 30°C or 32°C for 3 to 5 days.

Fluorescence microscopy. The cells were treated with 0.03% MMS or 20 mM HU for 5 h. GFP fusion
proteins were imaged in live cells using an Eclipse EB00 microscope (Nikon Metrology, Brighton, MI) with
a 100X Plan-Apochromat differential interference contrast (DIC) H oil immersion objective. The images were

TABLE 1 Yeast strains used in this study

Strain Genotype? Source or reference
NB231 h~ brcl:kanMX6 27

NB402 h* Smc5-Myc:kanMX6 Laboratory stock
NB771 h* nse4-GFP:hphMX4 16

NB780 h* Laboratory stock
NB835 h™ nse6:kanMX6 25

NB848 h* nse6-Myc:kanMX6 25

NB895 h~ nse5:kanMX6 25

NB898 h? nse4-TAP:kanMX6 nse6:ura4* 25

NB978 h* nse6:ura4* 49
NB1322 h™ nse4-TAP:kanMX6 27
NB1538 h~ nse4-TAP:-hphMX4 27
NB3269 h™ nse2-SA:ura4™ ade6-704 17
NB5931 h™* nse4-Flag-His:kan" 21
NB5949 h™* nse6:ura4* brcl:kanMX6 This study
NB5953 h* pJK148-Padh-ura4:leul This study
NB5954 h* pJK148-Padh-nts1-ura4:leul This study
NB5955 h™ nse6:kanMX6 pJK148-Padh-ura4:leul This study
NB5956 h™* nse6:kanMX6 pJK148-Padh-nts1-ura4:leul This study
NB5959 h* smc6-74 4

NB5961 h™* nse4-Flag-His:kan™ nse5::ura4* This study
NB5963 h~ nse4-Flag-His:kan™ nse6::natMX6 This study
NB5993 h~ smc6-74 pJK148-Padh-ura4:leul This study
NB5994 h~ smc6-74 pJK148-Padh-nts1-ura4:leul This study
NB6164 h? nse4-GFP:hphMX4 brc1:kanMX6 This study
NB6165 h? nse4-GFP:hphMX4 rhp18::KanMX6 This study
NB6178 h? nse4-GFP:hphMX4 brc1:hphMX This study
NB6179 h? nse4-GFP:hphMX4 brc1::hphMX rhp18:kanMX6 This study
NB6188 h? nse4-TAP:hphMX4 brc1:KanMX6 This study
NB6189 h? nse4-TAP:hphMX4 rhp18:kanMX6 This study
NB6214 h? brc1:kanMX6 nse2-SA:ura4 This study

aAll strains are of ura4-D18 leuT-32 background genotype. Double colons represent knockouts; single colons
represent tagging.
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captured through an Infinity 3 charge-coupled-device (CCD) camera using Infinity Analyze software (Lume-
nera Corp., Ottawa, Canada).

Western blotting. Exponentially growing cells (15 ODgq, units) were washed with stop buffer
(10 mM EDTA, 50 mM NaF, 150 mM NaCl, 1 mM NaN,). The pellets were flash-frozen in liquid nitrogen,
and the cells were lysed by bead beating in 200 ul of 20% trichloroacetic acid (TCA). The beads were
washed with 400 ul of 5% TCA, and the total cell lysate was centrifuged at 16,000 X g for 5 min at 4°C.
The pellet was washed twice with 0.1% TCA. The precipitated proteins were resuspended in 8 M urea,
50 mM Tris, pH 8.5, 150 mM NaCl; resolved on a gradient SDS-PAGE gel; and transferred to a nitrocel-
lulose membrane. The membrane was blocked in 1% (wt/vol) nonfat milk in phosphate-buffered saline
solution with 0.1% (vol/vol) Tween 20, probed with either PAP (P1291; Sigma) alone or anti-Myc (9E10;
in house), anti-Flag (F3165; Sigma), anti-PSTAIRE, or SUMO in combination with goat anti-mouse
horseradish peroxidase (HRP)-conjugated antibody and then detected using an ECL Dura system (Pierce).

1gG pulldown. Cell pellets (30 ODy, units) were lysed in 400 wl of IP buffer (20 mM Tris, 150 mM Nacl,
1 mM EDTA, 1% Triton X-100, T mM NaF, pH 7.5) supplemented with 1 mM dithiothreitol (DTT), 1 mM
phenylmethylsulfonyl fluoride (PMSF), protease inhibitor cocktail (Roche), and 25 mg N-ethylmaleimide
and bead beaten. The lysate was incubated with 6 mM MgCl, and Benzonase (EMD Millipore) for 30 min
at 4°C. Protein in the clarified supernatant was quantitated by measuring absorbance at OD,4,, and 2 mg
of proteins was incubated with 50 ul of Pan mouse IgG beads (Invitrogen) for 4 h at 4°C. The beads were
washed once in IP buffer, 3 times in IP2 buffer (20 mM Tris, 200 mM NaCl, 1 mM EDTA, 1% Triton X-100,
1 mM NaF, pH 7.5), and once in IP3 buffer (20 mM Tris, 150 mM NaCl, 1 mM EDTA, 0.1% Triton X-100,
1 mM NaF, pH 7.5) and eluted with 2X LDS sample loading buffer (Invitrogen).

In addition to the positive interactions of Nse6 and Smc5 with Brc1, we also tested several other
subunits of the complex, including Nse5-myc, 3myc-Smc6, and Nse4-TAP. We were unable to detect
interactions in these cases due to technical issues that included target band sizes overlapping with
background bands on the Western blots and insufficient sensitivity of detection for TAP and 3myc (versus
13myc on Nse6 and Smc5).

Chromatin immunoprecipitation. The ChIP method was adapted from that of Nelson et al. (55).
Briefly, exponentially growing cell cultures (untreated or treated with 15 mM HU or 0.005% MMS for 6 h)
were fixed with 1% formaldehyde for 25 min and quenched with glycine. The cells were broken with
beads in lysis buffer (50 mM HEPES, 1 mM EDTA, 150 mM Nacl, 1% Triton X-100, 0.1% sodium deoxy-
cholate, pH 7.6) supplemented with protease inhibitor cocktail (Roche) and 2 mM PMSF. The chromatin
extract was sheared with a Bioruptor Pico (Diagenode). Immunoprecipitation was done with 10 ug of
FLAG antibody (F3165; Sigma) for 2 h, followed by incubation with protein G Dynabeads (Invitrogen) for
1 h at 4°C. The Dynabeads were washed 6 times with IP buffer (50 mM Tris-HCI, 1% Triton X-100, 150 mM
NaCl, 5mM EDTA, 0.5% NP-40, pH 7.5). Input and IP samples were incubated with 10% Chelex 100
(Bio-Rad) and treated with proteinase K. Quantitative PCR was performed with the resulting DNA samples
using a SensiFast SYBR No-ROX kit (Bioline). Primer sequences for dg2, cnt2, and telo2R were previously
published (56), as well as tRNAA2 and STE1 (16, 31). DNA recovery was calculated using the 2-4¢T
method, and data are represented as the fold enrichment over the untagged wild-type strain control.

Plasmid construction. Unless otherwise stated, cDNAs were cloned by PCR amplification using
specific primers and PrimeStar DNA polymerase (Clontech, Mountain View, CA), followed by ligation into
the pREP41 series of yeast shuttle vectors (57). Details regarding plasmid construction are available upon
request.
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