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Pds5 is required for homologue pairing and inhibits
synapsis of sister chromatids during yeast meiosis
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uring meiosis, homologues become juxtaposed

and synapsed along their entire length. Mutations

in the cohesin complex disrupt not only sister chro-
matid cohesion but also homologue pairing and synapto-
nemal complex formation. In this study, we report that
Pds5, a cohesin-associated protein known to regulate sis-
ter chromatid cohesion, is required for homologue pairing
and synapsis in budding yeast. Pds5 colocalizes with co-
hesin along the length of meiotic chromosomes. In the ab-
sence of Pds5, the meiotic cohesin subunit Rec8 remains
bound to chromosomes with only minor defects in sister

Introduction

Eukaryotic chromosomes undergo precisely timed morphologi-
cal changes during the cell cycle. Duplicated sister chromatids
are associated along their length from S phase through meta-
phase, a process called sister chromatid cohesion. In both mito-
sis and meiosis, sister chromatids are condensed into rod-shaped
structures before cohesion dissolution at anaphase. In meiosis,
homologue synapsis, which is a unique chromosome morpho-
genetic process whereby homologues become juxtaposed along
their length, is required for homologue disjunction. Synapsis is
mediated by a tripartite synaptonemal complex (SC) located
between juxtaposed homologues. The SC is composed of two
lateral elements (LEs), which form along the length of each
homologue, and a central element (CE) that is between the LEs
and appears to connect them. From budding yeast to humans,
SC formation and disassembly are believed to play a pivotal
role in meiotic recombination and genome integrity (for review
see Zickler and Kleckner, 1999).

Sister chromatid cohesion is largely the result of the activity
of the cohesin complex (Guacci et al., 1997; Michaelis et al.,
1997; Losada et al., 1998). In the budding yeast Saccharomyces
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chromatid cohesion, but sister chromatids synapse instead
of homologues. Double-strand breaks (DSBs) are formed
but are not repaired efficiently. In addition, meiotic chro-
mosomes undergo hypercondensation. When the mitotic
cohesin subunit Mcd1 is substituted for Rec8 in Pds5-
depleted cells, chromosomes still hypercondense, but syn-
apsis of sister chromatids is abolished. These data suggest
that Pds5 modulates the Rec8 activity to facilitate chromo-
some morphological changes required for homologue syn-
apsis, DSB repair, and meiotic chromosome segregation.

cerevisiae, the four subunits of cohesin are called Smc1, Smc3,
Mcd1/Sccl, and Scc3/Irrl (for review see Onn et al., 2008).
A meiosis-specific cohesin subunit, Rec8, largely replaces Mcd1
to form the predominant form of cohesin during meiosis (Klein
et al., 1999). Mutational analysis shows that sister chromatid
cohesion is required for proper chromosome structure, includ-
ing homologue SC assembly (Klein et al., 1999; Revenkova
et al., 2004; Xu et al., 2005; Novak et al., 2008). Cohesin itself
is a major component of the chromosome axis, which provides
a platform for LE formation (Eijpe et al., 2000; Revenkova
et al., 2001). Remarkably, despite the orders of magnitude dif-
ference in chromosome size between yeast and humans, the
distance between two LEs of an SC is ~100 nm in both, sug-
gesting a fundamentally conserved mechanism of SC forma-
tion and structure (for review see Zickler and Kleckner, 1999).
Consistent with this view, components comprising both the LE
and CE are functionally conserved among eukaryotes (Page
and Hawley, 2004). Together, these observations support the
idea that cohesin-mediated sister chromatid cohesion estab-
lishes a chromosome foundation required for the formation of
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higher order chromosome structures, including SCs. These
data also raise an interesting question: why does an SC not
form between sister chromatids?

After cohesion is established, its maintenance is facili-
tated by cohesin-associated factors. One such factor is called
Pds5/Spo76/BIMD (Denison et al., 1993; van Heemst et al.,
1999; Hartman et al., 2000; Panizza et al., 2000; Sumara et al.,
2000; Tanaka et al., 2001). Both genetic and biochemical stud-
ies have confirmed that Pds5 is required primarily for the main-
tenance of sister chromatid cohesion (Hartman et al., 2000;
Tanaka et al., 2001; Stead et al., 2003). Pds5 coimmunoprecip-
itates with cohesin and colocalizes with cohesin on chromo-
somes at cohesin-associated regions (Hartman et al., 2000;
Panizza et al., 2000; Sumara et al., 2000; Tanaka et al., 2001;
Lengronne et al., 2004). Despite this colocalization, the dis-
tinct roles of Pds5 and cohesin are evident because they are not
mutually dependent for chromosomal binding. Pds5 localiza-
tion to chromosomes requires cohesin, whereas cohesin local-
ization to chromosomes does not depend on Pds5 (Hartman
et al., 2000; Tanaka et al., 2001; Losada and Hirano, 2005;
Zhang et al., 2005).

In meiosis, Pds5 mediates homologue interactions that
facilitate SC formation and meiotic recombination in a timely
manner, demonstrating a role for chromosome structural dy-
namics in DNA metabolism (Storlazzi et al., 2003, 2008;
Zhang et al., 2005). Because PDS5 is an essential gene in most
organisms, studies have used thermosensitive alleles or par-
tially functional alleles of PDS5 (van Heemst et al., 1999,
2001; Hartman et al., 2000; Panizza et al., 2000; Stead et al.,
2003; Wang et al., 2003; Ren et al., 2005; Zhang et al., 2005).
The only exception is the fission yeast Schizosaccharomyces
pombe, in which pds5-null strains are viable, but vegetative
cells exhibit defects in cohesion maintenance after arrest in
G2/M phase and increased chromosome loss rates (Tanaka
et al., 2001). More pronounced defects were seen during fis-
sion yeast meiosis in which chromosomes showed hypercom-
paction, a pds5 mutant phenotype not observed in any other
experimental system with thermosensitive pds5 alleles (Ding
et al., 2006). The peculiar features of fission yeast meiosis,
such as the absence of SC formation, may explain why Pds5
has a unique role in chromosome compaction. Alternatively,
previous work with pds5 thermosensitive alleles may not have
completely abrogated Pds5 activity.

Using a molecular approach, we created a meiosis-
conditional pds5 allele in which Pds5 is depleted completely
and specifically during meiosis in budding yeast. This organ-
ism has well-defined meiotic processes similar to those of other
eukaryotes and an abundance of characterized chromosomal
markers, including LE components Red1 and Hop1 and the CE
component Zipl (Rockmill and Roeder, 1988; Hollingsworth
and Byers, 1989; Sym et al., 1993). Like previous work in bud-
ding yeast (Zhang et al., 2005), this study reveals only minor
defects in cohesion, indicating that sister chromatid cohesion
is largely intact in the absence of Pds5. We also find that mei-
otic cells without Pds5 are largely blocked at a pachytene-like
stage. In contrast to previous work with a thermosensitive pds5
allele, we find that homologues fail to synapse and become
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hypercondensed when Pds5 is depleted. In addition, an SC-like
structure forms between sister chromatids in these mutant
cells. Finally, our data indicate that Pds5 inhibits SC formation
between sister chromatids by specifically modulating the activ-
ity of the meiotic cohesin Rec8.

Results

PdsS5 colocalizes with Rec8 on meiotic
chromosomes in a cell cycle-dependent
manner

We investigated the role of Pds5 in meiotic chromosome mor-
phological changes. First, we used an affinity-purified anti-
body against yeast Pds5 (Noble et al., 2006) to monitor Pds5
levels by conducting immunoblots in cells induced to undergo
synchronous meiosis (Fig. 1). Pds5 is present in cells at all
stages of the mitotic cell cycle (Stead et al., 2003) but is not
detected in cells entering meiosis (Fig. 1 A, t = 0). Pds5 is de-
tected at low levels 2 h after meiotic entry and reaches peak
levels by 6 h (Fig. 1 A). This time frame corresponds to meio-
sis I, from premeiotic S phase through metaphase I (Fig. 1 B).
Pds5 is no longer detected after 12 h of induction, as cells have
exited meiosis (Fig. 1, A and B). These data show that Pds5
is degraded as a prelude to meiotic entry, is resynthesized dur-
ing early meiosis when sister chromatid cohesion is estab-
lished and homologue pairing occurs, and is degraded late
in meiosis.

We next investigated the association of Pds5 with meiotic
chromosomes using anti-Pds5 antibodies for indirect immuno-
fluorescence on spreads of yeast nuclei (Fig. 1 C). Early in
meiosis I, Pds5 colocalizes with the cohesin subunit Rec8 along
the entire length of chromosomes (Fig. 1 C, top). A similar
pattern was previously seen with epitope-tagged Pds5 (Zhang
et al., 2005). During anaphase I, Pds5 is predominantly local-
ized to the centromeric region of the chromosome, as indicated
by the chromosome colocalization with Rec8 (Fig. 1 C, bot-
tom). This observation contrasts with a previous one that epitope-
tagged Pds5 is not detectable during anaphase I (Zhang et al.,
2005). We also find that Pds5 is not detectable on chromo-
somes in cells that have exited meiosis (unpublished data).
This pattern is identical to that observed for Rec8 (Klein et al.,
1999). The dynamic pattern of Pds5 localization to meiotic
chromosomes is directly correlated with the times when Pds5 is
present in cells as assayed by immunoblots (Fig. 1 A). Next, we
used chromatin immunoprecipitation (ChIP) to perform a high
resolution analysis of Pds5 association with chromosomes in
staged pachytene cells by deleting the NDT80 gene (Xu et al.,
1995). We assayed four representative chromosomal regions:
two centromeric loci (CENI and CEN3) and two chromosome
arm loci (CARC3 and CARL?2). Cohesin binds robustly at these
loci during mitosis (Glynn et al., 2004). Rec8 cohesin also ro-
bustly binds these loci during meiosis, except for CARL2,
which has a very low level of binding (Glynn et al., 2004). Dur-
ing meiosis, we found that both Pds5 and Rec8 were highly en-
riched at loci near centromeres and present at lower levels at
arm loci (Fig. 1 D). Therefore, Pds5 and Rec8 colocalize to
chromosomes during meiosis.



Figure 1. Characterization of Pds5 protein
level and localization to chromosomes dur-
ing meiosis. (A) Immunoblot analysis of Pds5
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Pds5 is required for meiotic cell
progression beyond prophase |

Because Pds5 is degraded before meiotic entry, we were able
to generate a meiosis-conditional null allele of PDS5, which
depletes Pds5 only during meiosis. To construct this allele, we
replaced the endogenous promoter of PDS5 with a mitosis-
specific promoter from CLB2 to create Pc;3,PDS5. This allele
expresses PDS5 in vegetative cells but is completely repressed
during meiosis. Consequently, Pds5 is absent from cells under-
going meiosis (Fig. 1 A, right). P¢;5,PDS5 cells appear normal
in cell viability and cell cycle progression during vegetative
growth (unpublished data). To address whether Pds5 is re-
quired for meiotic nuclear division, we induced Pc;zPDS5
cells to undergo synchronous meiosis and monitored chromo-
some segregation by fluorescence microscopy. Meiotic nuclear
division is largely absent in P 5,PDS5 cells (Fig. 1 B). This
observation is similar to that observed with the thermosensitive
allele pds5-1 at a nonpermissive temperature (Zhang et al.,
2005). About 90% of Pc.,PDS5 cells have only a single aster
of microtubules, which is indicative of a prophase I arrest,
whereas only 10% of mutant cells form a short bipolar spindle,
which is indicative of metaphase I, a ratio that persisted even
after 12 h of induction of meiosis (unpublished data). There-
fore, when Pds5 is absent, the vast majority of cells are ar-
rested before metaphase 1.
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at the indicated times, fixed with 4% parafor-
maldehyde, stained by DAPI, and visualized
by fluorescence microscopy. Only minimal
nuclear division was observed in Pc,PDS5
cells after 12 h of induction. (C) Pds5 and
Rec8 colocalization to meiotic chromosomes is
shown. Yeast nuclear spreads were prepared
from synchronous meiotic cultures. Pds5 and
Rec8-3HA were detected with anti-Pds5 and
anti-HA antibodies (12CA5), respectively. Rep-
resentative images from prophase | and ana-
phase | are shown. (D) ChIP assay of Pds5 and
Rec8 binding to cohesin-associated regions at
centromere 1 (CENT), centromere 3 (CENJ),
a cohesin site at the MAT locus (CARC3), and
a cohesin site on chromosome XII (CARL2).
Cells were arrested at pachytene by ndt80A
after an 8-h induction. ChIP was performed
as described previously by Yu and Koshland
(2005) with anti-Pds5 and anti-HA antibodies.
Note that Rec8 and Pds5 are not enriched at
CARL2, which serves as a negative control.
Error bars indicate SD.

CEN3 CARC3 CARL2

To further investigate the role of Pds5, we examined
whether chromosome association of meiotic cohesin (shown
with Rec8) depends on Pds5 using indirect immunofluores-
cence microscopy and ChIP. In wild-type cells at pachytene,
Rec8 localizes along the entire length of meiotic chromosomes,
forming linear rods (Fig. 2 A, top; and Fig. S1 A). In P 3,PDS5
meiotic cells, chromosomes are strikingly compacted into short
rods, as shown by both Rec8 and DAPI staining (Fig. 2, A and C).
Our finding that Rec8 localizes to chromosomes when Pds5
is absent confirms previous data generated with the pds5-1 mu-
tant allele (Zhang et al., 2005), but the highly compacted rods
are a novel phenotype not previously observed in budding yeast.
High resolution mapping by ChIP revealed that Rec8 associates
with chromosomes at four representative chromosome regions
in a similar manner in P p,PDS5 cells staged at pachytene
(Fig. 2 B and not depicted). Consistent with the aforementioned
result, similar levels of Rec8 are detected by immunoblotting
in wild-type and Pcrp,PDS5 cells during meiosis (Fig. S2).
As in wild-type cells, the LE components Redl and Hopl
were localized to meiotic chromosomes in P ,PDS5 cells
(Fig. 2 C and Fig. S1 B), but in P¢;3,PDS5 cells, Redl and
Hopl formed short rods similar to those of Rec8. These re-
sults indicate that Pds5 is required for regulation of axial
length but not for loading of meiotic cohesin Rec8, Red1, or
Hopl to chromosomes.

PDS5 INHIBITS SYNAPSIS OF SISTER CHROMATIDS ¢ Jin et al.

715


http://www.jcb.org/cgi/content/full/jcb.200810107/DC1
http://www.jcb.org/cgi/content/full/jcb.200810107/DC1

716

A DAPI

Rec8-3HA DAPI+Rec8 Sgo1-9myc

.

-
.,,:‘\

[Te)

»

Q

%

Q

o]

Q
B ® L Chromosome I

CEN3 CARC3
A WT O PcLe2PDS5

_ 15 _ 04
2 1.2 3
o o 0.3
c |
= < 02 20

0.6 4 )
X 03+ X 01 %

0 T T 0 r
113 114 115 (Kb) 180 190 (Kb)
CEN3 CARC3

C DAPI  Rec83HA Red!  Rec8+Red1

wr

PcLB2PDS5

Figure 2. Pds5 mediates chromosome morphological changes during
meiosis. (A) Chromosome morphology at meiotic prophase I. Yeast cells
were induced to enter synchronous meiosis for 5 (wild type [WT]) and
7 h (Pcig2PDS5), and nuclear spreads were prepared for immunofluores-
cence microscopy. Rec8-3HA and Sgo1-9MYC were detected with anti-HA
(12CA5) and anti-MYC (9E10) antibodies, respectively. The chromosome
number in PcigPDS5 cells appears to be twice that in wild-type cells. Red,
DNA stained by DAPI; green, Rec8-3HA. (B) ChIP assay of Rec8 associa-
tion with the chromosome. ChIP was performed as in Fig. 1 C. The loca-
tions of CEN3 and CARC3 are depicted on chromosome lIl. S. cerevisiae
genome database coordinates are shown on the x axis. Error bars indi-
cate SD. (C) Chromosome axis revealed by Red1 staining. Meiotic nuclear
spreads were prepared as in A. Red1 (green) and Rec8-3HA (red) were
defected with anti-Red1 and anti-HA antibodies, respectively.

A compelling feature of P¢;3,PDS5 cells is that the number of
Rec8-stained chromosome axes is approximately twice that of
wild-type cells at a pachytene-like stage (Fig. 2, A and C). Con-
sistent with this finding, we observed ~32 kinetochores in
PcrpPDS5 cells by localizing the kinetochore-associated pro-
tein Sgol (Fig. 2 A). This situation contrasts with that in wild-
type cells, which have only ~16 Sgo1 foci, corresponding to 16
paired homologues in budding yeast at this stage (Fig. 2 A).
In addition, the number of Redl-stained chromosome axes in
PcrpPDS5 cells appears to be roughly twice that in the wild
type (Fig. 2 C). Together, these data suggest that in the absence

of Pds5, homologues fail to pair, producing an increased num-
ber of observed chromosome axes.

To confirm the role of Pds5 in homologue pairing, we
integrated an array of tetO into both chromosome V homo-
logues at the URA3 locus, which is ~35 kb from centromere 5,
and expressed tetR-GFP (Michaelis et al., 1997) so that we
could track chromosome V by fluorescence microscopy (Fig. 3 A).
In ndt80A cells arrested at pachytene, >90% of chromosome V
homologues were paired, yielding a single GFP spot (Fig. 3,
A and B). In contrast, in Pc;3,PDS5 ndt80A cells, only 18%
of cells had one GFP spot, suggesting a failure of homo-
logue pairing.

The tetO/tetR-GFP chromosome-marking system also
permitted us to evaluate sister chromatid cohesion (Fig. 3 A). If
sister chromatids separated prematurely in meiotic cells, three
or four GFP spots appeared as a result of sister separation on
one or both homologues, respectively. In ndr80A cells, no cell
had more than two GFP spots (Fig. 3 B). In P¢;3,PDS5 ndtS0A
cells, ~14% showed three GFP spots, and ~2% showed four.
This low percentage suggests that sister chromatin cohesion is
weakly defective at a CEN-proximal locus in P z,PDS5 cells.
Previous work monitoring cohesion at a telomeric locus on
chromosome IV similarly revealed a low level of sister chroma-
tid cohesion loss (Zhang et al., 2005). These data suggest that,
although some cohesion defects occur, cohesion is relatively
normal along most of the chromosomal length.

Chromosome axes, as monitored by staining of axial compo-
nents cohesin and Red1, appear much shorter in P¢;3,PDS5
cells (Fig. 2 C and Fig. S1 A). From this result, we hypothesized
that Pds5 limits chromosome axial compaction. We marked
chromosome V using the tetO/tetR-GFP at URA3 and deter-
mined its entire axial length by staining with Rec8 (Fig. 3 A).
Chromosome V is ~570 kb of DNA and is 1.0 pm in axial
length in wild-type cells at pachytene but only 0.5 um in
PcrpoPDS5 cells (Fig. 3 C). This result indicates that chromo-
some V is twice as condensed when Pds5 is absent.

We used a more direct method to assess chromosome
axial compaction on chromosome IV, the second-longest yeast
chromosome. Two loci on chromosome IV were marked with
lacO arrays, one centromere proximal (CEN4-lacO/lacl-GFP)
and one telomere proximal (TEL4-lacO/lacl-GFP), a distance
spanning ~1 Mb of DNA (Fig. 3 D). In wild-type cells, these
loci were separated by ~~1.2 pym when the cells reach pachytene
after 4-6 h of induction of meiosis (Fig. 3, E and F). In contrast,
this distance is only half as great in P¢;3,PDSS5 cells (Fig. 3,
E and F). By monitoring the kinetics of condensation, we found
that chromosome hypercompaction started in Pc;,PDS5 cells
after meiotic S phase and reached a maximum rate at the pachytene-
like stage (Fig. 3 E and Fig. S3). Our observations are con-
sistent with those from S. pombe, in which meiotic chromosomes
become hypercondensed in pds5 mutants (Ding et al., 2006).
We concluded that Pds5 serves to restrict the amount of axial
chromosome condensation.


http://www.jcb.org/cgi/content/full/jcb.200810107/DC1

A DAPI

Rec8-3HA CENV-GFP Rec8+GFP

BWT [ PcLs2PDS5

100
80
60
40
20

0

Type |
Percent of cells

Type |l

Type |l Typell Typelll Type IV
Y Strains um (sd) n
>
= 1.0 (0.2) 16
PcLB2PDS5 0.5 (0.1) 17
=
[0]
s E ) ® WT A PciesPDS5
g 1.6
< 1.2
D © 0.8
<«——~1,050 kb —> & 0.4
@ ® Chromosome IV - 0
CEN4-GFP TEL4-GFP 0 7 6 8
Hours after induction of meiosis
F WwT PcLB2PDS5
DAPI  Rec8-3HA  GFP Rec8+GFP DAPI  Rec8-3HA GFP Rec8+GFP

Figure 3. Pds5 is required for homologue pairing and limits chromosome compaction during meiosis. (A) Monitoring homologue pairing and
sister chromatid cohesion during meiosis. CEN5 on both chromosome V homologues was marked by tetO/tetR-GFP and visualized by fluorescence
microscopy. Wild-type and PcsoPDS5 cells were arrested at pachytene with ndt80A. Four cell types were observed in Pcigo,PDSS cells: type |, a
single GFP spot, indicating that homologues are paired; type Il, two GFP spots, indicating that homologues fail to pair but sister chromatids stay
together; type Ill, three GFP spots, indicating that homologues fail to pair and one pair of sister chromatids separate; and type 1V, four GFP spots,
indicating that homologues fail to pair and sister chromatid cohesion is lost on both homologues. (B) Quantitative measurement of homologue pair-
ing and sister chromatid cohesion. At least 200 cells were scored for each strain. (C) Measurement of the axial length of chromosome V. Meiotic
nuclear spreads were prepared. Chromosome V was identified by CENS-GFP signal, and the entire length of the chromosome was determined by
measurement of the Rec8-3HA staining (detected as in A). (D) The long arm of chromosome IV was marked by GFP at two loci (CEN4 and TEL4)
with the lacO/lacl-GFP system. Only one homologue of chromosome IV was marked in these cells. (E) The length of chromosome IV arm was de-
termined by measurement of the distance between two GFP spots. Cells were induced to enter synchronous meiosis, and aliquots were withdrawn

at the indicated times for preparation of immunofluorescence. Error bars indicate SD. (F) Representative images from three time points are shown.
WT, wild type.

Zip1 still localizes to chromosomes but forms ~32 short rods
(Fig. 4 A). Zip1 staining was also found on chromosomes in
thermosensitive pds5-1 mutant cells (Zhang et al., 2005). The robust
chromosome staining of Zipl mirrors that of Red1l and Rec8

Two LE components, Red1 and Hopl, are still localized to chro-
mosomes in P¢y,PDSS5 cells (Fig. 2 C and Fig. S1 B). To deter-

mine whether this localization represents formation of SCs, we
first assayed binding of the CE component Zip1 to chromosomes.
In wild-type cells at pachytene, Zip1 localizes along the lengths
of the 16 synapsed homologues (Fig. 4 A). In P¢;5,PDSS5 cells,

(Fig. 2 C and Fig. 4 A). Because a diploid yeast cell contains 16
pairs of homologues but 32 pairs of sister chromatids, our data
are consistent with the idea that, in P 5,PDS5 cells, an SC forms
on each chromosome consisting of two sister chromatids.

PDS5 INHIBITS SYNAPSIS OF SISTER CHROMATIDS
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Figure 4.  SC formation during meiosis. (A) Immunofluorescence analysis
of SC formation in wild-type (WT) and Pc,PDS5 cells. Yeast cells were
induced to undergo synchronous meiosis, and nuclear spreads were pre-
pared for immunofluorescence microscopy as in Fig. 2 A. Zip1 (green) and
Rec8-3HA (red) were detected with anti-Zip1 and anti-HA antibodies, re-
spectively. Note that Zip1 still localizes to chromosomes in Pc,PDS5 cells
despite the absence of homologue synapsis. (B, left) EM of SC formation
in wild-type and Pcig,PDS5 cells. Yeast nuclear spreads were stained with
silver nitrate and visualized by EM. [middle) Magnified views of boxed
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To assay more definitively for intersister SC formation,
we used a silver staining method to visualize spreads of yeast
nuclei with EM (Dresser and Giroux, 1988). In wild-type
cells at pachytene, a pair of homologues forms two promi-
nent parallel lines heavily stained by silver, which corre-
spond to the two LEs of an SC (Fig. 4 B). Each LE is formed
by one chromosome consisting of sister chromatids. There-
fore, the width of the SC is judged by the distance between
the two LEs, which in wild-type cells is ~103 £ 9 nm (n =
24). In P goPDSS5 cells, we observed that 8 out of 15 cells
have 16 or more identifiable short stretches of SC-like struc-
tures in spread nuclei (Fig. 4 B). LEs were symmetrical, and
their ends appeared open and even. The observed SC-like
structures were therefore less likely to be formed by either
nonhomologous chromosome pairing or the folding back of
the same chromosome. The width of the SC-like structure on
each chromosome in Pc;5,PDS5 cells is ~107 + 13 nm (n =
26), which is not statistically different from the width of the
SC formed between homologues in the wild-type cells. The
lengths of SC structures in Pcrp,PDS5 cells are on average
334 + 176 nm (n = 8 cells; Fig. 4 C), which is less than half
that in wild-type cells (mean, 768 + 327 nm; n = § cells; Fig. 4 C).
The shorter SC is consistent with the increased axial com-
paction found in P¢;,PDS5 cells (Fig. 3). These results suggest
that SCs can form between sister chromatids in P ,PDS5
cells, which implies that Pds5 normally functions to inhibit
this intersister SC formation.

To provide further evidence for intersister SC formation,
we examined meiosis in haploid yeast cells. The use of hap-
loids eliminates homologues and halves the chromosome
number, simplifying the assessment of intersister SC forma-
tion. We forced haploids to enter meiosis and assayed for SC
formation. In wild-type haploids, only minimal SCs form
(Fig. 4 D), which are believed to be between nonhomologous
chromosomes (Loidl et al., 1991). The failure of SC formation
in wild-type haploids leads to accumulation of SC components
in a polycomplex (Fig. 4 D, top). In contrast, large polycom-
plexes rarely accumulate in Pc;p,PDS5 haploids, and most
cells show ~16 short Zip1-staining rods, which is the haploid
chromosome number (Fig. 4 D, bottom). If SC formation in
Pc1gPDS5 haploids were a consequence of nonhomologous
chromosome pairing, the number of Zipl rods would have
been reduced to as few as eight. Our data unequivocally show
that sister chromatids can form SC-like structures when Pds5
is absent.

regions are shown. (top right) A twofold enlargement of regions of interest
is shown. (bottom right) Diagrams of sister chromatids are shown in black
and gray. Note that short stretches of LEs are formed in Pcig,PDS5 cells
despite the absence of homologue synapsis. (C) Distribution of chromo-
some axial length from wild type (black bars) and Pc;s,PDS5 (gray bars).
Eight cells from each stain were scored. (D) Immunofluorescence analysis
of SC formation in haploid yeast cells. Haploids were induced to undergo
synchronous meiosis for 8 h and processed as described in A. These hap-
loid strains could enter meiosis because the SIR2 gene had been deleted,
resulting in activation of both mating types. Rec8-3HA (red) and Zip]1
(green) were detected as described in A. The arrow shows the polycom-
plex formed by aggregation of SC components.
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Figure 5. SC formation depends on SPOT1 but

w Rec8-3HA Rec8+Zip1 SC does not contribute to cohesion in Pc3,PDS5
B PC cells. (A) SC formation requires Spoll activity.
‘C:) Yeast cells were induced to undergo synchronous
S meiosis, and nuclear spreads were prepared for
~ immunofluorescence microscopy as in Fig. 2 A.
‘5 Zip1 (green) and Rec8-3HA (red) were detected
Q with anti-Zip1 and anti-HA antibodies, respectively.
@ In the absence of Spol1 activity, Zip1 localizes
bL) Ty} to the polycomplex (PC; arrows). (B) Chromosome
™ (8 morphology in the absence of Zip1. Yeast cells
; Q were induced to undergo synchronous meiosis,
=~ and nuclear spreads were prepared for immuno-
‘5 ~ fluorescence microscopy as in Fig. 2 A. Red,
Q& Rec8-3HA; green, Sgo1-9Myc. (C) Sister chromatid
» cohesion assayed with CENS-GFP in wild-type
(WT), Pcis2PDS5, ziplA, and PcigaPDS5 ziplA
B cells. Only one homologue of chromosome V was
DAPI Rec8-3HA Sgo1-9myc Rec8+Sgo1 marked by tetO/tetR-GFP. Yeast cells were induced
to undergo synchronous meiosis, aliquots were
withdrawn at the indicated times, fixed with 4%
ﬂ formaldehyde, and visualized by fluorescence mi-
Q croscopy. At least 100 cells were counted at each
N time point.
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Our observations did not preclude the possibility that SC
formation between sister chromatids was actually centro-
mere coupling, a phenomenon in spoll mutants in which
SCs are initiated at centromeres but fail to elongate (Tsubouchi
and Roeder, 2005). To determine whether this phenomenon
could occur in P ,PDS5 cells, we constructed Pc;PDS5

0 4 8 12 16 20 24
Hours after induction of meiosis

spoll-YI135F double mutants and monitored Zipl staining.
In the absence of Spoll activity, SC components, shown
with Zipl staining, are concentrated in the polycomplex
whether Pds5 is present or not (Fig. 5 A). This result indi-
cates that meiotic recombination, promoted by Spoll, is
necessary for intersister SC formation. In addition, in P zPDS5
cells lacking Zip3, a protein that promotes SC assembly,
polycomplexes form, but SCs fail to assemble onto chromo-
somes (Fig. S4, A and B). As previously demonstrated, besides
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Figure 6. Pds5 interacts with cohesin in meiotic A
chromosome morphogenesis. (A-D) Yeast cultures

were induced to undergo synchronous meiosis. Pro- MW kD

wT rec8A PcuriMCD1

tein extracts were prepared at the indicated times for
immunoblotting (A) and meiotic nuclear spread for 100 — .
immunofluorescence (B-D). (A) Ectopic production of 75—
Mcd1 during meiosis. To induce PcypiMCD1 expres-
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to the sporulation medium after induction of meiosis.
Mcd1 was detected with a polyclonal anti-Mcd1 anti-
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body. B-Tubulin served as a loading control. WT, wild
type. (B) Cohesin is required for Pds5 localization to
chromosomes. Pds5 (green) was detected with anti-
Pds5 antibody, microtubules (blue) by a monoclonal
anfi—a-tubulin antibody, and DNA (red) with DAPI.
(C) Localization of ectopically expressed Mcd1 dur-
ing meiosis. Mcd1 bound to meiotic chromosomes,
but the SC component Zip1 (green) was present in the
polycomplex (PC; arrows). (D) Quantitative analysis
of chromosome V compaction in rec84 PcypiMCD1
and rec8A PeypiMCD1 PeigoPDS5 cells. SD is shown
in parentheses.
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the polycomplex, Zipl forms weak foci on meiotic chromo-
somes (Fig. 5 A and Fig. S5). A similar 61% of Zip1 foci over-
lap with the staining of the kinetochore protein Sgol in both
spoll-YI135F and Pcy,PDSS spoll-YI35F cells (Fig. S5).
Therefore, our data suggest that intersister SC formation de-
pends on Spoll and Zip3 and that some SCs are initiated at
the centromeres.

We next asked whether SCs formed between sister chro-
matids help promote sister chromatid cohesion. Previous work
showed that defects in SC formation caused by the absence of
Zip1 lead to a mild defect in sister chromatid cohesion (Sym
and Roeder, 1994). We deleted the ZIP1 gene to disrupt SC for-
mation (Fig. 5 B). In P 3PDS5 cells lacking Zipl, chromo-
somes still hypercondensed, but no increase in precocious sister
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separation was seen (Fig. 5 C). Similarly, no changes were seen
when HOPI was deleted (unpublished data). Therefore, SCs
formed between sister chromatids do not contribute to sister
chromatid cohesion in P¢;5,PDSS5 cells.

Rec8 is required for intersister SC
formation

How does Pds5 inhibit SC formation between sister chroma-
tids? Because Pds5 localization to chromosomes depends on
Rec8 (Zhang et al., 2005; Ding et al., 2006), we hypothesized
that Pds5 interacts with meiotic cohesin Rec8 to ensure that sis-
ter chromatid axes are held together to form a single platform
for LE formation. To test this idea, we first asked whether co-
hesin activity is required for the phenotypes we observed in
PcrpoPDS5 cells. In the absence of meiotic cohesin Rec8, mei-
otic chromosomes fail to establish a linear chromosome axis re-
gardless of whether Pds5 is present or absent (Fig. S4 C). These
data further confirm that Rec8 is epistatic to Pds5 in chromo-
some axial formation.

Next, we asked whether meiotic cohesin Rec8 is specifi-
cally required for Pds5-mediated chromosome morphogenesis,
including SC formation and chromosome compaction. Only
small amounts of the mitotic cohesin subunit Mcd1 are present
as cells enter meiosis, and this protein is no longer detected 4 h
after induction of meiosis (Fig. 6 A). Moreover, the MCD pro-
moter is repressed during meiosis (Chu et al., 1998). Therefore,
we placed MCDI under control of the inducible CUPI pro-
moter to permit meiotic expression of MCDI at high levels in
both rec8A and rec8A Py p,PDS5 cells (Fig. 6 A). Mcdl can
replace Rec8 for generation of sister chromatid cohesion dur-
ing meiosis (Buonomo et al., 2000; unpublished data). Ectopic
expression of MCDI in rec8A cells results in a dramatic in-
crease in the amount of Pds5 loaded onto meiotic chromosomes
(Fig. 6 B). More importantly, SCs fail to form in either recS§A
PcypiMCDI or rec8A PeypiMCDI P, 3,PDS5 cells, as revealed
by formation of only a large polycomplex by Zipl staining
(Fig. 6 C). Interestingly, the chromosome axes, as measured
by Mcdl staining, also hypercondense in rec8A PcypMCDI1
PerpoPDS5 cells to a level identical to that in Py g,PDS5 cells
(Fig. 3, C and D). Therefore, Pds5 specifically modulates Rec8
to facilitate SC formation. In contrast, Pds5 can exert its role in
regulating chromosome axial compaction through either the
mitotic or the meiotic form of cohesin.

Pds5 is not necessary for double-strand
break (DSB) formation but is required for
DSB repair

Having shown that Pds5 was required for proper SC formation, we
asked whether Pds5 is required for meiotic recombination. First,
we used a molecular approach to monitor DSB formation
directly at the recombination hotspots at the YCR047¢/YCR048w
locus (Smith et al., 2001). DSB accumulation peaks 3 h after in-
duction of meiosis in the wild type (Fig. 7 A). The peak accu-
mulation of DSB is delayed in P¢;3,PDS5 cells by 2 h, but the
level of DSBs reaches that observed in the wild type (Fig. 7 A).
This delay is probably the result of P¢;5,PDS5 cells exhibiting
a 2-h delay in meiotic S phase (Fig. S3). DSBs are formed in the

absence of Pds5 but persist, suggesting that DSBs are not fully
repaired (Fig. 7, A and B). We next used a cytological approach
to assess DSB focus formation by monitoring Rad51 in spread
meiotic nuclei. In wild-type cells, Rad51 (DSB) foci are seen in
prophase I, as defined by the presence of a monopolar spindle
(aster microtubules), then disappear by metaphase I, as defined by
the presence of a short bipolar spindle (Fig. 7, C-E). In P¢;5,PDS5
cells, 90% of which are arrested in a pachytene-like stage (mono-
polar spindles), Rad51 foci are also visible (Fig. 7, C and D), but in
the remaining 10% of P 5,PDS5 cells that do reach metaphase
I (short bipolar spindle), Rad51 foci persist, indicating that
DSBs remain (Fig. 7, C and E). These data show that Pds5 is not
required for DSB formation but is required for DSB repair.

To assess DSB repair genetically in P pPDS5 cells, we
used a return to growth assay to determine meiotic recombina-
tion at a representative hotspot at ARG4 (Fig. 7, F and G). Yeast
cells were induced to undergo synchronous meiosis, and aliquots
were withdrawn at the specified times and plated on both YPD
(1% yeast extract, 2% peptone, and 2% dextrose) and arginine
dropout media. The number of colony-forming units on YPD
was reduced less than twofold in the mutant after 10 h of sporu-
lation (Fig. 7 F), but heteroallelic recombination at ARG4 was
reduced by almost two orders of magnitude (Fig. 7 G). These
data further suggest that Pds5 is required for DSB repair for
completion of meiotic recombination.

Discussion

We report that Pds5 is required for homologue synapsis and cell
progression through meiosis I. When Pds5 is absent, most cells
are arrested at prophase I with highly compacted chromosomes,
and an SC-like structure forms between sister chromatids.
Cohesion between sisters is largely intact, as only small amounts
of precocious sister separation are observed. DSBs form but are
not fully resolved, indicating that DSB repair is defective. Our
work significantly extends previous observations of the role of
Pds5 in formation of meiotic chromosome structure. These novel
observations may arise because our experiments involved a
meiotic pds5-null allele, whereas previous studies involved
thermosensitive pds5 alleles. These thermosensitive alleles make
mutated proteins that still bind to chromosomes and therefore
retain residual Pds5 activity (Storlazzi et al., 2008; unpub-
lished data).

Previous work in budding yeast indicated that Rec8 pro-
motes SC formation and homologue synapsis because neither
of these events occurs when Mcd1 replaces Rec8 (Klein et al.,
1999; Buonomo et al., 2000). We show that Pds5 serves an
important inhibitory role because when Pds5 is absent, SCs
form between sisters rather than homologues. This intersister
SC formation requires Rec8 because when Mcdl replaces
Rec8 in Pds5-depleted cells, no SCs form. These data are con-
sistent with the idea that Pds5 restrains the SC-promoting
activity of Rec8. This reasoning seems at odds with the situation
in vertebrates, where intersister SCs form when RECS is de-
leted (Xu et al., 2005). This result suggests that vertebrate
Rec8 serves as an inhibitor, much as Pds5 does in yeast. One
possibility is that yeast and vertebrate cells prevent SC formation
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Figure 7. Pds5 is necessary for meiotic re- A
combination. (A] A physical assay of DSB
formation and processing at the YCRO47c/
YCRO48w locus. Yeast cells were induced
to undergo synchronous meiosis, and DNA
samples were exiracted at the indicated time
points. DSBs were detected by Southern blot-
ting. Two prominent DSB sites at this location
are depicted (DSB1 and DSB2). (B) Quantita-
tive measurement of DSB formation in wild-
type (WT) and Pcp2PDS5 cells. The ratio of the
intensity of DSB1 to that of the parental band
is shown on the y axis. (C) Rad51 focus forma-
tion during meiosis. Yeast cells were induced
to enter meiosis as in A. Yeast nuclear spreads
were prepared for immunofluorescence. Rad51
was detected with an anti-Rad5 1 antibody and
microtubules with an anti—e-tubulin antibody.
Red, DNA stained by DAPI; green, Rad51;
blue, microtubules. Bar, 4 pm. (D and E) Quan-
tification of Rad51 foci in cells with aster micro-
tubules and short bipolar spindles is shown.
Note that Rad51 foci persist in Pejp2PDS5 cells
with a bipolar spindle. 20 cells from each strain
were scored. (F) Cell viability was assayed by
return to growth. (E) Yeast cells were induced
to enter meiosis, and aliquots were withdrawn
at the indicated times and plated on both YPD
and Arg minus plates. Colony-forming units
are defined as 1 at time 0. (G) Meiotic recom-
bination at the ARG4 locus. Two heteroalleles
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between sisters by distinct mechanisms. Alternatively, vertebrates
also contain other meiosis-specific cohesins, such as SMC1(3
and STAG3 (Priceto et al., 2001; Revenkova et al., 2001). There-
fore, deleting vertebrate RECS could generate meiotic cohesin
with a reduced affinity for Pds5 to relieve the inhibition of
intersister SC formation, but these other meiosis-specific sub-
units could also provide cues for SC formation or have ac-
quired the roles entirely. Further experiments assessing the
chromosomal binding of one or both Pds5 orthologues in ver-
tebrates and the consequence of their absence can distinguish
between these possibilities.

A remarkable feature of meiotic recombination is its pref-
erence for using homologues as repair templates during DSB

Hours after induction of meiosis

repair (Haber, 2000). This distinction must be made to ensure
that DSBs promote synapsis between homologues rather than
the more proximal sister chromatid. One model posits that fu-
sion of sister chromatid axes removes the choice so that only the
homologue presents a target for exchange and SC formation
(for review see Zickler and Kleckner, 1999). In such a model,
Pds5 could be directly required for axial fusion or could pro-
mote it by modulating the activity of other chromosomal fac-
tors, such as cohesin. Indeed, our EM analysis of the chromosome
axis in Pds5-depleted cells suggests that sister axes are apart.
Similarly, sister axes are often split in Sordaria macrospora cells
bearing a thermosensitive allele of spo76-1/pds5 (van Heemst
et al., 1999; Storlazzi et al., 2003). This splitting provides two



sister axes in close proximity and, therefore, a potential sub-
strate on which DSBs can nucleate intersister SC formation.
During homologue pairing, discrete loci initiate SC forma-
tion simultaneously along the chromosome (Zickler, 2006).
Localized sister chromatid and axial separation is thought to
be part of the process used for homologue exchange (for re-
view see Zickler and Kleckner, 1999). Paradoxically, localized
sister separation would seem to provide a sister template to
compete with the homologue for pairing rather than promoting
it. One solution to this paradox is that axial separation is a con-
sequence of localized dissolution of cohesion, but the separated
sisters are then blocked for cohesion reestablishment. We pro-
pose that Pds5 exerts its inhibitory function at this step. Cohesin
may remain bound but in a form that is inhibited for cohesion
reestablishment, as was previously proposed for the regulation
of S phase cohesion (Guacci, 2007). Work from both budding
and fission yeast shows that Pds5 serves as an inhibitor to co-
hesion establishment by opposing the action of the conserved
establishment factor Ecol on cohesin (Tanaka et al., 2001;
Rowland et al., 2009; Sutani et al., 2009). This result could ex-
plain how Pds5 acts as an inhibitor of cohesion and, as such,
potentially of intersister SC formation even after sister axial
splitting occurred as part of homologue exchange.

One might expect that sister chromatid exchange would
increase in pds5-null cells at the expense of homologue ex-
change because SCs form between sisters rather than homo-
logues. Previous work on pds5 thermosensitive alleles suggested
that Pds5 serves to bias recombination toward interhomologue
exchange rather than intersister exchange (van Heemst et al.,
1999; Storlazzi et al., 2003; Kateneva and Dresser, 2006), which
is also consistent with such an expectation, but we do not see
evidence for such a shift because the level of unequal sister
chromatid exchange remains low in Pds5-depleted cells com-
pared with that in the wild type (unpublished data). Moreover,
we find that DSBs are not completely repaired in Pds5-depleted
cells in budding yeast, suggesting that intersister SC formation
alone is insufficient to promote sister chromatid exchange/
repair. Cohesin is essential for efficient repair of DSBs in vegetative
cells (for review see Onn et al., 2008). Given that Pds5 interacts
with cohesin to modulate cohesin function, the impairment of
DSB repair in the absence of Pds5 during meiosis is not surpris-
ing. In addition, only part of the machinery necessary for sister
exchange may be set up for intersister SC formation in pds5-
null cells, possibly leading to the persistence of DSBs.

A model for chromosome structure in which chromo-
some condensation is regulated by cohesin was first proposed
more than a decade ago (Guacci et al., 1997). It posits that co-
hesin binds at intervals along the chromosome arms, creating
DNA loops between cohesin-binding sites that can be com-
pacted. In this model, higher cohesin density forms smaller
loops, whereas lower cohesin density forms larger loops, which
would result in lesser and greater axial compaction, respec-
tively (Guacci et al., 1997). Experimental data consistent with
this view came from studies of meiotic chromosomes (Ding
etal., 2006; Novak et al., 2008). In both budding and fission yeast
cells lacking Pds5, meiotic chromosomes hypercondense (Ding
et al., 2006; this study). In fission yeast pds5 mutants, Rec8

still binds chromosomes, but the binding sites are more widely
spaced, a result that is consistent with the idea that loop size is
inversely proportional to axial condensation (Ding et al., 2006).
In budding yeast, cohesin binding to chromosomes appears to
be normal, but sister chromatid cohesion is partially lost (this
study; unpublished data). Importantly, chromosomes still hyper-
condense in Pds5-depleted cells when ectopically expressed
Mecdl replaces Rec8. These data suggest that cohesin is re-
quired to provide an axial template to permit proper chromo-
some compaction. In vertebrate cells, chromosomes become
hypercondensed when the meiosis-specific cohesin subunit
SMC13 has been deleted (Revenkova et al., 2004; Novak et al.,
2008). Unlike budding yeast, vertebrate cells have high levels
of mitotic cohesin, and RECS8-containing meiotic cohesin is
still present in cells lacking SMCI1B (Novak et al., 2008). Be-
cause these complexes bind chromosomes, one or both types of
cohesin are probably able to serve as axis templates and permit
loop formation (Novak et al., 2008). The reduced cohesin ac-
tivity in vertebrates that leads to a partial loss of sister chroma-
tid cohesion could mimic a yeast Pds5 depletion phenotype,
resulting in axial hypercompaction and the formation of hetero-
geneous chromatin loops.

Materials and methods

Yeast strains

Yeast strains used in this study are diploids isogenic to SK1, except the
sir2A strains, which are haploids (Table S1). To create the PcpoPDS5 allele,
we used a PCR-based approach (Yu and Koshland, 2005) with the primers
5'-TTTAGCCGCCAAGGGAAAATATGCACTACCCGGAATGATGGCGTT-
AAAGCATAGGCCACTAGTGGATCTG-3' and 5'-GATATTATAGGTGAGTT-
AAACTTCAGTTTAGTAACAGCACCTTTAGCCATAGCGTAATCTGGAACG-
TCATA-3'. We used the same method to create PcypyMCD1 using plasmid
pHG40 as a template in PCR reactions. The primers used were 5'-TGATG-
GTGATGGAACTCCAATTACCTAATCAAAAATATGAATGTTTATGCGCAT-
AGGCCACTAGTGGATCTG-3' and 5'-TTIGGTGGCAAGTCTTAAAACAG-
TAAGACGTTGAGGATTTTCTGTAACAGCAGCGTAATCTGGAACGTC-3'.
A 1Kb DNA sequence upstream of the CUPT open reading frame was
used to replace the endogenous MCD1 promoter. All strains were con-
firmed by yeast colony PCR and were backcrossed to the wild type. To
mark CEN5 with GFP, we incorporated tandem arrays of tetO at the URA3
locus and expressed tetR-GFP (Michaelis et al., 1997). To mark CEN4 and
TEL4 with GFP, we incorporated tandem arrays of lacO at the TRPT locus
and a telomere IV locus simultaneously and expressed lacl-GFP (Milutinovich
et al., 2007). To induce haploid cells to enter meiosis, we deleted the SIR2
gene with pClonatMX4 using the aforementioned PCR-based method.
Primers are available upon request.

Yeast culture methods

Before yeast cells were induced to enter meiosis in 2% KOAC, they were
grown in the YPA medium with vigorous shaking for ~12 h to an optical
density (A = 600) of 1.5. All yeast cultures were incubated at 30°C. To in-
duce PcypiMCDT expression during meiosis, 60 pM (final concentration)
CuSO,4 was added to the sporulation medium after induction of meiosis.

Meiotic nuclear spread and immunofluorescence

To prepare surface spreads of yeast nuclei, aliquots were withdrawn from
meiotic cultures and subjected to spheroplasting by lyticase (Sigma-Aldrich).
Isolated nuclei were spread on a clean microscope slide and fixed immedi-
ately with 4% paraformaldehyde for 20 min (Yu and Koshland, 2005).
Fixed nuclear spreads were incubated with primary rabbit polyclonal anti-
bodies, including anti-Pds5 (Noble et al., 2006), anti-Red1 and anti-Zip1
(provided by G.S. Roeder, Yale University, New Haven, CT), anti-Rad51
(provided by D.K. Bishop, University of Chicago, Chicago, IL), and anti-
Hop1 (provided by N. Hollingsworth, Stony Brook University, Stony
Brook, NY), as well as mouse monoclonal antibodies, including anti-a-
tubulin (YOL1/34; AbD Serotec), anti-HA (12CA5; Roche), and anti-Myc
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(9E10; Roche). Secondary antibodies (FITC-conjugated goat anti-rabbit,
rhodamine-conjugated goat anti-mouse, and Cy3-conjugated goat anti-
rat) were purchased from Jackson ImmunoResearch Laboratories. Chromo-
somal DNA was stained by DAPI. All fluorescence images were acquired
with a Plan Apochromat 100x 1.40 NA obijective lens mounted on a mo-
torized epifluorescence microscope (Axiolmager; Carl Zeiss, Inc.) by Axio-
Vision software (Carl Zeiss, Inc.) at room temperature. Chromosome V
length in Figs. 3 C and 6 D was determined using AxioVision measurement
tools by tracking Rec8- and Mcd 1-stained chromosome axes, respectively.
Chromosome V length was measured in spread nuclei only when its ends
were clearly separated from other chromosomes. The length of the chromo-
some |V fragment in Fig. 3 E was determined by the distance between two
marked GFP spots. Displayed images were processed with AxioVision for
pseudo coloring.

EM

For EM analysis of meiotic chromosomes, yeast nuclei were spread on
formvar (0.3% wt/vol)-coated slides and stained with AgNOj3 (Dresser and
Giroux, 1988). Silver-stained nuclear spreads were transferred to 75-mesh
copper grids and visualized under a transmission electron microscope
(CM120; Phillips) at 80 kV. A 12-bit charge-coupled device camera (Tem-
Cam F224; Tietz) was used to acquire EM images. To determine the width
of SCs, we used measurement tools provided by the IPLab software (BD).
Lengths of SC structures that could be individualized in 10 representative
cells were measured. We used the IPLab software to adjust the contrast of
displayed EM images.

Protein extraction and immunoblotting

To prepare yeast protein extracts, aliquots were withdrawn from meiotic
cultures and incubated with equal volumes of trichloroacetic acid for 10 min
on ice. Cell pellets were resuspended in acetone and air dried. Standard
SDS-PAGE and Western blotting were performed. Polyclonal antibodies
against Pds5 and Mcd1 (1:20,000) were used to detect those proteins
in protein extracts (Noble et al., 2006). For HAtagged proteins, we used
a monoclonal anti-HA antibody (12CA5; Roche) at 1:5,000. A B-tubulin
antibody (1:10,000) was used to detect B-tubulin for a loading control.

Chip

Yeast cells were fixed with 1% formaldehyde for 2 h and followed by pro-
tein extraction and immunoprecipitation. We used a Pds5-specific antibody
and an anti-HA (12CA5; Roche) antibody for immunoprecipitation of Pds5
and Rec8-3HA, respectively. Chromosomal DNA cross-linked to Pds5 and
Rec8-3HA was purified by phenol chloroform extraction. A semiquantita-
tive PCR method was used to detect Pds5 and Rec8 binding at the follow-
ing four cohesin-associated regions: centromere 1 (CENT), centromere 3
(CEN3), a cohesin site at the MAT locus (CARC3), and a cohesin site on
chromosome XIl (CARL2; Glynn et al., 2004). Primers used in the ChIP assay
are available upon request.

Physical analysis of DSBs

Yeast DNA extracts were prepared from synchronous meiotic cultures, di-
gested with Asel, and separated on a 0.8% agarose gel. A 1.6-kb probe
was used to defect the hotspots at the YCR047c/YCRO48w locus by South-
ern blotting (Yu and Koshland, 2003). Images were scanned and quanti-
fied by the Typhoon (GE Healthcare).

Online supplemental material

Fig. S1 shows chromosome morphology in ndt80A and hopiA cells dur-
ing meiosis. Fig. S2 shows immunoblot analysis of Rec8 protein levels in
wildtype and Pcig,PDS5 cells. Fig. S3 shows S phase progression dur-
ing meiosis by FACS analysis. Fig. S4 shows Zip1 localization in zip3A
and Red1 in rec84 cells during meiosis. Fig. S5 shows localization of
Zip1 and Sgol in spol 1A cells. Table S1 shows the yeast strains used in
this study. Online supplemental material is available at http://www.jcb

.org/cgi/content/full /jcb.200810107/DC1.
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