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Summary

Saccharomyces cerevisiae RecQ helicase, Sgs1, and XPF-family endonuclease, Mus81-Mms4, are
implicated in processing joint molecule (JM) recombination intermediates. We show that cells
lacking either enzyme frequently experience chromosome segregation problems during meiosis and
when both enzymes are absent attempted segregation fails catastrophically. In all cases, segregation
appears to be impeded by unresolved JMs. Analysis of the DNA events of recombination indicates
that Sgs1 limits aberrant JM structures that result from secondary strand-invasion events and often
require Mus81-Mms4 for their normal resolution. Aberrant JMs contain high levels of single Holliday
junctions and include intersister JMs, multi-chromatid JMs comprising three and four chromatids,
and newly identified recombinant JMs containing two chromatids, one of which has undergone
crossing-over. Despite persistent JMs in sgs1 mms4 double mutants, crossover and noncrossover
products still form at high levels. We conclude that Sgs1 and Mus81-Mms4 collaborate to eliminate
aberrant JMs whereas as-yet-unidentified enzymes process normal JMs.

Introduction

Template-directed repair of broken chromosomes occurs via homologous recombination (HR).
HR is also an intrinsic part of the meiotic program, where it facilitates the pairing and
disjunction of homologous chromosomes (homologs) at the first meiotic division (MI)(Hunter,
2006). Meiotic HR is initiated by DNA double-strand-breaks (DSBs), catalyzed by the
transesterase, Spoll (Neale et al., 2005). DSB-ends are resected to form long 3’-single-
stranded tails which then assemble into nucleoprotein filaments together with homologous-
pairing and strand-exchange proteins, Rad51 and Dmc1 (Shinohara and Shinohara, 2004).
Strand-exchange with a homologous chromosome forms joint molecule (JM) intermediates
from which repair synthesis can ensue. Meiotic DSB repair can occur with or without an
associated crossover (a reciprocal exchange of chromosome arms). The crossover or
noncrossover fate is highly regulated and is thought to be designated shortly after initial IMs
form (Allers and Lichten, 2001a; Bishop and Zickler, 2004; Borner et al., 2004; Hunter and
Kleckner, 2001)
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In budding yeast, Saccharomyces cerevisiae, two prominent JM types have been identified in
vivo. Strand-invasion by one DSB-end gives rise to a Single End Invasion (SEI) (Hunter and
Kleckner, 2001). Subsequent interaction with the second DSB-end, together with
recombination-associated DNA synthesis, leads to formation of a double-Holliday Junction
(dHJ) (Allers and Lichten, 2001b; Lao et al., 2008; Schwacha and Kleckner, 1995). Available
evidence indicates that both SEIs and dHJs are primarily crossover precursors (Allers and
Lichten, 2001a; Hunter and Kleckner, 2001; Borner et al., 2004; Bishop and Zickler, 2004).
Molecular events leading to noncrossovers are less well defined but appear to involve a
synthesis-dependent strand-annealing (SDSA) mechanism (McMahill et al., 2007). In its
simplest form, SDSA proposes that one DSB-end invades a homolog to form a transient D-
loop, which primes DNA synthesis; the nascent strand is then displaced and anneals to
complementary sequences on the second DSB-end (Nassif et al., 1994; Paques and Haber,
1999). The failure to detect discrete JM intermediates specific to the noncrossover pathway
suggests that they are more labile and/or transient than JMs along the crossover pathway.

One criteria used to show that JMs identified in vivo were dHJs is that they comprised primarily
parental DNA strands and crossover strands only arose following resolution (Schwacha and
Kleckner, 1995; Szostak et al., 1983). This feature contradicted a basic tenet of the original
Holliday model: that a single HJ (sHJ), comprising both parental and crossover strands, is the
central intermediate in HR (Holliday, 1964). However, recent evidence suggests that sHJs are
the predominant intermediate during meiosis in fission yeast, Schizosaccharomyces pombe,
and may also be a significant intermediate in budding yeast (Cromie et al., 2006; Oh et al.,
2007).

We recently identified a third JM type, the multi-chromatid IM (mcJM), which comprises three
or four interconnected chromatids and is thought to arise when the two ends of a DSB
independently invade different chromatids and/or when DSB-ends sequentially invade
multiple templates (Oh et al., 2007). mcJMs are aberrant intermediates that cause unregulated
crossing-over and their formation is limited by the RecQ DNA helicase, Sgs1. Like its human
ortholog, the Bloom’s Syndrome helicase (BLM), Sgs1 is thought to disassemble joint
molecules by unwinding D-loops and/or by “dissolving” dHJs as part of a ternary complex
together with the type-I topoisomerase, Top3, and a specificity factor, Rmil (Chang et al.,
2005; Mullen et al., 2005; van Brabant et al., 2000; Wu et al., 2006; Wu and Hickson, 2003).
Recent studies indicate that the Sgs1 complex works in coordination with meiosis-specific JM-
stabilizing factors, such as the MutS complex Msh4-Mshb5, to effect the orderly formation of
two-chromatid dHJs, and thus single exchanges, at designated crossover sites (Oh et al.,
2007).

Unambiguous identification of the enzyme(s) that resolve dHJs into crossovers remains an
outstanding challenge for the HR field. However, the accumulation of JMs observed in S.
cerevisiae mutants lacking the meiosis-specific transcription factor, Ndt80, and the polo-like
kinase, Cdc5 (whose expression is positively regulated by Ndt80), suggest that a resolvase is
activated via Cdcb-mediated phosphorylation during meiosis (Allers and Lichten, 2001a;
Clyne et al., 2003). In fission yeast, meiotic crossing-over is almost entirely dependent on the
XPFE-family endonuclease, Mus81-Emel, and mus81 mutants accumulate sHJ intermediates
(Boddy et al., 2001; Cromie et al., 2006; Smith et al., 2003). In contrast, only ~25% of
crossovers in budding yeast are dependent on the analogous Mus81-Mms4 enzyme. Despite
this modest crossover defect, however, S. cerevisiae mus81/mms4 mutants have severe
sporulation defects and spore viability is <50% (Interthal and Heyer, 2000; Kaliraman et al.,
2001; Mullen et al., 2001; de Los Santos et al., 2003; de los Santos et al., 2001; this study). In
vitro, the Mus81-Emel and Mus81-Mms4 enzymes efficiently cleave a number of branched
structures, such as nicked-HJs, D-loops and 3’-flaps but, under standard enzymological
conditions, cleavage of intact HJs by recombinant Mus81-Emel and Mus81-Mms4 is relatively
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negligible (Ehmsen and Heyer, 2007; Fricke et al., 2005; Gaskell et al., 2007; Heyer, 2004;
Hollingsworth and Brill, 2004; Taylor and McGowan, 2008; Whitby, 2006). Thus, the in
vivo substrate(s) of Mus81-Emel and Mus81-Mms4 still remains uncertain and controversial.

In mitotically dividing cells, arole of Mus81-Mms4 in processing recombination intermediates
was inferred from the synthetic lethality observed when mus81/mms4 mutations are combined
with mutations in the Sgs1 complex. Moreover, this lethality is suppressed by mutations that
prevent the early steps of HR, e.g. deletion of the strand-exchange protein Rad51. It has been
suggested that Mus81-Mms4 and the Sgs1 complex catalyze alternative ways to process either
the same or readily interconverted JMs and in the absence of both proteins unresolved JMs
cause a lethal cellular event (Bastin-Shanower et al., 2003; Fabre et al., 2002).

To identify the cause of sgs1 mus81/mms4 lethality and the intermediate(s) processed by Sgsl
and Mus81-Mms4, we have utilized conditional mutations to inactivate both SGS1 and
MMS4 specifically during meiotic prophase. We find that sgs1 mms4 double mutants undergo
recombination-dependent meiotic catastrophe in which chromosome segregation is impeded
by unresolved JMs. Unexpectedly, large numbers of both mms4 and sgs1 single mutant cells
also experience segregation problems indicating a common defect in these strains. Physical
monitoring of JMs suggests a model in which Sgs1 limits the formation of aberrant JMs that
are otherwise resolved by Mus81-Mms4. In this way, Sgs1 and Mus81-Mms4 facilitate
productive meiotic recombination and chromosome segregation. We also identify a new type
of aberrant two-chromatid JM in which one chromatid has undergone crossing-over. These
recombinant JMs (rJMs) accumulate in sgs1 mms4 mutants and are likely derived from the
partial resolution of mcJMs and/or from secondary strand-invasion events. sHJs and dHJs with
relatively short inter-junction distances also accumulate in sgs1 mms4 cells indicating that Sgs1
and Mus81-Mms4 function to prevent and resolve such structures. Together these data provide
critical insights into the dynamic nature and regulation of homologous recombination.

To circumvent the vegetative lethality of sgs1 mms4 double mutants, we constructed meiosis-
specific conditional alleles by replacing native SGS1 and MMS4 promoters with the CLB2
promoter, which is strongly repressed during meiosis (Lee and Amon, 2003). pCLB2-SGS1
and pCLB2-MMS4 single mutants and pCLB2-SGS1 pCLB2-MMS4 double mutants show
normal vegetative growth characteristics and efficient pre-meiotic synchronization (not
shown). These three mutant strains were analyzed in parallel together with a wild-type strain.

Recombination-dependent meiotic catastrophe occurs in pCLB2-SGS1 pCLB2-MMS4

mutants

The timing and efficiency of nuclear divisions (Ml and MII) and spore formation were
monitored microscopically (Figure 1). In wild-type cells, Ml begins ~5 hrs after transfer to
sporulation media and is rapidly followed by MII (Figure 1A). By ~6 hrs, 50% of cells have
completed one or both divisions (MI£MII; Figure 1A and 1C). Spores first appear at 7 hrs and
50% of cells have made spores by 8.5 hrs (Figure 1D). In sharp contrast, normal nuclear
divisions completely fail in pCLB2-SGS1 pCLB2-MMS4 double mutants. A number of yeast
mutants with defects in meiotic recombination arrest in prophase I, with a single undivided
nucleus, and fail to form spores (Hochwagen and Amon, 2006). Unusually, pCLB2-SGS1
pCLB2-MM$S4 cells unsuccessfully attempt meiotic divisions and form spores with only aslight
delay relative to wild type (Figure 1B and 1D). By 6-7 hrs, elongated and partially separated
DAPI-staining structures can be seen (Figure 1B, 7hr panel), but after 8-9 hrs most cells still
contain a large unsegregated DNA mass and spores include only very small amounts of DNA
(Figure 1B, 9 and 13 hr panels). In addition, pCLB2-SGS1 pCLB2-MMS4 cells typically form
fewer than four spores and mature asci are almost never observed (Figure 1B, 24 hr panel;
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Figure 1G). Moreover, the very rare mature tetrad asci that do form contain only dead spores
(not shown). Thus, the sgs1 mms4 mutant combination is lethal in both vegetative and meiotic
cells. In an accompanying study, MI and MII spindle elongation cycles are shown to occur
normally in sgs1 mus81 double mutants even though nuclear divisions fail in these cells (Jessop
and Lichten, in press). Thus, sgs1 mms4/mus81 cells are progressing through meiotic divisions
but failing to segregate their chromosomes.

In vegetative cells, sgs1 mms4/mus81 lethality is suppressed when HR is blocked prior to the
strand-exchange step (Bastin-Shanower et al., 2003; Fabre et al., 2002). To determine whether
the meiotic catastrophe of pCLB-SGS1 pCLB-MMS4 cells is also recombination dependent,
meiotic DSB formation was prevented using a catalytically inactive SPO11 allele, spol1-
Y135F (Figure 1D, 1E and 1F) (Bergerat et al., 1997). In spo11-Y135F single mutants, meiotic
divisions and sporulation occur efficiently, but spores are dead due to random homolog
segregation at MI. spo11-Y135F suppresses the catastrophic meiosis of pCLB-SGS1 pCLB-
MMS4 cells: nuclear divisions occur efficiently and mature asci are formed, as in spol1-
Y135F single mutants (Figure 1D, 1E and 1F). We conclude that pCLB-SGS1 pCLB-MMS4
mutants undergo recombination-dependent catastrophic meiosis.

defects are common in pCLB-SGS1 and pCLB-MMS4 single mutants

At first glance, both pCLB2-SGS1 and pCLB2-MMS4 single mutants appear to complete
divisions and sporulate efficiently (Figure 1C). However, closer inspection reveals that
significant numbers of asci from both strains contain DNA that has not been packaged into
spores, although the amount of unpackaged DNA is generally much less than that in the pCLB2-
SGS1 pCLB2-MMS4 double mutant (Figure 1G, 1H and 11). 69% of sporulated pCLB2-
SGS1 cells (containing at least one spore) have DNA outside of the spores compared to less
than 21% of wild-type cells (Figure 1G and 1H; P<0.05). In pCLB2-MMS4 cells, this defect
is seen in 87% of cells (Figure 1G and 11). Qualitatively, the amount of unpackaged DNA
negatively correlates with the number of spores formed, and accordingly the fractions of cells
with <4 spores is increased in pCLB2-SGS1 and pCLB2-MMS4 cells (Figure 1G). Even
amongst cells with 4 spores, however, unpackaged DNA is seen in 44% of pCLB2-SGS1 cells
and 81% of pCLB2-MMS4 cells (Figure 1G). We infer that defective chromosome segregation
is common to pCLB2-SGS1, pCLB2-MMS4 and pCLB2-SGS1 pCLB2-MMS4 strains,
suggesting a common underlying defect.

Crossing-over is reduced in pCLB2-MMS4 and pCLB2-SGS1 pCLB2-MMS4 cells

To determine the molecular defect that impedes segregation, DNA events of meiotic
recombination were monitored using the HISALEU2 physical assay system (Figure 2; Cao et
al., 1990;Hunter and Kleckner, 2001;Schwacha and Kleckner, 1995). DNA events are
monitored over time in synchronized meiotic cultures. Cell samples are first treated with
psoralen to produce DNA interstrand crosslinks, which stabilize JM intermediates. Species of
interest are then detected by gel electrophoresis and Southern blot hybridization (Figure 2).
Xhol polymorphisms between parental “Mom” and “Dad” homologs produce diagnostic
restriction fragments for parental and recombinant chromosomes, DSBs and JMs. Each
hybridizing signal is quantified using a Phosphorimager. DSBs and crossovers are quantified
from one-dimensional gels (Figure 2B). Native/native two-dimensional gels reveal the
branched structure of JMs and are used to individually quantitate SEIs, dHJs and mcJMs (Bell
and Byers, 1983;Hunter and Kleckner, 2001). Figure 3 shows data for the parallel analysis of
wild-type, pCLB2- SGS1, pCLB2-MMS4 and pCLB2-SGS1 pCLB2-MMS4 cultures and is
described below. Very similar data for a second set of time-course experiments are presented
in Supplemental Figure S1.
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DSBs—Inwild-type cells, DSBs are first detected 2.5 hrs after transfer to sporulation medium,
peak at ~4-5 hrs at ~10% of hybridizing DNA and disappear by 7 hrs (Figure 3A and 3B).
DSB timing and levels are similar in pCLB2-SGS1, pCLB2-MMS4 and pCLB2-SGS1 pCLB2-
MMS4 cells (Figure 3B), but a significant subset of the DSBs in pCLB2-SGS1 pCLB2-
MMSA4 cells is repaired with a delay of 2-3 hrs.

Crossovers—In wild type, crossovers plateau at ~20% of chromosomes after 8 hrs (Figure
3A and 3B). The timing and level of crossovers in pCLB2-SGS1 cells are similar to those in
wild-type cells, consistent with previous studies that utilized both the pCLB2-SGS1 conditional
allele and the sgs1-AC795 truncation mutation (Jessop et al., 2006; Mullen et al., 2000; Oh et
al., 2007). In pCLB2-MMS4 cells, the maximum crossover level (15%) reaches ~75% of the
wild-type level (Figure 3A and 3B and Supplemental Figure S1). Previous analysis of an
mms4A null mutation reported that crossing-over at HISALEU2 reached only ~56% of wild-
type levels (de Los Santos et al., 2003). The discrepancy may be explained by a difference in
the efficiency of meiotic divisions in pCLB2-MMS4 (97% efficient) and mms4A (~75%
efficient) strains. We suggest that cells that fail to complete meiotic divisions in mms4A cultures
also fail to initiate or complete recombination. When this is taken into account, the difference
between crossover levels in pCLB2-MMS4 and mms4A strains becomes negligible. Crossovers
in the pCLB2-SGS1 pCLB2-MMS4 double mutant show a general delay of ~2.0 hrs relative to
wild type but, like the pCLB2-MMS4 single mutant, reach ~75% of wild-type levels (Figure
3A, 3B and Supplemental Figure S1). In Supplemental Figure S2, we show that noncrossover
products also form at high levels in pCLB2-SGS1, pCLB2-MMS4 and pCLB2-SGS1 pCLB2-
MMS4 strains. A similar pattern of product formation is observed for pCLB2-SGS1 mus81A
cells (Jessop and Lichten, in press).

pCLB2-SGS1 pCLB2-MMS4 mutants accumulate high levels of joint molecules

Four types of JM were monitored using 2D gels: SEIs, interhomolog dHJs (IH-dHJs), intersister
JMs (IS-JMs; presumed to be dHJs) and mcJMs (Figure 2 and Figure 3; Supplemental Figure
S1 shows analysis of a second set of time-course experiments). Consistent with our previous
study of the sgs1-AC795 mutant (Oh et al., 2007), pCLB2-SGS1 cells form high levels of IS-
JMs and mcJMs (Figure 3C and 3D). pCLB2-MMS4 cells also appear to form slightly higher
than normal levels of IS-JMs and mcJMs and JM disappearance is generally delayed (Figure
3D and Supplemental Figure S3). Strikingly, the pCLB2-SGS1 pCLB2-MMS4 double mutant
forms very high levels of all JM types, which also persist for several hours (Figure 3C and
3D;Supplemental Figure S1). The ratio of JM types is very similar to that of pCLB2-SGS1
cells, with high fractions of 1S-JMs and mcJMs. JM levels are increased by 1.3- to 6-fold
relative to wild type and peak between 7-8 hrs, that is, when these cells are attempting to
segregate their chromosomes. The logical conclusion is that unresolved JMs physically impede
chromosome segregation in pCLB2-SGS1 pCLB2-MMS4 mutants. The same conclusion is
made in an accompanying study (Jessop and Lichten, in press). Late persistence of JMs in the
pCLB2-MMS4 single mutant suggests a similar, though much less severe, defect may also occur
in this mutant (Supplemental Figure S3). Moreover, in both pCLB2-SGS1 and sgs1AC795
mutants, JM resolution is also slightly delayed and low levels of JMs are detected at very late
times, although this defect appears to be less severe than in pCLB2-MMS4 cells (Figure
3D;Supplemental Figure S3;0h et al., 2007). Thus, unresolved JMs may also account for
segregation defects detected in pCLB2-SGS1 cells.

pCLB2-SGS1 and pCLB2-MMS4 mutations cause early defects in JM formation and late
defects in JM resolution

In theory, the high levels of JMs detected in pCLB2-SGS1 pCLB2-MMS4 cells could result
from a defect in JM resolution or simply from greater JM formation. To distinguish these
possibilities, we measured JM levels in the ndt80A background in which unresolved JMs
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accumulate (Allers and Lichten, 2001a). Mirroring the situation in pCLB2-SGS1 single
mutants, pCLB2-SGS1 ndt80A cells accumulate higher than normal levels of 1S-JMs and
mcJMs, but IH-dHJs are slightly reduced relative to wild type (Figure 4A and 4B). These data
are consistent with our previous analysis of the sgs1AC795 ndt80A mutant (Oh et al., 2007).
As also noted previously, SEI-like signals accumulate in ndt80A cells and these species
accumulate to ~1.5-fold higher levels in pCLB2-SGS1 ndt80A cells. Below we show that these
SEl-like signals contain novel JM species that are distinct from SEIs formed at early times.
Overall, ~37% more chromosomes are engaged in JMs in pCLB2-SGS1 ndt80A cells than in
the ndt80A single mutant. These data underscore our proposal that Sgs1 functions to limit
unproductive JM formation during meiotic prophase (Oh et al., 2007).

In pCLB2-MMS4 ndt80A cells, total JM levels are ~17% lower than in the ndt80A single
mutant, due primarily to a ~40% decrease in IH-dHJ levels (Figure 4A and 4B), i.e. Mms4
appears to specifically promote formation of IH-dHJs, as inferred previously (de Los Santos
et al., 2003). This phenotype likely accounts for the reduced crossing-over in pCLB-MMS4
cells.

In the pCLB2-SGS1 pCLB2-MMS4 ndt80A triple mutant, the JM spectrum is most similar to
that of pCLB2-SGS1 ndt80A cells, with higher than normal levels of SEls, I1S-JMs and mcJMs,
but decreased IH-dHJs (Figure 4A and 4B). Notably, total JM levels in pCLB2-SGS1 pCLB2-
MMS4 ndt80A cells are not higher than in pCLB2-SGS1 ndt80A, and are only slightly higher
than in the ndt80A single mutant (Figure 4B).

Overall, we infer that Sgs1 and Mms4 have distinct roles in JM formation prior to the Ndt80-
dependent late-prophase transition. However, segregation defects detected in pCLB2-SGS1,
pCLB2-MMS4 and pCLB2-SGS1 pCLB2-MMS4 cells appear to reflect post-Ndt80 defects in
JM resolution.

sHJs and dHJs with short inter-junction distances accumulate at late times in pCLB2- SGS1
pCLB2-MMS4 cells

S. pombe mus81 mutants accumulate primarily single-HJ (sHJ) intermediates and undergo
meiotic catastrophe analogous to S. cerevisiae pCLB2-SGS1 pCLB2-MMS4 double mutants
(Boddy et al., 2001; Cromie et al., 2006). This similarity prompted us to ask whether S.
cerevisiae pCLB2-SGS1 pCLB2-MMS4 mutants also accumulate sHJs or other unusual
structures. To this end, JMs were purified from 2D gels and examined by electron microscopy
(Cromie et al., 2006; Oh et al., 2007). Four types of JM were identified by EM: Y structures,
mcJMs, two-chromatid JMs with “eye” junctions or “fused” junctions (presumed dHJs), and
two-chromatid JMs connected at a single point (Figure 5A, 5C, 5D and data not shown; Oh et
al., 2007). The latter “point JMs” are potentially sHJs, but could also be nicked-HJs,
hemicatenanes or dHJs with less than ~50 bp of heteroduplex between the two HJs. However,
under partially denaturing conditions, point junctions occasionally adopt an open center
configuration (Figure 5B) unambiguously identifying them as sHJs; note that this analysis
cannot rule out the presence of a nick adjacent to the junction point. Random sampling of EM
grids reveals significantly higher frequencies of point junctions in pCLB2-SGS1 pCLB2-
MMS4 samples when compared to wild type (Figure 5E). As shown previously, point junctions
are the minority JM type (14/46 two-chromatid JMs) in wild-type cells sampled at 4 hrs, when
JM levels peak. In contrast, point junctions comprised ~51% (36/70) of two-chromatid JMs in
pCLB2-SGS1 pCLB2-MMS4 cells sampled at 6 hrs, just before JMs reach their peak level. This
level rose to ~60% (38/63) in a 10 hr pCLB2-SGS1 pCLB2-MMS4 sample, when JMs levels
are decreasing; moreover, 4/14 point junctions from the same sample showed open centers
when prepared under partially denaturing conditions, identifying them as sHJs, (not shown).
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In addition, amongst dHJ structures (eye and fused dHJs, Figure 5C and 5D), the mean distance
(% standard error) between the two junction points was smaller in the 10 hr pCLB2-SGS1
pCLB2-MMS4 sample when compared to wild type (15525 bp versus 25025 bp; the
distributions of inter-junction distances are compared in Figure 5F). Thus, pCLB2-SGS1
pCLB2-MMS4 cells accumulate sHJs and closely-spaced dHJs suggesting that such structures
are prevented form forming and/or resolved by Sgs1 and Mus81-Mms4.

JMs with recombinant arms are also enriched at late times in pCLB2-SGS1 pCLB2-MMS4

cells

To confirm the inference that sHJs accumulate in pCLB2-SGS1 pCLB2-MMS4 cells, the strand
composition of JMs formed at HIS4LEU2 was analyzed using native/denaturing 2D gels, in
which psoralen crosslinks are removed prior to running a second dimension gel under
denaturing conditions (Figure 6). Interhomolog dHJs contain two HJs and thus the component
strands are all parental length. In contrast, sHJs are comprised of both parental and crossover
length strands (Cromie et al., 2006;Schwacha and Kleckner, 1995; see Introduction).
Interhomolog-JMs in wild-type S. cerevisiae cells were previously shown to contain ~90%
parental strands, consistent with their assignment as dHJs (Schwacha and Kleckner, 1995). We
were surprised, therefore, to detect prominent crossover-length strands in multiple JM species
from wild-type, ndt80A and pCLB2-SGS1 pCLB2-MMS4 cells (Figure 6A-D). Notably, JMs
that migrate at a position overlapping, but slightly larger than, that of Dad-Dad 1S-JMs contain
only the shorter of the two crossover strands (species 8,9 in Figure 6A). Oppositely, JMs
predicted to be slightly smaller than Mom-Mom 1S-JMs contain only the longer crossover
strand (species 1,2). Moreover, the reciprocal crossover strands detected at the position of IH-
dHJs are slightly offset from the major parental signals and from one another (species 3-7).
The presence of interhomolog sHJs does not fully explain this pattern and the existence of two
additional JM species can be inferred: one slightly smaller than the IH-dHJs/IH-sHJs
containing the longer of the two recombinant strands; and one slightly larger containing the
smaller recombinant strand.

Structures that reconcile the size and strand composition of detected JMs are shown in Figure
6E. These include novel recombinant-JM (rJM) structures comprising two chromatids, one or
both of which has undergone crossing-over (Figure 6E; species 2, 3, 7 and 8). Such aberrant
intersister JMs could arise when the interhomolog-dHJs of a three- and four-chromatid mcJMs
are resolved as crossovers, but the intersister-junction (which could be sHJ or dHJ) remains
unresolved (see Supplemental Figure S4). Alternatively, an rJM would arise if an 1S-JM formed
as a secondary event after interhomolog crossing-over had already occurred. Consistent with
the latter possibility, we also detect a distinct rJIM species (species 10; Figure 6B) that is smaller
than the smallest two-chromatid JM (the Dad+Dad intersister-JM). This could be the result of
a secondary strand-invasion by a single DSB-end into a crossover duplex to form a
“recombinant D-loop” as shown in Figure 6E (species 10). It seems likely that additional, less
discrete D-loop species (either recombinant or non-recombinant) also form at late times in
pCLB2-SGS1 pCLB-MMS4 and ndt80A cells resulting in the smeared SEI-like signals detected
in these cells (see the native/native 2D panels of Figure 6B and 6D).

Overall, crossover strands account for ~10% of all JM strands in wild-type and ndt80A cells
sampled at a time when JMs are at their peak levels (4 hr and 8 hr respectively) (Figure 6F).
Given that rJMs are predicted to contain equal numbers of recombinant and parental strands
(Figure 6E), we infer that ~20% of all JMs at the HISALEUZ2 locus are rJMs. Thus, JM signals
previously interpreted to contain only nonrecombinant 1S-JMs and IH-dHJs also contain
significant levels of rIMs. In a pCLB2-SGS1 pCLB2-MMS4 sample taken at 6 hrs, when JMs
are still accumulating, rJMs also account for ~20% of all JMs. However, at 10 hrs when JMs
are turning over, rJMs represent ~40% of total JMs. This enrichment of rJMs at late times in
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pCLB2-SGS1 pCLB-MMS4 cells is consistent with the proposals that they arise as a
consequence of mcJM resolution and/or as secondary intermediates subsequent to crossover
formation (above). We can also infer that Sgs1 and Mus81-Mms4 facilitate their resolution.

Discussion

Delayed resolution of JMs impedes meiotic chromosome segregation

The logical interpretation of our data is that JMs that persist beyond metaphase-I mechanically
impede chromosome segregation. This same defect was previously inferred for fission yeast
mus81/emel mutants (Boddy et al., 2001; Cromie et al., 2006), which accumulate sHJs and
undergo meiotic catastrophe analogous to that described for budding yeast sgs1 mms4 and sgs1
mus81 double mutants (this study; Jessop and Lichten, in press).

Both IH-JMs and 1S-JMs will impede chromosome segregation, but in distinct ways (Figure
7A). An unresolved IH-JM at any location along the chromosomes will hinder homolog
disjunction directly. An IS-JM located at a crossover-distal locus will also impede homolog
disjunction, but in this case by preventing complete resolution of the chiasma, which normally
occurs when arm cohesion is cleaved by separase (Buonomo et al., 2000). Crossover proximal
IS-JMs, however, pose no obvious block to Ml disjunction, but will impede sister-chromatid
disjunction at MII. Unresolved JMs could prevent the segregation of homolog pairs or could
lead to mechanical breakage of chromosomes. Alternatively, chromosome missegregation
could occur if sister-centromeres separated at Ml instead of MII. In fact, Rockmill et al.
(2006) showed that such “precocious separation of sister-chromatids” (PSSC) is a major cause
of spore inviability in both wild-type cells and sgs1 mutants. Moreover, PSSC is often
associated with centromere proximal crossing over, which is proposed to destabilize sister-
centromere cohesion (Rockmill et al., 2006). Extending this model, we suggest that unresolved
JMs and centromere-proximal crossovers could conspire to provoke PSCC (Figure 7A).

The defects described here for meiotic cells could also account for the lethality of sgs1 mms4/
mus81 mutants in vegetative cells. 1l et al. (2007) recently showed that sgs1 mus81 mutants
arrest with a 2n DNA content and a G2 cellular morphology. Whether these cells subsequently
undergo mitotic catastrophe has not been reported, however, and it’s possible that these cells
undergo regulatory arrest in response to replication problems.

Do meiotic cells sense and respond to unresolved JMs?

Failure to resolve JMs in a timely fashion does not cause arrest of meiotic progression in
pCLB2-SGS1, pCLB2-MMS4 or pCLB2-SGS1 pCLB2-MMS4 mutants. This raises the
possibility that there is no mechanism to sense unresolved JMs or, more intriguingly, that Sgs1
and/or Mus81-Mms4 are the sensors of such lesions. Notably, meiotic divisions are slightly
delayed in both mms4 and sgs1 cultures (Figure 3; Supplemental Figure S1; Oh et al. 2007;de
Los Santos et al. 2003). We suggest that cells that progress beyond the Ndt80-dependent
transition (exit from the pachytene stage) with persistent JMs are incapable of eliciting a robust
regulatory arrest, but may be able to delay the onset of Ml to allow more time for JMs to be
resolved.

Mus81-Mms4 has both early and late functions in JM metabolism and is essential for normal
meiosis in most cells

Cells with unsegregated DNA often contain fewer than four spores and fail to form mature
asci. Moreover, even when four spores are present, unsegregated DNA appears to interfere
with ascus maturation (data not shown). These phenomena explain the severe sporulation
phenotypes previously described for mus81/mms4 cells, which form ~10% mature asci of
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which only ~10% produce four viable spores (de Los Santos et al., 2003; de los Santos et al.,
2001), and indicate that Mus81-Mms4 is required for normal meiosis in most cells.

Mus81-Mms4 appears to be required for the formation or stabilization of a subset of IH-JMs
(Figure 4)(de Los Santos et al., 2003). This early function of Mus81-Mms4 likely accounts for
the reduced crossing-over in mus81/mms4 mutants. How Mus81-Mms4 facilitates JM
formation is unclear. It was previously suggested that Mus81-Mms4 could cleave 3’-flaps that
might otherwise hinder dHJ formation (de Los Santos et al., 2003). Alternatively, Mus81-
Mms4 could resolve aberrant JMs to liberate DSB-ends that can undergo a second attempt at
dHJ formation. Finally, Mus81-Mms4 could somehow antagonize the JM disassembly activity
of Sgs1 and/or other resolving enzymes.

Mus81-Mms4 also functions after meiotic prophase to facilitate JM resolution. This conclusion
is supported by the finding that induction of MUS81 during mid-prophase in pCLB2-SGS1
mus81A cells leads to a marked reduction of JMs (Jessop and Lichten, in press). Putative in
vivo substrates for Mus81-Mms4 are the sHJs and closely-spaced dHJs that accumulate in
pCLB2-SGS1 pCLB2-MMS4 (Figure 5). However, this inference is not reconciled with the
preferred in vitro substrates of recombinant Mus81-Mms4 (see Introduction). It is possible that
Mus81-Mms4 activity is modified during meiosis such that it can catalyze HJ resolution
directly. Alternatively, Mus81-Mms4 could resolve HJs in coordination with other factors, e.g.
endonucleases and/or helicases that could present the enzyme with a preferred substrate such
asanicked-HJ. Another possibility is that Mus81-Mms4 acts indirectly by facilitating a second
unidentified HJ resolving enzyme. We propose that the late resolution role of Mus81-Mms4
does not directly contribute to interhomolog crossover levels because it functions primarily to
resolve JMs that involve sister-chromatids (1S-JMs, mcJMs and rJMs).

High levels of crossovers and noncrossovers form in pCLB2-SGS1 pCLB2-MMS4 and pCLB2-
SGS1 mus81A cells (this study; Jessop and Lichten, in press). Itis clear, therefore, that meiotic
budding yeast cells contain an additional JM-resolving activity that promotes the majority of
interhomolog crossing-over. This activity could be equivalent to the “Resolvase X” activity
characterized in human cell extracts (Constantinou et al., 2002; Figure 7B).

Sgsl functions during meiotic prophase to limit the formation of aberrant JMs

The data presented here echo our previous study, which showed that Sgs1 limits the formation
of aberrant JMs that arise from secondary strand-invasion events (Oh et al, 2007). We further
show that pCLB2-SGSL1 cells have a detectable defect in JM resolution and frequently
experience chromosome segregation defects. We can infer that sHJs and closely-spaced dHJs
result when Sgsl is absent. Closely-spaced dHJs could reflect the failure to unwind short and
normally labile D-loop intermediates and the subsequent capture of a second DSB-end.
Similarly, sHJ formation could ensue if the displaced strand of a persistent D-loop intermediate
is cleaved as proposed by Cromie et al. (2006). It is currently unclear whether Sgs1 acts
primarily by unwinding early strand-exchange intermediates (D-loops) or by “dissolving” dHJs
as part of the previously identified Sgs1-Top3-Rmil ternary complex (Chang et al., 2005;
Mullen et al., 2005; van Brabant et al., 2000; Wu et al., 2006; Wu and Hickson, 2003). Analysis
of top3 mutants may shed light on this question.

The functional relationship between the Sgs1 complex and Mus81-Mms4

The distinct phenotypes of pCLB2-SGS1 and pCLB2-MMS4 mutants argue against simple
redundancy between the corresponding JM processing activities. Instead, available data argue
that Sgs1 limits the formation of aberrant JMs that would subsequently require Mus81-Mms4
for their normal resolution (Figure 7B). This includes the observation that induction of SGS1
during mid-prophase in pCLB2-SGS1 mus81A cells prevents further accumulation of JMs
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(Jessop and Lichten, in press). Aberrant JMs include mcJMs, rJMs and 1S-JMs, all of which
may include sHJs or closely-spaced dHJs. Within the context of this model, the fact that
aberrant JMs are not peculiar to mutant situations, being detected at low levels in wild-type
cells (Figure 3—-Figure 6), explains why Mus81-Mms4 is essential for meiosis in most cells.
When Sgsl is absent, the high levels of aberrant JMs that result may overload the resolution
capabilities of Mus81-Mms4.

We further suggest that disassembly of aberrant JMs by Sgs1 is the preferred resolution mode
during meiotic prophase because it always results in a noncrossover outcome thereby limiting
unregulated crossing-over (Figure 7B) (Oh et al., 2007). Mus81-Mms4 catalyzed JM resolution
may be limited to post-pachytene cells where it would function as an important backup
mechanism to resolve aberrant JMs that have escaped Sgs1 or that Sgs1 is incapable of
disassembling, e.g. sHJs and nicked-HJs.

Ndt80-dependent and -independent JM resolution

The identification of rJMs and their enrichment at late times in pCLB2-SGS1 pCLB2-MMS4
cells supports our proposal that Sgs1 and Mus81-Mms4 are important for resolving aberrant
JMs formed by secondary strand-invasion events (Oh et al., 2007). Since rJMs include
crossover-length molecules, equivalent levels of the reciprocal crossover products should
accompany their formation (see Supplemental Figure S4). Given that ~20% of JMs in
ndt80A cells are rJMs it follows that comparable levels of crossover products should also be
detected in this background. In fact, crossovers form at ~40% of the wild-type level at the
HIS4LEU2 locus in ndt80A cells (data not shown)(Xu et al., 1995). This level of crossing-over
(~8% of chromosomes) is more than twice the estimated level of rJIMs in ndt80A cells (~3%
of chromosomes). Thus, a substantial fraction of crossover-designated JMs appear to be
resolved independently of Ndt80 and Cdc5. Itis possible that activation of the resolving enzyme
is only partially dependent on phosphorylation by Cdc5. Alternatively, Cdc5-dependent and
independent resolving enzymes may be present in the cell. Our observation that accumulated
JM levels in pCLB2-SGS1 pCLB2-MMS4 ndt80A cells are no higher than in pCLB2-SGS1
ndt80A cells indicates that Mus81-Mms4 acts after the Ndt80-dependent transition out of
prophase to facilitate JM resolution. This inference raises the possibility that Mus81-Mms4 is
activated via Cdc5-mediated phosphorylation.

Experimental Procedures

Yeast strains

Strains are described in Supplementary Table 1). The HIS4LEU2 locus has been described
(Cha et al., 2000; Oh et al., 2007). The promoters of SGS1 and MMS4 were replaced with the
CLB2 promoter using the pFA6a-KANMX6-pCLB2-3HA cassette as described (Lee and Amon,
2003). The spol11-Y135F and ndt80A mutations have been described (Cha et al., 2000; Oh et
al., 2007).

Meiotic time courses and DNA physical assays

Meiotic time courses were essentially as described by Goyon and Lichten (1993). DNA
physical assays were performed as described (Borner et al., 2004; Hunter and Kleckner,
2001; Schwacha and Kleckner, 1995).

Light Microscopy

To analyze the timing and efficiency of MI, MII and sporulation, cells were fixed in 40%
ethanol 0.1M sorbitol, stained with DAPI and ~200 cells were categorized for each time point
(Padmore et al., 1991). Unsegregated DNA and the number of spores per cell were analyzed
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by mounting DAPI-stained cells in anti-fade (Vectashield®, Vector Laboratories, Inc.) and
capturing digital images of ~140 cells from the 13hr and 24hr samples of each meiotic culture
using a Zeiss AxioPlan Il microscope, Hamamatsu ORCA-ER CCD camera and OpenLab
software.

Electron Microscopy

DNA was isolated from 2D gels and analyzed by EM as described in Cromie et al. (2006).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Recombination-Dependent Meiotic Catastrophe in pCLB2-SGS1 pCLB2-MMS4 Cells
(A, B) DAPI-fluorescence and bright-field images of cells from wild type and pCLB2-SGS1
pCLB2-MMS4 cultures sampled at the indicated times. Carets indicate spores.

(C) The timing and efficiency of meiotic divisions in parallel cultures of wild type, pCLB2-
SGS1, pCLB2-MMS4 and pCLB2-SGS1 pCLB2-MMS4 strains. MIxMI| is cells that have
completed one or both meiotic divisions.

(D) Analysis of meiotic divisions (top graph) and sporulation (bottom graph) in parallel cultures
of wild type, spo11-Y135F, pCLB2-SGS1 pCLB2-MMS4 and spo11-Y135F pCLB2-SGS1
pCLB2-MMS4 strains. “Spores” indicates cells that contain at least one spore.

(E) DAPI-fluorescence and bright-field images of spo11-Y135F cells.
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(F) DAPI-fluorescence and bright-field images of spo11-Y135F pCLB2-SGS1 pCLB2-
MMS4 cells.

(G) Upper graphs: quantitation of cells with DNA outside of the spores (“unsegregated DNA”)
in 13 hr samples. The percentage of cells with unsegregated DNA is shown for all cells and
for cells containing four spores.

Lower graphs: percentage of cells containing 4, 3, 2, 1, or 0 spores for wild type, pCLB2-
SGS1, pCLB2-MMS4 and pCLB2-SGS1 pCLB2-MMS4 in 24 hr samples.

(H) DAPI-fluorescence and bright-field images of pCLB2-SGS1 cells.

(1) DAPI-fluorescence and bright-field micrographs of pCLB2-MMS4 cells.

White arrows highlight unsegregated DNA masses.
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Figure 2. Physical Assay System for Monitoring Recombination

(A) Map of the HIS4LEUZ locus showing diagnostic restriction sites and position of the probe.
DNA species detected following Southern hybridization are shown below. SEI-1 and SEI-2
are the two major SEI species detected with Probe 4 (Hunter and Kleckner, 2001). Lollipops
indicate restriction sites: X, Xhol.

(B) Image of one-dimensional (1D) Southern analysis showing DNA species detailed in (A).
(C) Predicted structures of SEI and dHJ joint molecule intermediates.

(D) Image of a native/native 2D analysis. Species detailed in (A) are highlighted.

Mol Cell. Author manuscript; available in PMC 2009 August 8.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ohetal.

Mom —
Crossovers\
Dad—

oss

wild type

pCLB2-SGS1 pCLB2-MMS4

pCLB2-SGS1
pCLB2-MMS4

time

time time

— —» 3 — >

Mom

~Dad

) ]DSBs

N
| Crossovers

Page 17

c 12 20 100
10 DSBs MixMII
< . 15 75 g
E 6 10 50 8
o
°\° ¢ 5 25 °\
2
0 ] 0 T ——— ——— - 0
0 25 5 75 10 125 0 25 5 75 10 125 0 25 5 75 10 125
time (hrs) time (hrs) time (hrs)
D ahr | 45hr| o 5hr [ 8hr wild type
. \ \ \
\ poraz o —— pCLB2-MMS4
wild type pCLB2-SGS1 WY pCLB2-MMS4 WM pCLB2-MMS4
/77 % /77 /77 - /77 —— pCLB2-SGS1
\-\, . \\r" \»\,‘ \N
| N N A
« " " — DGR mss
E 4 a5 5 35
SEls ] IH- 125/ 1S mcJdMs, 3
<’ 25| dHJs | |dHJs 25 o
E 2 A 075 2 E
- 154 s
o~ : 14 05 1 o~
054 025 05
0 0 ) L o
0 25 5 75 10 125 25 5 75 10 125 0 25 5 75 10 125 0 25 5 75 10 125
time (hrs) time (hrs) time (hrs) time (hrs)

Figure 3. Physical Analysis of Recombination in Wild-Type, pCLB2-SGS1, pCLB2-MMS4 and
pCLB2-SGS1 pCLB2-MMS4 Cells
(A) Representative images of 1D Southern analysis.
(B) Quantitative analysis of DSBS, crossovers (COs) and meiotic divisions (MI£MII). “%
DNA” is percent of total hybridizing DNA.
(C) 2D analysis of JMs. For each strain a representative 2D panel is shown together with a

blowup of the JM region, below. dHJ species are highlighted by a trident; SEls are indicated
by a fork; mcJMs are indicated by a bracket.
(D) Quantitative analysis of JM formation.
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Figure 4. Physical Analysis of Recombination In The ndt804 Background
(A) Representative images from 2D analysis of ndt804, pCLB2-SGS1 ndt804, pCLB2-MMS4
ndt804 and pCLB2-SGS1 pCLB2-MMS4 ndt804 strains. Lower panels show blowups of the

JM regions.

(B) Quantitative analysis of JM formation.
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Figure 5. Analysis of JM Structures by Electron Microscopy
(A-D) JM structures identified by EM. Insets show magnified images of each junction

structure.

(E) Percentage of two-chromatid (binary) JMs that are Point JMs in wild-type and pCLB2-
SGS1 pCLB2-MMS4 samples. Asterisks indicate that the distribution of Point JMs and dHJs
is different to the wild-type distribution by y2 analysis (P<0.05).

(F) Distributions of inter-junction distances amongst dHJs in wild-type and pCLB2-SGS1
pCLB2-MMS4 JM samples. Inter-junction distances were measured and converted to base pairs
as described previously (Cromie et al., 2006). JMs were then sorted into 100 bp bins and the
distributions for the different samples compared by G-test analysis. The distribution of inter-
junction distances is different between dHJs from the 10 hr pCLB2-SGS1 pCLB2-MMS4
sample (n=18 dHJs) and dHJs from the wild-type sample (n=25; P<0.05).
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Figure 6. Identification and Analysis of Recombinant Joint Molecules
(A-D) “Pullapart” analysis of the component strands of JMs. In each case, a full image of the
native/denaturing 2D blot is shown together with a blowup of the region of interest, to the right.
The corresponding native/native 2D panel is shown above to orient native JM species with
their component strands. Interpretative cartoons show the positions of the species of interest.
Numbers 1-10 correspond to the species detailed in (E) and indicate JM migration positions
in the first dimension. Species colored green were previously identified as the component
strands of SEIs (Hunter and Kleckner, 2001).
(A) Analysis of a 6 hr sample from the pCLB2-SGS1 pCLB2-MMS4 time-course experiment
shown in Figure S1.
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(B) Analysis of a 10 hr sample from a pCLB2-SGS1 pCLB2-MMS4 time-course experiment
shown in Figure S1. Note the absence of SEI component strands.

(C) Analysis of a 4 hr sample from the wild-type time-course experiment shown in Figure 3.
(D) Analysis of an 8 hr sample from the ndt80A time-course experiment shown in Figure 4.
(E) Predicted structures, sizes and DNA strand composition of the joint molecule species
analyzed in panels A through D. The fully recombinant dHJ (#4) is the same size as an IH-dHJ
(#6) and an IH-sHJ (#5). The recombinant D-loop structure (#10) reconciles the size and strand
composition of corresponding JM species highlighted in panel B.

(F) Quantitation of the fraction of crossover-length strands in the JMs analyzed in panels A
through D.
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Figure 7. Sgs1 and Mus81-Mms4 Facilitate Interhomolog Recombination and Homolog Segreation
by Resolving Aberrant JMs

(A) Unresolved JMs between homologs and sister-chromatids will hinder chromosome
segregation. See text for details. PSSC, precocious segregation of sister-chromatids. “No
segregation” means failure to move chromosomes from the metaphase plane.

(B) Model of Sgs1 and Mus81-Mms4 during meiosis. DSBs designated a crossover fate form
SElsand IH-dHJs, which are promoted and stabilized by the ZMM meiotic procrossover factors
(green arrows)(Borner et al., 2004; Jessop et al., 2006; Oh et al., 2007). Crossover-designated
IH-dHJs are resolved primarily by an unidentified resolvase. Other DSBs proceed to
noncrossover products via transient D-loop formation and synthesis-dependent strand-
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annealing (grey arrows)(McMahill et al., 2007). Formation of aberrant JMs (IS-JMs, mcJMs
and rJMs containing sHJs and closely-spaced dHJs) occurs via secondary strand-invasion
events (blue arrows), which are antagonized by Sgs1 (red arrows)(Oh et al., 2007). Aberrant
JMs that escape Sgs1-mediated disassembly, or that can’t be processed by Sgsi, are resolved
by Mus81-Mms4. See text for further details.
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