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Abstract

The conserved family of cohesin proteins that mediate sister chromatid cohesion requires Scc2, Scc4 for chromatin-
association and Eco1/Ctf7 for conversion to a tethering competent state. A popular model, based on the notion that
cohesins form huge ring-like structures, is that Scc2, Scc4 function is essential only during G1 such that sister
chromatid cohesion results simply from DNA replisome passage through pre-loaded cohesin rings. In such a
scenario, cohesin deposition during G1 is temporally uncoupled from Eco1-dependent establishment reactions that
occur during S-phase. Chl1 DNA helicase (homolog of human ChlR1/DDX11 and BACH1/BRIP1/FANCJ helicases
implicated in Fanconi anemia, breast and ovarian cancer and Warsaw Breakage Syndrome) plays a critical role in
sister chromatid cohesion, however, the mechanism through which Chl1 promotes cohesion remains poorly
understood. Here, we report that Chl1 promotes Scc2 loading unto DNA such that both Scc2 and cohesin enrichment
to chromatin are defective in chl1 mutant cells. The results further show that both Chl1 expression and chromatin-
recruitment are tightly regulated through the cell cycle, peaking during S-phase. Importantly, kinetic ChIP studies
reveals that Chl1 is required for Scc2 chromatin-association specifically during S-phase, but not during G1. Despite
normal chromatin enrichment of both Scc2 and cohesin during G1, chl1 mutant cells exhibit severe chromosome
segregation and cohesion defects – revealing that G1-loaded cohesins is insufficient to promote cohesion. Based on
these findings, we propose a new model wherein S-phase cohesin loading occurs during DNA replication and in
concert with both cohesion establishment and chromatin assembly reactions - challenging the notion that DNA
replication fork navigates through or around pre-loaded cohesin rings.
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Introduction

The generation of viable cell progeny requires the faithful
replication of each parental chromosome, producing identical
sister chromatids, and faithful segregation of sister chromatids
into daughter cells. Since these two cellular events, DNA
replication (S phase) and chromosome segregation (M phase),
are temporally separated, cells must maintain the identity of
sister chromatids over time - in some cases for decades. Cells
achieve this feat through a conserved multimeric protein
complex known as cohesins that consist of Smc3, Smc1,
Mcd1/Scc1 and Scc3/Irr1 – along side cohesin-bound auxiliary
factors Pds5, Rad61/Wapl and metazoan-specific Sororin [1-3].
In addition to their canonical role in sister chromatid tethering,
cohesin complexes also function in a multitude of cellular

processes including DNA repair, chromatin condensation,
transcriptional regulation and rDNA metabolism [4]. The
transcription regulatory role may be especially relevant given
that mutation in human cohesin subunits (SMC1A/Smc1,
SMC3, RAD21/Mcd1/Scc1) and cohesin-regulatory factors
(ESCO2/Eco1/Ctf7, HDAC8/Hos1, NPBL/Scc2, APRIN/Pds5,
ChlR1/DDX11/Chl1 and BACH1/BRIP/FANCJ/Chl1) result in
severe developmental maladies that include Cornelia de Lange
Syndrome, Roberts Syndrome, Warsaw Breakage Syndrome
and Fanconi Anemia [5-17]. The structure through which
cohesins tether together sister chromatids or evoke
transcription regulation remains undefined, but models include
that DNA is embraced within an SMC lumen, clamped by the
folding over of SMC arms to bring head and hinge domains into
registration, or sandwiched between SMC head domains
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capped by Mcd1 (the latter based on crystal structure analyses
of the SMC-like Mre11,Rad50,Nbs1 complex [4,18,19]), any of
which may assemble into higher order structures [1,4,20-24].

Cohesin binding to chromatin is not sufficient to tether
together sister chromatids. Instead, budding yeast Eco1/Ctf7
(herein Eco1), the founding member of a highly conserved
family (EFO1/ESCO1 and EFO2/ESCO2 in vertebrates, DECO
in flies) of acetyltransferases, is required to convert chromatin-
bound cohesins to a tethering competent state [25-30]. To
date, cohesin Smc3 is the only known essential Eco1 substrate
[31-33]. Eco1 function is essential specifically during S-phase
[25,26]. In fact, multiple interactions between Eco1, PCNA (the
DNA polymerase ‘sliding clamp’) and Replication Factor C
(RFC) complexes that regulate PCNA support the model that
Eco1 acetylates Smc3 as sister chromatids emerge from the
DNA replication fork [25,31-39]. Contrary to an early report
[35], it is now clear that Eco1 binding to PCNA is neither
required for Smc3 acetylation nor Eco1 recruitment to DNA
[29,39,40]. Thus, critical gaps remain in our understanding of
DNA replication-coupled cohesion establishment.

The timing of cohesin association with chromatin appears to
profoundly impact the ability of Eco1 to establish cohesion.
Supporting DNA replication-coupled cohesion establishment
are findings that the essential function of Eco1 maps to S-
phase and that Mcd1 expressed after S-phase fails to
participate in sister chromatid pairing, although cohesins also
associate with DNA before S-phase in both yeast and
vertebrate cells [25,26,41-45]. Early cell cycle studies mapped
the essential role of the Scc2, Scc4 cohesin deposition
complex to S-phase, similar to both Eco1 function and Mcd1
expression [25,26,41,42,46,47]. Biochemical analysis of
cohesins as huge ring-like structures, however, led to a popular
model that Scc2, Scc4 complex is essential only during G1,
enabling replication forks to establish cohesion simply by
passing through pre-loaded cohesin rings [48,49]. Subsequent
studies support the notion that Scc2, Scc4-dependent cohesin
deposition may be required during the G1 portion of the cell
cycle, but remain actively debated [22-24,43-45]. Resolving the
important issue regarding which temporally-deposited cohesin
population in fact participates in cohesion will likely entail
analyses of auxiliary factors that promote efficient cohesion
establishment.

The DNA helicase Chl1 (and homologs) is of particular
interest in that it is crucial for efficient sister chromatid
cohesion: chl1 mutant cells exhibit significant cohesion defects
that exceed even essential gene mutations involved in
cohesion such as pol30 (PCNA) and Chl1 is the only helicase
thus far shown to associate with Eco1 [35,50-52]. Chl1 is of
further import because it is the homolog of both ChlR1/DDX11
and BACH1/BRIP/FANCJ, mutations in which result in Warsaw
Breakage Syndrome and both Fanconi anemia and breast and
ovarian cancers, respectively [13-15,50,53-62]. In the current
study, we show that Chl1 plays a critical role in Scc2
recruitment to chromatin, linking for the first time Scc2
regulation to helicase-dependent alterations of DNA. As
important, Chl1 is required for both Scc2 and cohesin
recruitment specifically during S-phase, but not G1. Despite
normal Scc2 (and cohesin) recruitment to DNA during G1, chl1

mutant cells exhibit significant cohesion defects. These findings
significantly impact current models regarding the temporal
coupling of cohesin deposition and cohesin establishment.

Results

Chl1 expression and chromatin binding are cell cycle
regulated

Results from this lab and others suggest that Chl1 is critical
for cohesion establishment during S-phase: Chl1 binds Eco1,
PCNA and Fen1 and the human homolog ChlR1 stimulates the
flap endonuclease FEN-1 involved in both maturation of
replication lagging strands and cohesion establishment
[35,50,62-64]. Chl1 binding to chromatin thus far, however, has
been demonstrated only in response to DNA damage [64],
leaving unresolved fundamental issues of Chl1 expression and
chromatin recruitment throughout the cell cycle. To address
these deficits of knowledge regarding this homolog of clinically-
relevant DNA helicases, we first tested the extent to which Chl1
expression is regulated throughout the cell cycle.
Logarithmically growing cells expressing epitope-tagged Chl1
were synchronized in G1 (alpha-factor), released into fresh
medium to allow for cell cycle progression and samples
harvested at 15 minute intervals to assess both cell cycle
progression and changes in Chl1 protein levels. The results
show that Chl1 is diminished during G1, rises as cells enter S-
phase and remains elevated during mitosis (Chl1 typically runs
as two bands, most likely due to C-terminal PEST sites
[50,65]). In contrast, constitutively expressed Swi6 protein
remains unchanged throughout the cell cycle (Figure 1B,D).

If Chl1 promotes cohesion establishment specifically during
S-phase, then Chl1 recruitment to chromatin might be similarly
reflected in a cell cycle-dependent fashion. To carefully analyze
Chl1 recruitment to chromatin, we exploited Triton X-100 cell
fractionation assays previously used to demonstrate chromatin-
association of a spectrum of factors including Eco1, cohesin,
DNA replication initiators and fork stabilization proteins
[26,35,66,67]. We validated the cell fractionation procedure
using Phosphoglycerokinase (PGK) and Histone 2B (H2B) as
cytosolic and chromatin fiduciary markers, respectively. The
results show an enrichment of chromatin-associated H2B, and
absence of cytosolic component PGK, in the Triton-X-100
insoluble fraction (Figure 1A). Similar to H2B, the bulk of Chl1
resides in the chromatin fraction, although modest levels of
both Chl1 and H2B remain soluble. We further tested whether
Chl1 chromatin-association might increase in response to DNA
damage. Log growth cultures expressing epitope-tagged Chl1
were split and one of the two cultures exposed to 0.1% MMS
for 2 hours prior to processing for chromatin binding. The
results show that the level of Chl1 chromatin-enrichment is not
increased upon MMS treatment, consistent with a model that
Chl1 binds chromatin and functions each and every cell cycle
(Figure 1A).

Given the critical role for Chl1 in cohesion, it became
important to determine whether Chl1 recruitment to chromatin
is regulated through the cell cycle. We returned to the validated
chromatin-fractionation method described above. The results
show that Chl1 recruitment to chromatin increases significantly
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Figure 1.  Chl1 expression and chromatin binding are induced during S-phase.  A) Logarithmically growing cells expressing
Chl1-13Myc (YBS 1129) were harvested and analyzed for chromatin binding with or without MMS exposure. Immunoblots show
whole cells extracts (WCE), cytoplasmic fractions (Cyt) and chromatin bound fractions (CB). Histone 2B (H2B) and
Phosphoglycerate Kinase (PGK) were probed in parallel as positive controls for chromatin-bound and cytoplasmic proteins,
respectively. B) Logarithmically growing cells expressing Chl1-13MYC were synchronized in G1 (alpha factor) and released into
fresh medium. Samples were harvested every 15minutes and analyzed by Immunoblotting for Chl1-13MYC and Swi6 as a loading
control. Parallel blots were also analyzed for Histone 2B (H2B) and Phosphoglyerinkinase (PGK) to confirm chromatin and
cytoplasmic fractions, respectively. C) G1 synchronized cells expressing Chl1-13Myc were released in fresh medium and samples
collected every 15 minutes, processed for chromatin binding and probed to detect Chl1-13MYC and Swi6 (loading control). D) Data
shown are Chl1 protein levels relative to Swi6 (blue line) and chromatin enrichment relative to Swi6 (red line) over the cell cycle
averaged from 3 independent experiments. Shaded portion denotes S-phase. E) Flow cytometric data for cells analyzed in B) and
C).
doi: 10.1371/journal.pone.0075435.g001
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(>3 fold) as cells enter S-phase (Figure 1C,D). Thus, both Chl1
expression and chromatin recruitment are tightly regulated in
normal cycling cells. Notably, while Chl1 protein levels remain
elevated during mitosis, Chl1 binding to chromatin decreases
as cells exit S-phase - revealing for the first time a post-
translational mechanism that drives Chl1 release from DNA. In
combination, these results demonstrate that Chl1 expression
and DNA binding are tightly regulated through the cell cycle, in
support of a model that Chl1 promotes sister chromatid
cohesion specifically during S phase and, based on protein
interaction studies, in close proximity to the DNA replication
fork [35,50,62-64].

Chl1 regulates cohesion acetylation, but not Eco1 auto-
acetylation

Presently, the mechanism through which Chl1 promotes
efficient sister chromatin cohesion remains unknown. Given
that Chl1 is the only helicase shown to interact with the
establishment factor Eco1 [50], we hypothesized that Chl1
might regulate Eco1-mediated acetylation of Smc3. We
included fen1 mutant cells in our analysis given that Fen1 also
associates with both Eco1 and Chl1 and that both human and
yeast cells diminished in Fen1 exhibit cohesion defects
[62,63,68]. Logarithmically growing wild type cells and chl1 and
fen1 single mutant cells, all expressing Smc3-3HA as the sole
source of Smc3, were lysed, resulting extracts clarified by
centrifugation and incubated with anti-HA-coupled beads. After
washing to remove unbound or weakly associated proteins,
bead-bound proteins were eluted and analyzed by Western
blot. The results show that total levels of Smc3 protein remain
unchanged regardless of the presence or absence of either
Chl1 or Fen1 (Figure 2A). No signal was obtained for strains
expressing untagged Smc3. Querying blots with anti-acetylated
lysine antibodies further revealed nearly identical levels of
Smc3 modification present in both wildtype and fen1 mutant
cells. In contrast, Smc3 acetylation is markedly decreased in
chl1 mutant cells (Figure 2A and 2B). Thus, Chl1 is critical for
Eco1-depedent Smc3 acetylation.

We realized that reduced Smc3 acetylation in chl1 mutant
cells can be explained by at least one of two models: that Chl1
promotes Eco1 acetyltransferase activity or that Chl1 promotes
cohesin binding to DNA which in turn becomes a suitable
substrate for Eco1. To test the first of these possibilities, we
exploited the fact that auto-acetylation is readily detected in
Eco1/ESCO proteins [27,29,30,69]. Logarithmically growing
wild type and chl1 mutant cells expressing Eco1-18MYC as the
sole source of Eco1 were lysed and the resulting extracts
incubated with anti-MYC-coupled beads. After washing to
remove unbound or weakly associated proteins, bead-bound
proteins were eluted and analyzed by Western blot. Results
reveal that total Eco1 protein levels remain unchanged despite
the presence or absence of Chl1 (Figure 2C). No signal was
obtained for strains expressing untagged Eco1. We also found
nearly identical levels of modified Eco1 in wildtype and chl1
mutant cells using antibody directed against acetylated lysine.
These results reveal that Chl1 does not directly regulate Eco1
activity: that decreased Smc3 acetylation in chl1 mutant cells is

not predicated on reduced Eco1 acetyltransferase activity or
protein levels.

We next tested the possibility that Chl1 functions in cohesin
binding to DNA: that the reduced cohesin acetylation in chl1
mutant cells is based on loss of cohesin chromatin-association.
Log phase wild type, chl1 and fen1 single mutant cells
expressing Mcd1-6HA as the sole source of this cohesin
subunit were lysed and the fraction of chromatin-bound Mcd1
assessed using Triton- X-100 fractionation as described above.
Wildtype and fen1 mutant cells contained nearly identical levels
of chromatin-bound Mcd1 (Figure 3C,D). In contrast, chl1 cells
contained a marked reduction (~50% of wildtype levels) of
chromatin-bound Mcd1. Importantly, chl1 mutant cells
contained Mcd1 protein levels equivalent to wildtype cells
(Figure S1), confirming that the observed reduction of
chromatin-associated Mcd1 is due to loss of Chl1 helicase and
not reduced Mcd1 expression (Figure 3A,B). To confirm that
Chl1 participates in the stable binding of cohesin to DNA, we
turned to a chromatin immunoprecipitation (ChIP) strategy that
allows for quantification of cohesin enrichment on well-
documented cohesin association regions (CARs) [70-72]. We
chose 5 independent CAR sites along the arm of chromosome
III. Protein-DNA complexes in logarithmically growing wild type
and chl1 mutant cells expressing Mcd1-6HA were cross-linked
using formaldehyde, lysed and sonicated to shear the DNA.
Chromatin complexes containing Mcd1 were
immunoprecipitated, cross-links reversed and DNA amplified
using CAR-specific primers. The results show that Mcd1 levels
are significantly decreased (about 50% of wildtype levels) for
each of the 5 CAR sites (Figure 3E), documenting that Chl1 is
critical for stable cohesin binding along chromosome arms.

Cohesin binding at centromeres is uniquely regulated
compared to cohesins that associate along chromosome arms:
centromeric cohesins occur at elevated levels, along extended
regions of DNA and are differentially sensitive to perturbation of
cohesin regulators – especially in vertebrate cells [73-78].
Given these unique features, it became crucial to test whether
Chl1 also promotes stable binding of cohesin to centromeres.
We repeated the ChIP analysis, but this time using 5
centromere (CEN) sites within chromosome III, regions well-
established as enriched in cohesin binding [71-74]. The results
show that chl1 mutant cells exhibit a significant reduction
(<40% of wildtype levels) of cohesin association to
centromeres (Figure 3E,F). Further analyses discount the
possibility that Mcd1 protein levels are decreased in chl1
mutant cells (Figure S1A). These findings extend those of prior
studies that cohesins are only loosely chromatin-associated in
the absence of Chl1/ChlR1 [54,79]. We conclude that Chl1 is
critical for stable cohesin-DNA interactions at all CAR sites and
that the decrease in cohesin binding in chl1 mutant cells in part
accounts for the reduced levels of Smc3 acetylation (this
study).

Chl1 regulates S phase cohesin binding to
chromosomes

A presumptive but popular model is that cohesin deposition
during G1 is required for subsequent sister chromatid tethering
reactions that occur during S-phase [23,24]. In contrast is a
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preceding model that cohesins deposited during S-phase
predominantly participate in cohesion establishment [22,80].
Resolving this discrepancy is complicated because SCC2
mutation abolishes deposition in all phases of the cells cycle
such that mapping studies produced conflicting interpretations
[39,42,43,72,81]. We realized that Chl1, which promotes
cohesion specifically during S-phase and is required for
cohesin enrichment onto chromatin, might provide a unique
venue from which to address these models. To test whether
Chl1 impacts cohesin chromatin-association in a cell cycle-
regulated fashion, we repeated the chromatin
immunoprecipitations described above on cycling cells
released from G1 and harvested at 10 minute intervals so that
we could clearly differentiate between G1 versus S-phase
cohesin deposition. We queried cohesin enrichment at 5
independent CAR sites: three along chromosome arms and

two within the centromere of chromosome III (CEN3.1 and
CEN3.4). As expected, cohesin binding to DNA increased
during G1 in wildtype cells and this elevated cohesin
chromatin-association remained through S-phase, declining
only as cells exited mitosis. Notably, cohesin enrichment onto
DNA during G1 in chl1 mutant cells was indistinguishable from
that of wildtype cells. Thus, Chl1 is not required to promote
stable cohesin association during G1. Importantly, however,
cohesin enrichment onto CAR sites dropped precipitously as
chl1 mutant cells entered S-phase (Figure 4A-4E). The
decrease in cohesin enrichment failed to recover to wild type
levels throughout the remainder of the cell cycle. These
findings reveal that cohesin-association with replicated sister
chromatids depends on the S-phase activity of Chl1 DNA
helicase.

Figure 2.  Chl1, but not Fen1, decreases Eco1-mediated Smc3 acetylation without inhibiting Eco1 auto-acetylation.  A)
Logarithmically growing wild type (YSR 132), chl1 (YSR 133) and fen1 (YSR 107) mutant cells expressing Smc3-3HA were
harvested and whole cell extracts processed to detect Smc3 and acetylated Smc3. While cell extracts of cells expressing untagged
Smc3 also shown. B) Quantification of acetylated Smc3 levels in chl1 and fen1 mutant cells compared to that of wildtype cells
(normalized to 100%). Data represents the ratio of acetylated Smc3 to total Smc3 levels from three independent experiments. C)
Immunoprecipitated Eco1-18MYC from log phase wildtype (YSR 129) and chl1 (YSR 131) mutant cells probed for total Eco1 (MYC)
and auto-acetylated (Ac) levels. Cells expressing untagged Eco1 (UT) (YSR 130) also shown. Data represents the ratio of
acetylated Eco1 to total Eco1 levels from three independent experiments.
doi: 10.1371/journal.pone.0075435.g002
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Figure 3.  Cells lacking Chl1, but not Fen1, exhibit reduced binding of cohesins to chromatin.  A) Logarithmically growing wild
type (YBS 1157) and chl1 (YBS 1175) expressing Mcd1-6HA processed for Mcd1 chromatin binding. Whole cell extracts (WCE),
Cytoplasmic fractions (Cyt) and Chromatin bound fractions (CB) shown. Histone 2B (H2B) and Phosphoglycerate kinase (PGK)
shown as controls for cytoplasmic and chromatin-bound proteins, respectively. B) Quantification of Mcd1 binding to chromatin in
chl1 mutant cells compared to wildtype levels (normalized to 100%). Mcd1 enrichment to DNA based on the ratio of Mcd1-6HA to
Histone 2B levels obtained from 3 independent experiments. C and D) Experimental analysis of fen1 mutant cells (YSR 117)
identical to that shown in A and B for chl1 mutant cells. E) Enrichment of Mcd1-6HA in chl1 mutant cells at five independent
chromosome arm CAR sites along Chromosome III compared to levels obtained from wild type cells (normalized to 100%). F)
Enrichment of Mcd1-6HA as shown in E) except for five centromere (CEN) sites.
doi: 10.1371/journal.pone.0075435.g003
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Chl1 regulates Scc2 chromatin binding to DNA
specifically during S-phase

The above studies reveal that chl1 mutant cells are deficient
in cohesin enrichment onto DNA specifically during S-phase, a
deficit that leads to cohesion loss. However, the mechanism
through which Chl1 promotes cohesin enrichment remains
unknown. We hypothesized that Chl1 might be required for
efficient recruitment of the Scc2, Scc4 cohesin-deposition
complex to DNA. To test this possibility, log phase wild type
and chl1 mutant cells expressing Scc2-3HA as the sole source

of Scc2 function were lysed and the fraction of chromatin-
bound Scc2 assessed using Triton X-100 fractionation as
described above. Compared to wildtype cells, chl1 mutant cells
contained a marked reduction (~40% of wildtype levels) of
chromatin-bound Scc2. Whole cell extracts from wildtype and
chl1 mutant strains contained identical Scc2 levels, confirming
that the reduction of Scc2 binding was due to loss of Chl1
helicase and not altered Scc2 expression (Figure 5A,B and
Figure S1B). Is Scc2 binding to DNA reduced specifically at
CAR sites? We investigated whether Chl1 participates in the

Figure 4.  Chl1 regulates cohesin enrichment onto chromosomes during S-phase.  A-C) Three panels show Mcd1-6HA
binding to three chromosome arm CAR sites in wild type (YBS 1157) (blue lines) and chl1 mutant cells (YBS 1175) (red lines)
progressing through the cell cycle from G1 synchronous release. D, E) Two panels show Mcd1-6HA binding to two unique
centromere CAR sites in wild type and chl1 cells progressing through the cell cycle from G1 synchronous release. F) Flow
cytometric data shows DNA content of wild type and chl1 mutant cells. In all panels, data reflects aliquots harvested at 10-minute
intervals. Panels A-E reflect data averaged from three independent experiments. Shaded portion denotes S-phase.
doi: 10.1371/journal.pone.0075435.g004
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stable binding of Scc2 at five independent CAR sites that
reside along the arm of chromosome III and also five CAR sites
within CEN3 using chromatin immunoprecipitations. The results
show that Scc2 levels are significantly decreased (50-60% of
wildtype levels) for each of the ten CAR sites queried, revealing
for the first time that Chl1 is a critical regulator of Scc2
enrichment onto DNA (Figure 5C,D).

If we are correct that Chl1 is critical for the enrichment of
cohesin to DNA specifically during S-phase, then chl1 mutant
cells should similarly exhibit loss of Scc2 binding to DNA as
cells enter S-phase, but not before. To test this prediction, we
performed chromatin immunoprecipitation assays taking
samples at 10 minute intervals from synchronized wild type and
chl1 mutant cells expressing Scc2-3HA. The results show that
Scc2 enrichment at all five CAR sites (three arm and two
centromere sites) prior to S-phase is identical in both wildtype
and chl1 mutant cells. Wildtype cells continued to recruit Scc2
throughout S-phase and maintained this level into mitosis. As
soon as chl1 mutant cells entered S-phase, however, the level
of Scc2 binding to DNA dropped significantly at all CAR sites
tested and remained low even after S-phase (Figure 6). In
combination, these results document that Chl1 is critical for the
stable association of Scc2 with DNA during S-phase and that
this DNA replication-coupled deposition is critical for sister
chromatid cohesion establishment.

Discussion

Cohesins that participate in cohesion become
chromatin-associated during S-phase

The issue regarding the population of DNA-associated
cohesins which both serve as Eco1 substrates and participate
in sister chromatin-tethering reactions remains a critical but
enigmatic topic of cell biology. One of the major revelations of
the current study involving Chl1 is that cohesins that associate
with DNA during G1 fail to produce sister chromatid cohesion:
chl1 mutant cells load cohesins onto DNA during G1 to levels
identical to wildtype cells and to appropriate CAR sites - yet
exhibit significant cohesion defects. While chl1 mutants are
viable, the resulting cohesion defect (35%) nearly rivals that of
many cohesin mutants (50-65%) and exceeds that of essential
cohesion gene mutations such as pol30/pcna (20%) [40]. We
also note that loss of cell viability does not necessarily equate
to cohesion defects in budding yeast; nor do cohesion defects
necessarily impact proper chromosome segregation [82]. It is
not, however, the level of cohesion defect that occurs in chl1
mutant cells that is of interest here, but the cell cycle specificity
that provides a unique tool from which to assess when cohesin
deposition is required for establishment. What then is the basis
of the cohesion defect in chl1 mutant cells? As opposed to the
normal cohesin enrichment onto DNA that occurs during G1,
chl1 mutant cells exhibit dramatic defects in cohesin
enrichment specifically during S-phase. These findings
document that cohesin must associate with DNA during S-
phase to both serve as an Eco1 substrate and participate in
cohesion (Figure 7). This re-emerging view, which we term
Replication-coupled cohesion deposition, is supported by
numerous findings including that 1) Eco1 can acetylate

cohesins prior to S-phase, but that cohesins acetylated during
G1 fail to produce sister chromatin cohesion and 2) Scc2
function is essential predominantly during S-phase, even
though deposition occurs throughout other portions of the cell
cycle [39,42-45,72,80].

Our Replication-coupled cohesion deposition model
contrasts popular views that cohesin deposition onto DNA is
required during G1 – a notion arising not from analysis of
deposition complexes but instead from biochemical studies that
cohesins might form a huge ring-like complex [48,49]. The
rationale was as follows: if cohesins form huge rings and
become loaded prior to DNA replication, then establishment
might simply occur by passage of the DNA replication fork
through cohesin rings. This Replication-through-a-ring model
quickly gained popularity and to this day remains widely-
discussed [23,24], despite being contrary to prior results that
Scc2, Scc4 function is required during S-phase and that eco1
mutant cells exhibit cohesion defects despite normal cohesin
deposition and subsequent DNA replication [25,26,36]. Partly in
response to these challenges, analyses of Scc2, Scc4
(Mis4,Ssl3 in fission yeast) was re-visited, with the results
suggesting instead that deposition is critical during G1 [43-45].
The conflicting interpretations and ongoing debate may be
understandable given that i) Scc2, Scc4 is required for all
cohesin deposition, ii) deposition occurs throughout the cell
cycle, iii) conditional alleles can become refractile to
inactivation once complexed with other proteins and iv) very
little cohesin (13%) is required to maintain sister chromatid
cohesion [77]. With regards to this latter point, low levels of
cohesins that associate with early-replicating domains may
contribute to underestimating the importance of S-phase
cohesin deposition in cell cycle mapping studies. Ultimately,
size estimates indicating that the DNA replisome (including
leading and lagging strand polymerases, helicase/primase, and
extruded DNA loops or ‘trombones’ that occur during lagging
strand synthesis) is larger than the lumen posited to form upon
Smc1,3 and Mcd1 assembly provided a convincing argument
against a simplistic Replication-through-a-ring [83]. In fact, the
cohesin lumen is likely smaller than first posited given
biochemical and FRET studies that Mcd1 sits atop Smc1,3
heads and does not necessarily participate in lumen formation
per se [84].

In response, the Replication-through-a-ring model evolved in
one of two interesting ways. The first of these involved
Replication fork relaxation. Here, the notion forwarded was that
the replisome partially disassembles upon encountering
cohesins such that the extruded DNA loop or ‘trombone’ that
occurs during lagging strand synthesis collapses – allowing for
a more streamlined or linearized replisome capable of passing
through pre-loaded cohesin rings [83]. If true, then Replication
fork relaxation would occur over a 1,000 times per yeast
genome replication to accommodate cohesin-bound loci that
appear on average every 12 kb and amidst a million iterations
of lagging strand processing [70,71,85]. A second branch
through which the Replication-through-a-ring model evolved
included cohesin ring opening/re-closing reactions. In this
Cohesin dynamics model, opening of G1-loaded cohesins
during S-phase was posited to allow for the migration of fully
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Figure 5.  Chl1 regulates the binding of Scc2 to chromatin.  A) Logarithmically growing wild type (YSR 135) and chl1 (YSR 138)
expressing Scc2-3HA processed for Scc2 chromatin binding. Whole cell extracts (WCE), Cytoplasmic fractions (Cyt) and Chromatin
bound fractions (CB) shown. Histone 2B (H2B) and Phosphoglycerate kinase (PGK) shown as controls for cytoplasmic and
chromatin-bound proteins, respectively. B) Quantification of Scc2 binding to chromatin in chl1 mutant cells compared to wildtype
levels (normalized to 100%). Scc2-3HA enrichment calculated from 3 independent experiments. C) Enrichment of Scc3-3HA in chl1
mutant cells at five independent chromosome arm CAR sites along Chromosome III compared to levels obtained from wild type
cells (normalized to 100%). D) Enrichment of Scc2-3HA as shown in C) except for five sites that map across centromere III (CEN).
doi: 10.1371/journal.pone.0075435.g005
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intact replisomes around an open ring – fork relaxation is not
required [45]. It remains unclear how cohesin rings, deposited
during G1, open and yet remain bound to single-stranded DNA
even as the DNA templates for new synthesis. While there is
limited evidence that replication fork stability factors associate
with cohesins in vitro [86,87], additional challenges (how does
DNA polymerase access ssDNA bound by cohesin; how does
the sliding clamp PCNA navigate around cohesin-bound DNA,
etc) provide little relief for models that rely on G1-loaded
cohesins.

An important feature of the Replication-coupled cohesion
deposition model posited here is that replisome relaxation and
cohesin ring gymnastics, requirements imposed by G1-loaded
cohesin rings for replisome progression, are obviated. What
happens to these pre-replicative cohesins? The data from the
current study suggests that Scc2 and cohesins loaded during
G1 are normally bumped off upon cell entry into S-phase
(Figure 7). Replisome bump-off (whether through fork
progression or formation of secondary DNA structures that
arise upon replication fork passage) is consistent with evidence
that cohesins that associate with DNA during G1 are highly

Figure 6.  Chl1 regulates Scc2 binding onto chromosomes specifically during S-phase.  A-C) Three panels show Scc2-3HA
binding to three chromosome arm CAR sites in wild type (YSR 135) (blue lines) and chl1 mutant cells (YSR 138) (red lines)
progressing through the cell cycle from G1 synchronous release. D, E) Two panels show Scc2-3HA binding onto two unique
centromere CAR sites in wild type and chl1 cells progressing through the cell cycle from G1 synchronous release. F) Flow
cytometric data shows DNA content of wild type and chl1 mutant cells. In all panels, data reflects aliquots harvested at 10-minute
intervals. Panels A-E reflect data averaged from three independent experiments. Shaded portion denotes S-phase.
doi: 10.1371/journal.pone.0075435.g006
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dynamic and cycle between soluble pools and weakly bound
chromatin complexes [86,88-90]. Alternatively, the decrease in
Scc2 and cohesin enrichment in chl1 mutant cells might reflect
altered kinetics in which formation of secondary DNA structures
precludes only new deposition during S-phase while
dissociation rates remain unaffected. Discerning between these
two possibilities, or some combination thereof, awaits further
studies. In the meantime, an additional feature of the

Replication-coupled deposition model is that cohesin
enrichment occurs during S-phase when both sister chromatids
are present (Figure 7). This model lends support to a dimer/
oligomer-based mechanism of sister chromatid tethering and
maintenance [4,77].

Figure 7.  Model regarding Chl1 role during cohesion establishment.  A) Cohesins (green) that associate with DNA during G1
are highly dynamic. During S-phase, these G1-loaded cohesins are bumped off (red arrow) by the DNA replication fork (not shown)
and fail to participate in cohesion establishment. In the absence of Chl1 DNA helicase, secondary DNA structures (forked structures
with RNA primers in red; G-quadruplexes or G4 in blue with looped DNA) form immediately behind the DNA replication fork and
preclude the stable association to DNA of both Scc2 and cohesin – leading to loss of sister chromatid cohesion. B) In the presence
of Chl1 DNA helicase, secondary DNA structures are resolved and allow for recruitment of both Scc2 (yellow arrow) and cohesin
(green arrow). Cohesin recruitment specifically during S-phase, and subsequent acetylation (red) by Eco1 (purple arrow) during S-
phase, result in establishment of sister chromatid tethering. Speculative conformation shown of cohesin-association to DNA through
Mcd1 capping of SMC complex (reviewed in [4]), that differentiates stable cohesin-binding from the highly labile cohesin association
that occurs during G1 (see text for details).
doi: 10.1371/journal.pone.0075435.g007
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Chromatin structures that form during DNA replication
impact recruitment of Scc2

The timing, and thus position relative to the DNA replication
fork, through which Scc2 and cohesin are both recruited to
chromatin and participate in establishment is likely one of the
most significant informers of cohesin function. Thus, the
second major revelation of the current study is that Scc2, and
in turn cohesin, binding to chromatin is dependent on Chl1.
How does Chl1 promote Scc2 recruitment to chromatin? To
date, the only known role for Chl1 (including homologs ChlR1
and BACH/FANCJ) is to bind and resolve secondary DNA
structures such as forks and flaps (that arise during Okazaki
maturation) and G quadruplex (G4) substrates
[54,55,62,91-93]: guanine-rich motifs that form 4-stranded
coplanar structures posited to form upon DNA replisome
passage [94,95]. The role of Chl1 homologs in resolving G4s
may be particularly informative in that roughly 50% of the
predicted 350,000 structures reside at replication origins in
humans and likely form immediately behind the DNA replication
fork on exposed ssDNA. G4s are capable both of impacting
protein recruitment to DNA (including histones) and likely are
critical regulators of transcription regulation [94,95]. These G4
attributes nicely align with findings that Chl1/ChlR1 is critical for
maintenance of heterochromatin, tissue development, and
regulates protein-associations with DNA including HPV and the
epigenetic factor HP1α [4,13,53,54,96,97].

The combination of these reports suggests that secondary
DNA structures (including forked substrates and G4 structures)
that arise during DNA replication are capable of prohibiting
Scc2 enrichment to DNA, which in turn precludes both cohesin
deposition and cohesion establishment (Figure 7). The
positioning of Chl1 helicase to replicating/maturing sister
chromatids, and apparent role of chromatin structure in Scc2/
cohesin binding to DNA, supports an emerging view of
cohesins in chromosome condensation. Despite early evidence
that mutations in either ECO1, MCD1 or PDS5 produce severe
chromosome condensation defects [25,46,98], the role of
cohesins in chromatin architecture remains largely
underexplored. More recent evidence that RAD61/WAPL
mutations, originally thought to rescue cohesin mutation
cohesion defects [99,100], instead rescues condensation
defects produced by cohesin mutations, dramatically altered
the landscape regarding cohesin biology [82]. While seldom
articulated, we note that cohesin mutations also appear to alter
chromatin compaction in cells of vertebrate models used to
recapitulate phenotypes observed in human developmental
disorders such as Cornelia de Lange Syndrome and Roberts
Syndrome [101,102].

There is wide-spread support for a model that Scc2 and
cohesin deposition not only occur during chromatinizing
reactions, but that chromatin remodeling complexes play
reciprocal roles in cohesin binding to DNA [2,103-105]. Thus,
cohesin deposition and activation not only promote cohesion/
condensation, but occur in a context through which other
chromatin modifications arise [4]. Given the role of Chl1
homolog mutations in developmental disorders like Warsaw
breakage syndrome, Fanconi anemia, breast and ovarian
cancers [106], assessing the role of Chl1 in chromatin

architecture from patient cells may provide important insights
regarding the mechanisms through which these maladies arise.

Chl1 DNA helicase expression and chromatin
recruitment are tightly regulated throughout the cell
cycle

Chl1 is the homolog of human ChlR1/DDX11 and BACH1/
BRIP/FANCJ helicases - thus the paucity of information
regarding Chl1 expression, chromatin recruitment and
regulation is surprising. During the final stages of manuscript
preparation, a report regarding Chl1 was published by the
Uhlmann lab [107]. That study, similar to ours, confirmed a role
for Chl1/ChlR1 in stable association of cohesin to chromatin
and that cohesin acetylation was reduced in chl1 mutant cells
( [54,79,107] and current study). Surprisingly, however, few
other similarities with respect to Chl1 regulation exist between
that and the current study. For instance, our results clearly
reveal that Chl1 binding to chromatin rises dramatically as cells
enter S-phase and fall precipitously as cells exit S-phase -
even in the continued accumulation of Chl1 protein levels.
These results are comparable to those obtained for ChlR1:
expression peaks in proliferating cells and mirrors that of PCNA
[62]. In contrast, Borges and colleagues failed to detect cell
cycle regulation of Chl1 in terms of either expression or
chromatin recruitment [107]. We have yet to resolve the
difference results obtained between the two studies, but note
that Chl1 chromatin-association was performed in cells held for
hours in an arrested state [107] - not in naturally cycling cells
as performed in the current study. These findings support our
conclusion that Chl1 recruitment to DNA is promoted by active
DNA replication. We further note intriguing results that Chl1 is
required for Ctf4 (Pol-αlpha-binding factor that promotes
cohesion [108,109]) to bind DNA specifically during S-phase
and not other portions of the cell cycle [107]. Thus, at least the
fact that Chl1 exhibits S-phase specific activities does not
appear to be in dispute. Given our results from chromatin
immunoprecipitation studies that Chl1 is critical for Scc2 and
cohesin recruitment to DNA specifically during S-phase (but not
G1), we conclude that Chl1 expression and recruitment to
chromatin are tightly cell cycle regulated.

Experimental Procedures

Media and strains
Saccharomyces cerevisiae strains and growth media are as

described in reference [50] and listed in Table 1. Strain
constructions and primer sequences are included as File S1.

Chromatin binding assay
Logarithmic growing cells were harvested and processed for

chromatin binding assay as previously described [35] with the
following modifications. Briefly, culture densities were
normalized (0.4-0.5 OD600, 50ml) and harvested in 25ml CB1
buffer (50mM Sodium citrate, 40mM EDTA, 1.2M sorbitol, pH
7.4), washed with distilled water and 25ml 1.2M sorbitol. The
cells were pelleted by centrifugation (1800 rpms for 5 minutes)
and resuspended in 1.125ml of CB1 buffer to which was added
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125ul of spheroplast mix (125ul CB1, 50ul zymolase, 5ul BME)
and then incubated with gentle shaking for 1 hour at room
temperature. Spheroplast efficiency was monitored thereafter
every 10 minutes until 95% cell lysis was achieved upon
exposure to 10% SDS. Spheroplasts were washed 2X with
1.2M sorbitol, resuspended in 425ul of 1.2M sorbitol and snap-
frozen in liquid N2. Frozen samples were supplemented with
protease inhibitor cocktail (Sigma), thawed on ice and 50ul
lysis buffer (500mM Lithium acetate, 20mM MgSO4, 200mM
HEPES, pH 7.9) and 20ul of 25% Triton-X-100 added and
gently mixed. Cell lysis was monitored by microscopy to
achieve 90-95% lysis. WCE fractions were collected and
solubilized with 2X Laemmli buffer (Sigma). The remaining
lysate was centrifuged at 12,000g for 15 minutes. Supernatant
consisting of non-chromatin bound fraction was collected and
solubilized with 2X Laemmli buffer (Sigma). The pellet was re-
suspended in Lysis buffer + 150mM NaCl and centrifuged at
12,000g for 15 minutes. 2 Units of DNase I (Roche), 5mM
MgSO4, and protease inhibitor cocktail was added to the
resuspended pellet and incubated at 4°C for 1 hour to release
chromatin-bound proteins. The resulting sample was
centrifuged at 14,000g for 5 minutes and the supernatant
containing released chromatin-bound proteins solubilized with
2X Laemmli buffer (Sigma). Whole cell extract, cytoplasmic and
chromatin bound fractions were resolved by SDS-PAGE
electrophoresis and analyzed by Western blot using anti-MYC

Table 1. Strains used in this study.

Strains Genotype
YBS 1019 MATa ade2-101 his3∆200 leu2 lys2-801 trp1∆63 ura3-52

YBS 1020 MATalpha ade2-101 his3∆200 leu2 lys2-801 trp1∆63 ura3-52

YBS 1129
MATa ade2-101 his3∆200 leu2 lys2-801 trp1∆63 ura3-52

CHL1:13Myc:URA3

YBS 1157
MATa ade2-101 his3∆200 leu2 lys2-801 trp1∆63 ura3-52

MCD1:6HA:TRP1

YBS 1175
MATa ade2-101 his3∆200 leu2 lys2-801 trp1∆63 ura3-52

SCC1:6HA:TRP1CHL1::KANr

YSR 132
MATa ade2-101 his3∆200 leu2 lys2-801 trp1∆63 ura3-52

SMC3:3HA:TRP1

YSR 133
MATa ade2-101 his3∆200 leu2 lys2-801 trp1∆63 ura3-52

SMC3:3HA:TRP1 CHL1::HIS3

YSR 107
MATa ade2-101 his3∆200 leu2 lys2-801 trp1∆63 ura3-52

SMC3:3HA:TRP1 FEN1::HIS3

YSR 129
MATa ade2-101 his3∆200 leu2 lys2-801 trp1∆63 ura3-52 ECO1::HIS3

ECO1:18MYC:LEU2

YSR 130
MATa ade2-101 his3∆200 leu2 lys2-801 trp1∆63 ura3-52 ECO1::HIS3

ECO1:LEU2

YSR 131
MATa ade2-101 his3∆200 leu2 lys2-801 trp1∆63 ura3-52 ECO1::HIS3

ECO1:18MYC:LEU2 CHL1::TRP1

YSR 117
MATa ade2-101 his3∆200 leu2 lys2-801 trp1∆63 ura3-52

MCD1:6HA:TRP1 FEN1::KANr

*YSR 135 MATa ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 SCC2:3HA:TRP1

*YSR 138
MATa ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 SCC2:3HA:TRP1

CHL1::HIS3

All strains are of S288C background except where noted (* are W303 strains).
doi: 10.1371/journal.pone.0075435.t001

9E10 (1:1000) (Santa Cruz), anti-HA (1:500) (f7) in
combination with goat anti mouse HRP (1:10,000) (Bio-Rad) or
by anti-Histone 2B (1:2000) (Santa Cruz) in combination with
goat anti Rabbit HRP (1:10,000) or by anti-phosphoglycerate
kinase (Invitrogen) in combination with goat anti mouse HRP
(1:10,000) (Bio-Rad) and ECL plus (GE healthcare) for
visualization.

Acetylation assay
Cells were processed for acetylation assays as described

[32] with the following modifications. Briefly, logarithmically
growing cells expressing Smc3-3HA were harvested,
suspended in IPH150 buffer (50mM TRIS, 150mM NaCl, 5mM
EDTA, 0,5% IGEPAL, 10mM Sodium Butyrate, 1mM DTT,
pH8) and protease inhibitor cocktails (Sigma). 500μl of glass
beads (Biospec) were added and cells snap-frozen in liquid
nitrogen. Cells were then thawed on ice, lysed using
mechanical lysis (Biospec mini bead Beater), briefly centrifuged
and clarified extract incubated overnight with EZ view anti-HA
affinity gel (Sigma). The bead-protein complexes were washed
with IPH50 buffer (50mM TRIS, 50mM NaCl, 5mM EDTA, 0.5%
IGEPAL, 10mM Sodium Butyrate, 1mM DTT, pH8) to remove
unbound or weakly-associated proteins prior to centrifugation
at 10,500rpms (TOMY). The bead-bound proteins were
solubilized with 2X Laemmli buffer (Sigma) and analyzed by
SDS-PAGE Western blot using anti-HA (1:2000) (F7, Santa
Cruz) in combination with goat anti mouse HRP (1:10,000)
(Bio-Rad) or anti-acetylated Lysine antibody (1:2000) (ST1027,
Calbiochem) in combination with goat anti Rabbit HRP
(1:15,000) and ECL-Prime (GE Healthcare).

Chromatin Immunoprecipitation and CHIP primers
Cells were processed for chromatin immunoprecipitation as

described [72] with the following modifications. Cells
expressing Scc1-6HA were treated with 1% formaldehyde for 2
hours at room temperature to crosslink protein-DNA
complexes. Cells were then harvested by centrifugation and
resuspended in HEPES/Sorbitol buffer (20mM HEPES, 1.2M
Sorbitol, 0.5mM PMSF, 2mg Zymolase (Seikagaku)) and
incubated at 30°C for 30 minutes to spheroplast cells.
Spheroplasts were washed several times and resuspended in
Lysis buffer (1% SDS, 10mM EDTA, 0.5mM EGTA, 10mM
HEPES, protease inhibitor cocktail). Lysed cells were sonicated
on ice for 6 cycles of 10 seconds. The suspension was
centrifuged at 15000 rpm (TOMY) at 4°C and the supernatant
diluted with IP buffer (0.01% SDS, 1.1% Triton-X-100, 1.2mM
EDTA, 16.7mM TRIS, pH 8.1, 167mM NaCl). The suspension
was then centrifuged at 8400g for 10 minutes and the
supernatant collected as the chromatin solution. The chromatin
solution was incubated with anti-HA EZ view affinity gel
(Sigma) overnight, protein-bound bead complexes washed with
TSE 150 buffer (0.1% SDS, 1% Triton-X-100, 2mM EDTA,
20mM TRIS-HCl, 150mM NaCl, pH 8.1) and formaldehyde
crosslinks reversed by incubating with 5M NaCl at 65°C for 4
hours. DNA from the resulting sample was extracted using
Phenol-Chloroform-Isoamyl alcohol, precipitated with EtOH and
resuspended. Extracted DNAs were amplified by PCR prior to
analysis by Agarose gel electrophoresis (1.5% agarose).
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Chromatin enrichment was quantified in the following manner.
Band intensities from DNA gels were obtained using
Photoshop CS5. To calculate enrichment for each CAR site
within each strain, ChiP band intensity (minus background
intensity obtained from GST non-specific control) was divided
by input intensity (minus background intensity obtained from
GST non-specific control) for each time point. The resulting
chl1/wildtype ChIP ratios shown represent averaged data
obtained from three independent experiments. Primer co-
ordinates for the chosen CAR sites on chromosome III are as
follows: Arm 1 (Primer pairs DK-EU-25 and DK-EU-26, SGD
co-ordinates 194137 to 194479), Arm 2 (Primer pairs DK-
EU-29 and DK-EU-29 and DK-EU-30, SGD co-ordinates
195996 to 196386), Arm 3 (Primer pairs DK-EU-33 and DK-
EU-34, SGD co-ordinates 198380 to 198762), Arm 4 (Primer
pairs MAT36F and MAT36R, SGD co-ordinates 191257 to
191599), Arm 5 (Primer pairs MAT37F and MAT37R, SGD co-
ordinates 191778 to 192108). CEN1 (Primer pairs CEN3L5F
and CEN3L5R, SGD co-ordinates 99171 to 99460), CEN2
(Primer pairs CEN3L3F and CEN3L3R, SGD co-ordinates
108724 to 109020), CEN3 (Primer pairs CEN3R7F and
CEN3R7R, SGD co-ordinates 139784 to 140099), CEN4
(Primer pairs PM80 and PM81, SGD co-ordinates 114795 to
115011), CEN5 (Primer pairs PM84 and PM85, SGD co-
ordinates 115323 to 115582).

Supporting Information

Figure S1.  (TIF)
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Figure S1 Legend. Supplementary Materials And Methods,
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