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SUMMARY

The cohesin complex holds together newly-replicated chromatids and is involved in diverse
pathways that preserve genome integrity. We show that in budding yeast, cohesin is transiently
recruited to active replication origins and it spreads along DNA as forks progress. When DNA
synthesis is impeded, cohesin accumulates at replication sites and is critical for the recovery of
stalled forks. Cohesin enrichment at replication forks does not depend on yH2A(X) formation,
which differs from its loading requirements at DNA double-strand breaks (DSBs). However,
cohesin localization is largely reduced in rad504 mutants and cells lacking both Mec1 and Tell
checkpoint kinases. Interestingly, cohesin loading at replication sites depends on the structural
features of Rad50 that are important for bridging sister chromatids, including the CXXC hook
domain and the length of the coiled-coil extensions. Together, these data reveal a function for
cohesin in the maintenance of genome integrity during S phase.
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INTRODUCTION

Structural maintenance of chromosomes (SMC) proteins are crucial for the condensation and
faithful segregation of chromosomes and DNA repair. Failure to execute these functions
leads to genomic instability or to cell death. Proteins of the SMC family are characterized by
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N- and C-terminal globular heads, which are separated by a coiled-coil region with a central
hinge domain. The coiled-coil folds back on itself at the hinge, bringing the globular ends
together to form an ATPase domain (reviewed in Hirano, 2006). One of the best-
characterized SMC complexes is cohesin, which holds sister chromatids together after DNA
replication. It is composed of two SMC proteins, Smcl and Smc3, that associate tightly at
the hinge and two non-SMC components, Sccl and Scc3, which bridge the two head
domains. This creates a structure bringing together sister chromatids that are released in
metaphase upon cleavage of Sccl (Uhlmann et al., 1999; Anderson et al., 2002).

Cohesin is loaded at specific sites on chromatin in late G1 phase by the Scc2-Scc4 complex
(Ciosk et al., 2000; Tomonaga et al., 2000; Bernard et al., 2006). Sister chromatid cohesion
(SCCQ) is established upon passage of the replication fork and conversion of the cohesin
complex to a cohesive state (Lengronne et al., 2006; Rolef Ben-Shahar et al., 2008; Unal et
al., 2008). The maintenance of SCC during S phase is essential for accurate chromosome
segregation during mitosis. It is also critical for homologous recombination (HR) -mediated
repair of DNA double strand breaks (DSBs) in G, (Sjogren and Nasmyth, 2001).

Incidence of DNA DSBs in G, provokes “de novo” cohesin loading to the site of damage.
This recruitment depends not only on Scc2-Scc4 and Ecol, but also on the Mecl and Tell
checkpoint kinases, YH2A(X) and the Mre11/Rad50/Xrs2 (MRX) complex (Strom et al.,
2004; Unal et al., 2004; Strom and Sjogren, 2007; Unal et al., 2008; Heidinger-Pauli et al.,
2008). The MRX complex can function as a tethering complex between sister chromatids
(de Jager et al., 2001; Hopfner et al., 2002; Williams et al., 2007; Williams et al., 2008). It
contains a SMC-like protein called Rad50, which is structurally related to Smcl1 and Smc3.
It has been proposed that Rad50 can dimerize through interactions between hook domains to
bridge DNA molecules (Furuse et al., 1998; Usui et al., 1998; Paull and Gellert, 1999).
Emphasizing the importance of these structural features, mutations that disrupt the hook
interface compromise the tethering function of the complex and render cells sensitive to
genotoxic stress (Hopfner et al., 2000; Wiltzius et al., 2005; Hohl et al., 2011).

Replication forks are fragile structures that stall when they encounter DNA lesions or natural
replication barriers (Tourriere and Pasero, 2007). A large body of evidence indicates that
replication fork restart depends on recombination-mediated mechanisms that are distinct
from homologous recombination-dependent DSB repair (Branzei and Foiani, 2007; Allen et
al., 2011). Factors involved in the recruitment of cohesin to DSBs, such as Mec1 and the
MRX complex, are also involved in the replication stress response (Katou et al., 2003;
Osborn and Elledge, 2003; Cobb et al., 2005; Tittel-EImer et al., 2009). In contrast to DSBs
in G, surprisingly little is known about cohesin dynamics at stalled forks. Moreover, the
interplay between fork restart and cohesin function has remained largely unexplored (Blat
and Kleckner, 1999; Lengronne et al., 2006). In the current investigation, we performed a
genome-wide analysis of cohesin binding to chromatin during an unperturbed S phase and
under conditions of replication stress induced by hydroxyurea (HU) or methyl
methanesulfonate (MMS). We find that cohesin transiently associates to replication sites and
accumulates further when forks pause or stall, presumably to facilitate recovery by
maintaining sister chromatids in a conformation that favors recombination-dependent fork
restart.

Cohesin accumulates transiently at sites of replication during stress

To investigate the pattern of DNA binding by the cohesin complex during replication stress,
we compared the genome-wide profiles of Sccl in cells released synchronously from G into
S phase for 60 minutes in the presence of 0.2 M hydroxyurea (HU) or in the presence of
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nocodazole, a microtubule-destabilizing drug blocking cells at the G,/M transition (Go;
Figure 1A). In agreement with previous reports (Lengronne et al., 2004), ChlP-chip profiles
revealed that Sccl was enriched between genes that are transcribed in converging directions
and at centromeres but not at the promoters of genes with diverging orientation, used here as
negative control (Figures 1A, 1B, and S1A). To visualize changes in cohesin binding upon
HU exposure, we subtracted the profile of Sccl in G, from that of Sccl in HU and observed
that regions of enrichment clustered specifically at active early replication origins,
visualized by BrdU incorporation (Crabbe et al., 2010). In contrast, no significant changes
were found at centromeres, converging intergenes, repressed late origins or origins proximal
to centromeres, which contain high Sccl levels in G, (Figures 1A and 1B).

To expand our analysis, Sccl enrichment profiles were averaged at early origins (Figure 1C)
and at converging intergenes (Figure S1B) in HU- and G,-arrested cells. We observed a
clear HU-specific increase of Sccl at early origins compared to G, (Figure 1C), which was
not recapitulated at converging intergenes (Figure S1B) or other Sccl-enriched domains
(Figure S1A). Sccl enrichment at active origins was also plotted as a function of BrdU
incorporation and of the median time of replication, as previously determined (Yabuki et al.,
2002). There was considerable Sccl enrichment at sites of BrdU incorporation, which
correlated with replication timing (R2=0.92; Figures 1D and S1C). Moreover, we also
observed an expansion of cohesin around early origins as time progressed in the presence of
0.2 M HU (Figure 1E), reflecting the slow advancement of the replisome in low dNTP
conditions (Poli et al., 2012).

In order to quantify the HU-induced accumulation of Sccl at replication sites, we performed
ChIP-gPCR and compared Sccl enrichment near two early origins, ARS305 and ARS306.
Upon HU treatment, Sccl levels at both origins increased by 50% over levels in G,, but no
significant differences were seen —4 kb or —6 kb upstream of ARS306 (Figures 1F and 1G,
probe sets are shown in Figure 1A). Sccl enrichment was observed in G, samples at regions
+3 kb and +5 kb of ARS305 (Figure 1F), which is a region of gene convergence (Figure 1A).
Lastly, deletion of ARS306 abrogated Sccl enrichment specifically at this locus and adjacent
sites, but not at ARS305 (Figures 1F and 1G).

To determine if Sccl accumulation at early origins during HU-induced stress represented a
‘permanent’ redistribution of cohesin until mitosis we analyzed the profile of Sccl binding
in G, cells after HU treatment (HU/G,) by ChIP-chip. The Sccl enrichment profile in HU/
G, was compared either to the profile of Sccl in HU or in G, arrested cells. The distribution
at early origins in HU/G> treated cells correlated more closely with cells arrested in G,
(R2=0.83) than HU (R2=0.44), suggesting that cohesin localization during replication stress
was relatively transient (Figures S1D and S1E). The data revealed a greater than 2-fold
increase in cohesin at 12 origins in HU/G, vs. G, (Figure S1F), however the implications of
this distinction remain unclear.

Cohesin accumulates transiently at sites of replication during an unperturbed S phase

Our data indicate that cohesin is recruited to paused forks in HU-treated cells. We next
checked whether cohesin is also present at replication sites in normal growth conditions. To
this end, we determined the genome-wide binding profiles of Sccl in cells released from G4
for 70 minutes at 16°C. At this temperature, the kinetics are slow enough to capture
replisome components at early origins in the absence of HU (Cobb et al., 2003). Early
origins such as ARA13, 820, 1332, which have no Sccl in Gy, were instrumental in
visualizing enrichment during unperturbed replication. The Sccl pattern at 16°C was similar
to that of HU-arrested cells (Figure 2A). At the genome-wide level, Sccl binding at origins
correlated with replication timing (R=0.65) and BrdU incorporation (R2=0.91; Figure 2B).
Moreover, we performed ChIP-gPCR at ARS306 and adjacent regions to quantify levels

Mol Cell. Author manuscript; available in PMC 2014 January 28.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tittel-Elmer et al.

Page 4

during a normal S phase. Sccl enrichment at ARS306 increased significantly by 50 minutes
(Figure 2C), but remained below the levels observed in HU-arrested cells (Figure 1G),
presumably because forks persist in the vicinity of ARS306 longer in the presence of HU.

To better understand the relationship between fork progression and cohesin enrichment, we
used two natural replication fork barriers (RFB1 and RFB2) integrated between ARS305 and
ARS306 (Figure 2D). RFB activity at ectopic sites depends on the fork blocking protein
Fob1, whose expression is under control of the Gal1,10 promoter (Calzada et al., 2005). As
cells traverse S phase, Sccl levels were 2-3 fold higher in Fob1-bound RFBs (Gal) (Figure
2D). These data indicate that similar to HU-arrested forks, cohesin accumulates at natural
replication pause sites.

Cohesin is critical for replication fork restart

Cohesin is recruited to DSBs in G, to promote HR-mediated repair, using the sister
chromatid as a template (reviewed in Wu and Yu, 2012). HR-related mechanisms are also
involved in replication fork restart (Vanoli et al., 2010; Allen et al., 2011), yet the
contribution of cohesin function in this process has not been demonstrated. To determine if
cohesin promotes fork recovery after replication stress, we exposed cells carrying the SCC1
thermo-sensitive (ts) allele scc1-73 (Michaelis et al., 1997) to sub-lethal doses of HU or
MMS. As shown in Figure 3A, sccl-73 cells are exquisitely sensitive to both drugs at a
semi-permissive temperature of 30°C.

To investigate if the increased sensitivity is due to fork recovery defects, we monitored the
completion of replication after stress. Since HU slows down DNA synthesis but does not
actually block fork progression (Poli et al., 2012), we focused on MMS, an alkylating agent
that induces fork stalling at a high frequency. As with HU, the binding pattern of Sccl in
MMS showed enrichment at early origins with levels proportionally to replication timing
and BrdU incorporation (Figures S2A-D). Pulsed field gel electrophoresis (PFGE) was
utilized to measure the kinetics of replication completion after acute MMS treatment.
Chromosomes from wild type and sccl-73 cells were separated by PFGE and the replication
status of three chromosomes was quantified by Southern blot analysis (Figures 3B and 3C).
Wild type cells completed replication 60 minutes after MMS removal, however
chromosome reentry into the gel was significantly delayed by at least 40 minutes in sccl-73
mutants. Notably, wild type and sccl-73 cells progressed through an unperturbed S phase
with indistinguishable kinetics (Figure S2E), suggesting cohesin deficiency correlates with
defects in replication primarily during times of stress.

To further characterize replication in scc1-73 cells upon MMS treatment, we monitored
individual molecules by DNA combing. DNA fibers were purified and stretched along
silanized coverslips as described (Poli et al., 2012). The length of BrdU tracks (green) and
unreplicated gaps (red) were measured for more than 25 Mb of genomic DNA (Figures 3D
and S2F). This analysis revealed a 4- to 5-fold increase in the percentage of unreplicated
DNA in sccl-73 mutants relative to wild type cells (p<0.0001; Figure 3E) and a proportional
reduction in the number of fully-replicated DNA fibers in these mutants (Figures 3E and
S2G). Unreplicated gaps were also significantly larger in scc1-73 mutants than in wild type
cells (38.0 kb versus 25.5 kb, p<0.0001; Figure 3E). Together, these data indicate that
cohesin-deficient cells fail to complete DNA replication when exposed to agents inducing
fork stalling.

Upon MMS treatment, stalled forks can be rescued by an HR-related process called template
switching. To determine if cohesin is required for this we analyzed replication intermediates
at ARS305 by 2D gel electrophoresis. Template switching generates branched molecules that
are rapidly resolved through the combined action of Sgs1 and Top3 (Branzei and Foiani,
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2007). In sgs1A cells, these structures accumulate and migrate as an X-spike on 2D gels
(Vanoli et al., 2010). Consistent with this, 2D gel analysis of cells released into S phase with
MMS revealed a prominent accumulation of X-molecules in sgs1A cells (Figure 3F).
Remarkably, the X-spike intensity was reduced by 50% in sgsl1A/sccl-73 mutants (Figures
3F, S2H and S21I), indicating that recombination intermediates formed less efficiently, or
were possibly less stable when cohesin is compromised.

Finally, we reasoned that if cohesin promoted recombination between sister chromatids at
stalled forks, it should also restrain interactions between homologs. To address this we
measured mitotic heteroallelic recombination in cohesincompromised cells at 30°C in
diploids containing th e ade2 heteroalleles, ade2-1 and ade2-n, where recombination restores
a functional ADE2 gene (Huang and Symington, 1994; Mozlin et al., 2008). The
spontaneous rate in sccl-73 mutants was 6.4-fold over that of wild type and this increased to
13.5 and 19.6 fold upon HU and MMS treatment respectively (Figure 3G). Although we
cannot formally exclude the possibility that cohesin located at a distance from stalled forks
contribute to fork recovery, these data support a role for cohesin at stalled forks to promote
completion of DNA replication and to prevent genomic instability.

Cohesin accumulation at sites of replication depends on Rad50 but not on Mec1 alone or

YH2A(X)

It is established that cohesin loading at DSBs depends on the MRX complex and on the
checkpoint kinases Mecl and Tell, through the phosphorylation of histone H2A to form vy-
H2A(X) domains (Unal et al., 2004; Strom et al., 2007). This prompted us to dissect the
mechanism of Sccl accumulation at sites of replication. We first monitored cohesin
enrichment at ARS306 as described in Figure 1G in cells lacking either Mec1, Tell or Rad50
and in cells carrying the h2a-S129A allele, encoding an unphosphorylatable form of H2A.
Sccl was recovered to wild type levels in HU-arrested mec1A/smi 1A, tel 1A and h2a-S129A
mutants (Figures 4A and 4B). In contrast, rad504 and mec1A/tel 1A/sml1A mutants showed a
significant decrease in Sccl enrichment at ARS306 and adjacent regions (Figures 4A and
4C). To further characterize these observations, we performed ChlP-chip analysis of Sccl in
the above-mentioned mutants, as described in Figure 1C. The Sccl profile at sites of
replication in h2a-S129A mutants was nearly identical to the profile in wild type cells
(Figure 4E). In mec1A/sml1A mutants, Sccl enrichment was comparable to wild type, but
Sccl extended over a larger region (Figure 4D). This reflects the fact that forks progress
further in this mutant (Figures 4F and S3). Consistent with ChIP-qPCR profiles, Sccl was
specifically reduced at early origins, but not at sites of converging intergenes in the absence
of both Mec1l and Tell (Figure 4D). Nonetheless, Sccl enrichment at replication sites does
not depend on YH2A(X), therefore having distinct requirements compared to cohesin
loading at DSBs. Sccl enrichment also depends on Rad50, prompting us to further
investigate the role of this SMC-like protein in the accumulation of cohesin at sites of
replication.

Rad50 localizes to early firing origins during HU-induced replication stress.

First, we assessed genome-wide differences in Sccl enrichment between WT and rad50A
cells after HU exposure using the subtraction profile of Sccl between WT and rad50A
(Figures 5A and S4A). This demonstrated that regions of Rad50-dependent Sccl binding
corresponded to sites of BrdU incorporation (Figures 5A and S4E). To refine our analysis,
Sccl enrichment was averaged at early and late-firing origins, centromeres and converging
intergenes in rad504 cells and compared to WT. The defect in Sccl accumulation in cells
lacking Rad50 was unique to early-firing origins as no significant changes were found at
centromeres, late origins or converging intergenes (Figures 5A, S4B and S4F). Highlighting
the defect at early-firing origins, there was a poor correlation between Sccl and BrdU

Mol Cell. Author manuscript; available in PMC 2014 January 28.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tittel-Elmer et al.

Page 6

incorporation (R2=0.12; Figure S4C) and a significant reduction of Sccl recruitment when
plotted as a function of replication timing in rad504 cells (Figure S4D). Importantly, we
verified that cohesin association deficiency in rad504 cells is not an indirect consequence of
massive replication fork defects by monitoring fork progression in this mutant using BrdU-
IP-chip. This analysis demonstrated that the distribution of BrdU track lengths is comparable
between rad504 and meclA mutants, which accumulate Sccl at arrested forks (Figure 4F).

We had previously shown that Rad50 was recruited to the early-firing origin ARS607 in the
presence of HU-induced replication stress during S phase (Tittel-Elmer et al., 2009). This,
together with our observations that Sccl levels decreased specifically at early origins in the
absence of Rad50, led us to investigate the localization of MRX relative to sites of HU-
specific cohesin accumulation. To obtain a genome-wide picture of MRX binding, ChiIP-
chip was performed on Rad50-HA in HU- (red) and G,-arrested (purple) cells (Figure 5A).
Rad50 profiles showed clear peaks of enrichment at early origins upon HU-induced
replication stress and no enrichment was observed in G arrested cells (Figures 5A-D).
Moreover, sites of Rad50 enrichment in the presence of HU correlated with sites where Sccl
accumulation was lost in rad504 cells (Figure 5A). At the genome-wide level, there was a
clear enrichment of Rad50 at early origins but not at late origins or centromeres (Figure 5B).
As for Sccl, this enrichment was specific to HU-arrested cells and was not detected in G2
(Figures 5B and 5C). It also strongly correlated to replication timing (R?=0.95; Figure 5D).
Taken together, these data suggest that the MRX complex contributes to the accumulation of
Sccl at early origins during replication stress.

Structural features of Rad50 mediate cohesin accumulation in HU-treated cells

To gain an understanding for how the MRX complex could mediate cohesin accumulation at
stalled forks, we considered the pertinent structural features of the complex and its
previously reported role in replisome stability as being independent of Mrel1 nuclease
activity (Hopfner et al., 2002; Wiltzius et al., 2005; Williams et al., 2008; Tittel-Elmer et al.,
2009). We reasoned that the structural attributes intrinsic to the MRX complex might
promote cohesin recruitment to paused forks. To investigate this we utilized the rad50% and
rad50©687C alleles, which are altered in the CXXC domain compromising hook-hook
interactions, and the rad505¢*" allele, which abridges the length of the coiled-coil domain
shortening the length of the “‘molecular tether’ (Hopfner et al., 2002; Hohl et al., 2011).

Consistent with previous reports (Hohl et al., 2011), the MRX complex remained intact in
rad50%¢*" and rad505¢ mutants and was still proficiently recruited to early origins (Figures
S5A-C). In addition, disruptions in the hook region resulted in phenotypes comparable to
those of rad50 null mutants (Hohl et al., 2011), particularly for survival after HU exposure
(Figure S5D). Strikingly, BrdU track lengths for the rad50€687C and rad505¢*" alleles were
undistinguishable from rad504 mutant cells (Figure S5F), providing evidence that structural
features of the MRX complex are important for its functionality during replication HU
stress.

To investigate the structural role of Rad50 in Sccl accumulation at early origins, we
performed a genome-wide analysis of Sccl levels at origins in rad505¢*" and rad50C687G
mutants and compared these levels to those measured in rad504 cells (Figure 5E). Defective
Sccl enrichment was observed for both rad505¢*h and rad50€%87C mutants at early origins
with level indistinguishable from those of rad504 cells (Figures 5E and 5F). In order to
quantify Sccl enrichment in these rad50 alleles, ChIP-gPCR showed that Sccl levels at
ARS306 and regions upstream were diminished in all rad50 mutants (Figures 5G and S5E)
corroborating the global loss of Sccl at early origins. Together, these data underscore the
importance of the hook and coiled-coil regions of Rad50 and the tether capability of the
MRX complex for cohesin accumulation to forks during replication stress.
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DISCUSSION

The cohesin complex functions in many aspects of chromosome organization and DNA
metabolism processes, including DNA replication and repair (Nasmyth and Haering, 2009).
We assessed the binding pattern of cohesin during replication stress and determined that
cohesin accumulates at sites of replication by a mechanism that depends on emerging forks
and correlates with replication timing. This profile is distinct from cohesin binding at
centromeres and converging intergenes, which does not change from late G, to mitosis
(Lengronne et al., 2004). Our data are consistent with a model where cohesin associates
transiently to replication sites during S phase and accumulates on newly-replicated
chromatin if fork progression is inhibited, in order to facilitate fork restart.

During an unperturbed S phase, cohesin levels at replication sites are significantly lower
than under replication stress conditions. This could either reflect the presence of low levels
of cohesin at moving forks or its accumulation at spontaneous replication pause sites. In any
case, this accumulation could result from different mechanisms, including the redistribution
of already bound cohesin, de novo loading of additional cohesin or the retention of otherwise
transitory cohesin interactions. In support of the former possibility, there is precedence for
cohesin mobility as the complex has been shown to translocate along DNA and to relocalize
in a transcription-dependent manner (Lengronne et al., 2004). Thus, it is plausible that
inhibiting fork progression could transiently alter cohesin distribution patterns, driving
enrichment where DNA synthesis stalls in a manner analogous to transcription.

Cohesin at sites of replication stress could also result from de novo loading. Indeed, Mecl
and Tell promote Sccl recruitment through the phosphorylation of H2A at DSBs in G,
(Unal et al., 2004). However, at forks there was a dramatic difference between the cohesin
profiles of h2a-S129A and meclA tel 1A double mutants arguing against such a mechanism at
stalled forks. Defective Sccl loading at stalled forks in mec1A tel1A cells might be attributed
to the loss of checkpoint activation yet this too seems unlikely because RFB arrested forks
do not activate the checkpoint (Calzada et al., 2005) and we measured robust cohesin
enrichment at the sites of fork blockage. Taken together, these data indicate that checkpoint
activation in S phase per seis not the key determinant for cohesin accumulation at sites of
replication stress.

The mechanism by which Rad50 promotes the accumulation of cohesin on newly-replicated
chromatin is currently unclear. Since the MRX/MRN complex acts at stalled or damaged
replication forks (Costanzo et al., 2001; Tittel-Elmer et al., 2009), an attractive possibility
could be that MRX stabilizes transiently-bound cohesin at replication sites upon fork arrest.
The fact that Rad50 colocalizes with Sccl during HU-induced stress is consistent with this
view and implicates MRX as an integral factor in the maintenance of fork-associated
cohesin. Hook-mediated bridging is essential for cohesin localization at stalled forks,
presumably by maintaining sister chromatids in a conformation compatible with cohesin
accumulation. It is important to note that we detected no physical interaction between
cohesin and MRX and observed no difference in Rad50 binding in scc1-73 mutants (data not
shown), indicating MRX functions independently or upstream of cohesin.

What is the physiological role of cohesin at stalled forks? The cohesin complex maintains
the positioning of sister chromatids relative to each other and is therefore critical to repair
one-ended DSBs occurring when the replisome encounters nicks or ssDNA gaps (Cortes-
Ledesma and Aguilera, 2006). However, it is worth noting that most fork-blocking lesions,
such as those induced by MMS, do not induce DSBs (Lundin et al., 2005; Groth et al.,
2010), suggesting that cohesin has a role at stalled forks that is distinct from DSB repair.
This view is supported by a recent synthetic gene array (SGA) analysis indicating that

Mol Cell. Author manuscript; available in PMC 2014 January 28.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tittel-Elmer et al.

Page 8

cohesin mutants show negative genetic interactions with genes involved in fork stability, but
not with genes involved in DSB repair (McLellan et al., 2012). Moreover, it is consistent
with our observation that cohesin contributes to HR-mediated template switching, a process
contributing to fork restart (Vanoli et al., 2010; Allen et al., 2011). Importantly, defective
fork restart in scc1-73 mutants is not a consequence of altered fork progression as fork speed
is normal in sccl-73 mutants (AL, unpublished results), unlike in cohesin compromised
human cells (Terret et al., 2009).

A more speculative model could be extended to include a need for more MRX and cohesin-
dependent ‘constraining support’ as replicated regions grows in length and precatenane
torsional stress increases (Bermejo et al., 2007). Consistent with this reasoning, we detected
a strong correlation between the timing of replication initiation and the abundance of Sccl
and Rad50 at sites of replication. Interestingly, the accumulation of torsional stress also
leads to fork reversal through a process mediated by poly(ADP-ribose) polymerases to
promote fork recovery (Ray Chaudhuri et al., 2012). Taken together, these data suggest that
events at the fork contribute significantly to the synthetic lethal interactions detected
between cohesin mutations and PARP inhibitors in human cells (McLellan et al., 2012).
Finally, the functional relationship between MRX/MRN and cohesin at stalled forks may
explain why individuals with NBS1, ATLD and cohesinopathy disorders develop
overlapping types of cancer when either complex is disrupted (Dzikiewicz-Krawczyk, 2008;
Iwaizumi et al., 2009; Xu et al., 2011a; Xu et al., 2011b).

EXPERIMENTAL PROCEDURES

Yeast strains

All strains used in this study are listed in Table S1. They were derived from W303 and
corrected for the rad5-535 mutation (RAD5+).

ChIP-gPCR and ChlIP-chip

ChIP-gPCR was performed as described in (Katou et al., 2003; Tittel-Elmer et al., 2009) for
Rad50-HA, Mrell-Myc, and Sccl-PK. Antibodies used were a-Pk clone SV5-Pk1
(Serotec), a-HA clone F-7 (Santa-Cruz), and a-Myc clone 9E10 coupled to a-mouse
(Invitrogen,110.31) or a-Protein A Dynabeads (Invitrogen, 100.02). To synchronize cultures
in Gy, cells were incubated with a-factor for 2.5 hours and released by washes or by
addition of 50 g/ml Pronase. For quantitative PCR (qPCR), uncoupled Dynabeads were used
for background controls. DNA was quantified by real-time PCR using an ABI 7900
Sequence Detector System as described in (Tittel-Elmer et al., 2009). Primer sequences are
listed in Table S3. For ChlIP-chip, DNA was amplified, labeled and hybridized as described
in (Crabbe et al., 2010). Immunoprecipitation of BrdU-labeled DNA was performed as
described in (Crabbe et al., 2010).

DNA combing, 2D and PFGE gel electrophoresis

DNA combing and two-dimensional gel analysis of replication intermediates were done as
described (Tourriere et al., 2005). ssDNA was detected using anti-mouse MAB 3034
(Millipore) and goat anti-mouse coupled to Alexa 546; BrdU was detected with a rat
monoclonal antibody (Abcys, clone BU1/75) and goat anti-rat coupled to Alexa 488
(Invitrogen). Images were recorded on a Leica DM6000 microscope. 2D gel were done in
triplicate and the intensity of X-spike was quantitated with a Phosphorlmager (Typhoon,
GE) after Southern blotting, normalized to the amount of linear DNA fragments and
expressed relative to sgslA levels. PFGE gel electrophoresis was performed as described
(Lengronne et al., 2001). Briefly, yeast cells were embedded in low-melting agarose plugs
(5.107 cells/ml) and genomic DNA was extracted. Chromosomes were separated on a Gene
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Navigator system (GE) for 32 h at 6 V/cm with 60 s pulses, stained with ethidium bromide
and transferred to Hybond XL (GE Healthcare). Quantitation of chromosome intensity was
performed by Southern blotting and hybridization using radioactive probes specific for 3
representative chromosomes (3, 4 and 14), using a Phosphorlmager (Typhoon Trio, GE).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Sccl accumulates at early origins during a HU-induced replication stress

(A) Genome-wide localization of Scc1-PKg in wild type (JC-1315) cells arrested in G, by
nocodazole treatment for 120 minutes (blue) or released from G, into S phase for 60 minutes
in the presence of 0.2M HU (orange). Sccl enrichment in the immunoprecipitated fraction
relative to input genomic DNA is shown for part of chromosome 3 and is expressed as the
log2 of the IP to input ratio. Gray boxes represent open reading frames and dashed lines
represent converging intergenes. Early and late origins are indicated in orange and black,
respectively; centromere (CEN); transposons (T). The BrdU profile of cells released from G
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in S phase for 60 minutes in the presence of 0.2M HU (Gray) is overlaid with the subtraction
profile of Sccl binding sites in HU - G, (orange).

(B-D) Quantitation of Sccl enrichment in HU-treated (orange) and Go-arrested cells (blue).
Enrichment is calculated from ChIP-chip data as described in Materials and Methods and is
expressed in arbitrary units (a. u.). (B) Mean Sccl enrichment at centromeres (CEN) n=16,
converging intergenes (conv) n=1757, diverging genes (div) n=1496, early origins (early)
n=146 and late origins (late) n=85. Error bars indicate 95% CI. (C) Average distribution of
Sccl enrichment at early origins +/— 10 kb (n=112). (D) Sccl enrichment at replication
origins expressed as a function of replication time (Yabuki et al., 2002). Each dot represents
a set of 20 origins. R2=0.92 and R?=0.47 correspond to the linear regression calculated for
HU- and G,-arrested cells, respectively.

(E) Average profiles of Sccl enrichment at early origins and regions +/- 10 kb in wild type
cells released from G into S phase + 0.2M HU for 60 (orange), 90 (green), 120 (purple),
and 150 (blue) minutes (n=112).

(F-G) ChIP followed by gPCR was performed on Sccl-PKg cells released from G, into S
phase + 0.2M HU for 60 minutes (orange) or cells arrested in G, with 7.5 pg/ml nocodazole
for 120 minutes (blue) in WT and ars3064A (JC-1969; brown) cells. Probes correspond to (F)
ARS305 and regions downstream +1kb, +3kb, +5kb, and +7kb or (G) ARS306 and regions
upstream —1kb, —4kb, and —6kb. Data were normalized to a region devoid of Sccl (n)
located 11 kb downstream of ARS305 and are expressed in relative units (r. u.). Error bars
represent s.d. of fold enrichment of multiple runs and three individual experiments. All
assessed loci are shown in Figure 1A.
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Figure 2. Sccl associatesto replication sitesduring an unperturbed S phase
(A) Cells containing Scc1-Pkg were arrested in G, by nocodazole treatment for 120 minutes
(blue) or released from G into S phase for 60 minutes in the presence of 0.2M HU (orange)
or released from Gy into S phase for 70 minutes at 16°C (green). Enrichment in the

immunoprecipitat ed fraction relative to input DNA is shown at ARS413, ARS320 and

ARS1332. The y-axis scale is log2.

(B) Sccl (green) and BrdU (gray) enrichment were expressed as a function of replication
timing of cells released from G into S phase for 70 minutes at 16°C. Each dot represents the
median enrichment of 30 origins. R2=0.65 and R?=0.91 correspond to the linear regression

calculated for Sccl and BrdU respectively.
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(C) ChIP followed by qPCR was performed on Sccl-PKg (JC-1315) cells released
synchronously from Gy into S phase for 40, 50, 60 or 70 minutes at 16°C. Probes
corresponding to ARS306 and upstream regions were used as described in Figure 1G.

(D) ChIP followed by qPCR was performed on Scc1-PKg (PP-1678) in S phase cells first
synchronized in G, before Gal-FOB1 induction for 45 min. Sccl enrichment was quantified
in cells with Fob1 expression (Gal, dark gray) or not (Raf, light gray) using probes
corresponding to RFB1 and RFB2 (Calzada et al., 2005). Data were normalized to a region
free of Sccl at position 182’000 on chromosome 3. Error bars represent s.d. of fold
enrichment of multiple runs and three individual experiments.
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Figure 3. Cohesin promotesrecovery after replication fork arrest

(A) Drop assays on exponentially growing wild type (JC-470) and scc1-73 (JC-1339) cells.
1:10 serial dilutions were grown on YPD + 0.2M HU or 0.005% MMS at 25 or 30°C.

(B-C) Sccl is required for recovery of MMS-induced forks stalling. WT (PP-872) and
sccl-73 (PP-1186) cells were grown at 25°C and synchroni zed in G; with a-factor 30°C
then released into S phase with 400 pg/ml BrdU to label newly-replicated DNA and 0.033%
MMS for 60 minutes at 30°C. Cells were then washed and resuspended in fresh medium at
30°C for the indicated time after MMS release (t=0). Samples were subjected to PFGE
analysis. (B) Southern blot probed for chromosomes 3, 4 and 14. (C) Quantification of
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chromosome mobility in wild-type (open circles) and scc1-73 (black circles). Median values
and standard deviation for the three probes are shown.

(D-E) Representative DNA fibers of WT or sccl-73 cells exponentially grown at permissive
temperature (25°C), arrested in G; with a-factor at semi-permissive (30°C) and released
synchronously into S phase in t he presence of 0.033% MMS for 60 minutes at 30°C. Green:
BrdU, red: DNA, arro ws: unreplicated DNA. Bar: 50 kb. (E) Box plots depict the
percentage of unreplicated DNA per DNA fiber and the length of unreplicated gaps. Box
and whiskers indicate 25-75 and 10-90 percentiles, respectively.

(F) 2D gel analysis of replication intermediates in sgs1A (PP-35) and sgsl1A sccl-73
(PP-1688) cells shifted at restrictive temperature (37°C) upon G arrest and released
synchronously into S phase in the presence of 0.033% MMS for 30 minutes at 37°C.
Genomic DNA was extracted and dige sted with EcoRI and the replication intermediates
were analyzed by southern blot with a probe recognizing the ARS305 region.

(G) Rates of interhomologous recombination were measured as described (Mozlin et al.,
2008) in diploid ade2-1/ade2-n WT (JC-2596) and sccl-73 (JC-2597) cells. Error bars
correspond to s.d. of 9 diploids per condition in each experiment. Frequencies were
determined at least twice in separate experiments giving comparable results at 30°C after
overnight i ncubation in YPD + 10 mM HU or 0.001% MMS.
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Figure4. Rad50isrequired for cohesin localization at early origins

(A-E) ChIP followed by qPCR was performed on Scc1-PKg as described in Figure 1G (A-
C), and the average profiles of Sccl distribution at early origins as in Figure 1C (D-E)
compare wild type (JC-1315), mec1A/sml1A (JC-1890), tel1A (JC-2378), meclA/tel1A/
sml1A (JC-2377), h2a-S129A (JC-1597) and rad504 (JC-1314).

(F) Distribution of BrdU tracks length in cells released from G, into S phase + 0.2M HU for
60 minutes. Boxes and whiskers indicate 25-75 and 10-90 percentiles, respectively. Median
BrdU track length is indicated in kb; Wild type (JC-1315), ,0c1 Asmi1 A (PP-1323),

meclAtell Asmi1A (PP-1325), h2a-S129A (PP-1028) and ., 450A JC1314)
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Figure 5. Structural features of Rad50 mediate Sccl accumulation at replication sites

(A) Upper panel: Rad50-dependent Sccl enrichment in HU-arrested cells. WT and rad504
cells were synchronized in G4 and released into S phase + 0.2M HU for 60 minutes. Sccl
signal log ratio from rad504 cells was subtracted to signal from WT cells (orange). A
representative region on chromosome 3 is shown. BrdU-IP-chip profile from WT cells
(gray) is overlaid with the Sccl profile. Middle-lower panels: Genome wide localization of
Rad50-HA in wild type cells (JC-1300) arrested in G, with 7.5 pg/ml nocodazole for 120
minutes (purple) or cells released from G, into S phase + 0.2M HU for 60 minutes (red).
The BrdU-1P-chip profile from HU-arrested cells is shown in gray.
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(B-D) Quantitation of Rad50 enrichment in HU-treated cells (red) or in Gy-arrested cells
(purple). (B) Mean Rad50 enrichment at centromeres (CEN; n=16), early origins (early;
n=146) and late origins (late; n=85). Error bars indicate 95% CI. (C) Average distribution of
Rad50 at early origins (n=112). (D) Rad50 enrichment expressed as a function of replication
timing. Each dot represents the median enrichment for 20 origins. R2=0.95 and R2=0.04
correspond to the linear regression calculated for HU-arrested and G5 arrested cells,
respectively.

(E-G) Average distribution of Sccl at replication origins as in Figures 1B and 1C and ChIP
followed by gPCR as in Figure 1G were performed on Scc1-PKg in WT (orange; JC-1315),
rad504 (green; JC-1314), rad50°687C (red; JC-1988) and rad505¢" (blue; JC-1967).

Mol Cell. Author manuscript; available in PMC 2014 January 28.



