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During meiosis, the formation of viable haploid gametes from diploid
precursors requires that each homologous chromosome pair be
properly segregated to produce an exact haploid set of chromosomes.
Genetic recombination, which provides a physical connection be-
tween homologous chromosomes, is essential in most species for
proper homologue segregation. Nevertheless, recombination is re-
pressed specifically in and around the centromeres of chromosomes,
apparently because rare centromeric (or pericentromeric) recombina-
tion events, when they do occur, can disrupt proper segregation and
lead to genetic disabilities, including birth defects. The basis by which
centromeric meiotic recombination is repressed has been largely
unknown. We report here that, in fission yeast, RNAi functions and
CIr4d-Rik1 (histone H3 lysine 9 methyltransferase) are required for
repression of centromeric recombination. Surprisingly, one mutant
derepressed for recombination in the heterochromatic mating-type
region during meiosis and several mutants derepressed for centro-
meric gene expression during mitotic growth are not derepressed for
centromeric recombination during meiosis. These results reveal
a complex relation between types of repression by heterochromatin.
Ourresults also reveal a previously undemonstrated role for RNAi and
heterochromatin in the repression of meiotic centromeric recombi-
nation and, potentially, in the prevention of birth defects by
maintenance of proper chromosome segregation during meiosis.

chromosome segregation | meiosis | Schizosaccharomyces pombe | DSB
formation | genetic separation of heterochromatin functions

M eiosis entails a unique type of chromosome segregation that
reduces the number of chromosomes per cell by half (1). The
precursor cells have two copies of each chromosome, one copy
inherited from each parent. The products of meiosis have only one
copy of each chromosome, in most cases a mosaic of the two parental
chromosomes produced by recombination between them. To ach-
ieve this outcome, each chromosome is replicated before the first
meiotic nuclear division, and the resulting sister chromatids remain
attached to each other. During the first division, each replicated
chromosome aligns and pairs with its homologue; the homologues
then segregate from each other into the daughter nuclei.

In most species, proper segregation of homologues requires
genetic recombination, the breakage and reunion of DNA mol-
ecules of the homologues. The exchange of parts of chromo-
somes generates a genetic crossover, which provides a physical
connection (chiasma) between homologues. Microtubules in the
spindle attach to the centromeres of each homologue. As mi-
crotubule-based forces move the homologous centromeres apart,
tension is generated only if there is a chiasma connecting the
homologues. This tension signals that homologues are segre-
gating properly, and only when all chromosome pairs are under
tension does chromosome segregation and nuclear division
proceed to completion (1).

Although crossing over is critical for proper segregation, crossovers
too close to the centromere interfere with segregation. In the several
species analyzed, crossing over occurs less frequently, per unit phys-
ical distance, in and near the centromere than in the arms of the
chromosomes (2, 3). Notably, centromeric crossing over in humans is

WWww.pnas.org/cgi/doi/10.,1073/pnas.0914160107

correlated with birth defects resulting from chromosome mis-
segregation (2). (Here and subsequently, “centromeric” is meant to
include “pericentromeric.”) Thus, repression of recombination spe-
cifically in the centromere is crucial for the proper segregation of
meiotic chromosomes, but the mechanism by which centromeric
recombination is repressed during meiosis has been largely unknown.

Centromeric heterochromatin in many species represses
within its domain the abundance of transcripts and the expres-
sion of genes inserted into the heterochromatic region (4). In the
fission yeast Schizosaccharomyces pombe, the formation of cen-
tromeric heterochromatin is facilitated by RNAi functions, which
direct the histone methyltransferase Clr4 and its partner protein
Rik1 to the centromere (5, 6) (Fig. 1). Histone H3 methylated by
Clr4 at lysine 9 is bound by several chromodomain proteins,
including Chpl and two homologues of heterochromatin protein
HP1: Swi6 and Chp2 (4, 7). All these functions contribute to
reduction of native centromeric transcripts, abundance of RNA
polymerase II at native centromeres, and expression of genes
inserted into the centromeric region (4, 5, 8-10). Here, we tested
the possibility that heterochromatin is also involved in repression
of centromeric meiotic recombination.

Results and Discussion

Centromeric Meiotic Recombination Is Negligible in WT but as Frequent
as in Chromosomal Arms in RNAi and Histone H3 Lys9 Methyltransferase
Mutants. Using markers closely flanking centromere 3 (cen3) of S.
pombe (Fig. 2), we assayed centromeric recombination in WT and in
mutants defective in RNAi and formation of heterochromatin. In
WT cells, these markers recombined infrequently (one recombinant
among 2141 meiotic spores; Table 1). This frequency is approxi-
mately 200 times less than the genome-wide average (approximately
0.16 cM/kb) for chromosomal arm markers separated by the physical
distance between these centromere-flanking markers (approxi-
mately 125 kb) (3, 11). In a mutant dcr! A lacking the Dicer nuclease
essential for generating the small RNAs that guide RNAI to its tar-
gets, centromeric recombinants were significantly more abundant
than in WT (3.6% recombinants in dcrlA vs. <0.1% in derl ™). To
determine whether the nuclease activity, rather than some other
function, of Dicer is required for the recombination block, we con-
structed and tested a double point mutant dcr/-5 altered in the nu-
clease motifs essential for nuclease activity of the related human
Dicer protein and Escherichia coli RNase III (12). Like the dcrlA
deletion mutant, dcrl-5 had abundant centromeric recombination

Author contributions: C.E., E.C.H., N.P,, L.H., J.L.G., G.T., and G.R.S. designed research; C.E.,
E.CH., N.P., L.H., J.L.G,, and G.R.S. performed research; C.E., E.CH., N.P.,, LH., J.L.G, G.T.,
and G.R.S. contributed new reagents/analytic tools; C.E., E.C.H., N.P,, L.H., J.L.G., G.T., and
G.R.S. analyzed data; and C.E., E.C.H., N.P,, L.H., G.T., and G.R.S. wrote the paper.

The authors declare no conflict of interest.
*This Direct Submission article had a prearranged editor.

'Present address: Feinberg School of Medicine, Northwestern University, Evanston,
IL 60208.

2To whom correspondence should be addressed. E-mail: gsmith@fhcrc.org.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.0914160107/-/DCSupplemental.

PNAS | May 11,2010 | vol. 107 | no.19 | 8701-8705

www.manaraa.com

n
o
=
]
=
o]
(U]



mailto:gsmith@fhcrc.org
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0914160107/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0914160107/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.0914160107

[RVASE AN
SiRNA

~"N
dsRNA
@ Clr4 |+=—

cen DNA

Meiotic DSB formation
and recombination

Gene expression

Fig. 1. Repression of centromeric recombination and transcription by RNAi
and heterochromatin components. In heterochromatic regions, such as the
centromere and pericentric regions of S. pombe, transcripts are synthesized
at low level by RNA polymerase Il and converted to dsRNA by the RNA-
dependent RNA polymerase Rdp1. dsRNA is converted into siRNA (approxi-
mately 22 bp) by the Dcr1 nuclease. The RNAi-induced transcriptional si-
lencing complex (RITS), containing the Ago1 and Chp1 proteins, uses the
siRNAs to direct the Clr4-Rik1 complex to methylate histone H3 lysine 9 (H3
K9) in and near the centromeres. Methylated H3 K9 is bound by chromo-
domain proteins Swi6 and Chp2, which directs the CIr3 histone deacetylase
complex SHREC to further modify the histones in heterochromatic regions.
The results presented here show that formation of centromeric DSBs, and
consequently recombination in meiosis, are repressed by RNAi and Clr4-Rik1.
Swib, Chp2, and ClIr3 are each required for repression of high-level mitotic
transcription, but not for repression of meiotic DSB formation and re-
combination, although combined loss of Swi6 and Chp2 allows significant
centromeric recombination.

(4.0%). Similar or higher frequencies were observed in other RNAi
mutants—8.9% inrdp1 A lacking RNA-dependent RNA polymerase
and 3.1% in agol A lacking the argonaute endoribonuclease. Col-
lectively, these results show that the full complement of RNAI ac-
tivities is required to repress meiotic centromeric recombination.
In S. pombe, RNAI enables Clr4 to methylate centromeric histone
H3 atlysine 9 (H3 K9) (5). We tested a role for Clr4 in repression of
centromeric recombination and found that, like RNAI, it is required
for repression: the clr4A mutant had 9.1% recombinants (Table 1),
or approximately 0.1 cM/kb. Rik1, a Clr4 partner protein (13), is
also required for repression: the rik! A mutant had 5.7% recombi-
nants. Thus, this aspect of heterochromatin also appears essential
for repression of meiotic centromeric recombination. Drosophila
mutants lacking a homologue of Clr4 have increased numbers of
foci of phosphorylated yH2Av histone, indicative of DSBs, in
oocytes (14). In that study (14), recombination was not reported,
and an increased number of MeiW68 (Spoll)-dependent DSBs,

those specific for meiotic recombination as discussed later, was not
established. Other mutations affecting Drosophila heterochroma-
tin, however, do increase pericentromeric recombination (15).
These results are consistent with ours and suggest that the mecha-
nism of repression of centromeric recombination may be evolu-
tionarily conserved.

Repression Occurs in the Absence of Heterochromatin Protein Swi6.
Methylation of H3 K9 by Clr4 enables Swi6 to bind to centromeric
heterochromatin (7, 16). Relative to WT, swi6 A mutants have more
abundant transcripts and RNA polymerase II in unaltered (i.e.,
native) centromeric dg and dh repeats (5, 9), increased expression of
genes inserted into the centromeric region (5, 8), and increased
meiotic recombination in the heterochromatic native mating-type
region (17). We therefore expected that Swi6 would also be required
for repression of recombination at centromeres. Surprisingly, the
swi6A mutant had only a low level of recombination (0.3%), not
significantly different from that of WT (Table 1; P > 0.1 by Fisher
exact test). This result suggests that the types of repression by het-
erochromatin can be genetically separated.

To test this suggestion further, we analyzed additional mutants
derepressed for centromeric gene expression, either native or with
inserted genes, and found that, like the swi6 A mutant, they largely
retained repression of centromeric recombination. The mutants
tested were chp2A, which lacks a Swi6 paralogue (9, 10); plil A,
which lacks a SUMO E3 ligase (18); cid14A, which lacks a polyA
polymerase (19); and c/r3A, which lacks a histone deacetylase (20).
These mutants are defective in a range of activities necessary for
effective centromeric gene silencing, including transcriptional
gene silencing [requiring Clr3 (20)] and posttranscriptional gene
silencing [requiring Cid14 (19)]. Among these single mutants,
none had significantly more centromeric recombination than WT
(Table 1 and Table S1; P > 0.05 by Fisher exact test). The lack of
derepression of centromeric recombination is particularly sur-
prising in the case of the c/r3A mutant. In this mutant, the abun-
dance of RNA polymerase II at the native centromeric dg and dh
repeats or at an inserted centromeric ura4 ™ gene is nearly as high
as that in clr4A (9, 20). In the swi6A chp2A double mutant, we
observed centromeric recombinants (2.2%) but significantly fewer
than in clr4A (P < 0.0001 by Fisher exact test). Clearly, repression
of centromeric transcription and meiotic recombination occur by
genetically separable mechanisms, although Swi6 and Chp2 ap-
pear to have partially overlapping roles in both processes (Fig. 1).

We found that, unlike Swi6, the chromodomain protein Chpl is
required for repression of centromeric recombination (Table 1).
This observation provides an interesting clue regarding the mech-
anism of repression by revealing a correlation between the extent to
which a chromodomain protein represses recombination and the
extent to which it facilitates H3 K9 methylation at a given location.
The §. pombe chromodomain proteins Chpl, Swi6, and Chp2 co-
operate with Clr4 to facilitate H3 K9 methylation through positive
feedback loops, differentially at centromeres (where Chpl has

ura4* cen3 ;
X T - - =7 : 1 his3*
chki otr imr cnt imr otr mid1V ~ ade6
L ]
= probe Bgl | fragment (~125 kb)

Fig. 2. Chromosome structure surrounding centromere 3 (cen3) of S. pombe. The 4.9-kb central element (cnt) is flanked by 5.4-kb inverted innermost repeats
(imr), which in turn are flanked by multiple 6.7-kb outermost repeats (otr) (35). The number of outermost repeats to the left of the central element is un-
certain, but we estimate there are 6 + 1. For genetic analysis the ura4* gene was substituted for most of chk1, and his3* was inserted between mid7 and the
next centromere-distal gene cwf20; chk1 and mid1 are protein-coding genes separated from centromere 3 by, respectively, one and three protein-coding
genes (35). Recombination between chk1::ura4* and mid1-322::his3* is used as a measure of centromere 3 recombination (Table 1). The ade6 gene is 166 kb
from the mid1-322::his3* insertion; recombination between these markers is used as a measure of cen3-ade6 recombination. Two ade6 markers, ade6-M26
and ade6-52, separated by 0.66 kb, are used to measure ade6 intragenic recombination. The small rectangle (bottom left) indicates the position of the ra-
dioactive probe for the Southern blot hybridizations of the indicated Bg/l DNA fragment (Fig. 3 and Table 1). The figure is drawn approximately to scale,
except for the position adeé6.
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Table 1.
not in a chromosome arm region

RNAi and some heterochromatin mutations derepress meiotic recombination in a centromere region but

Recombinant frequency in indicated interval

adeé intragenic, Ade*

Mutant gene Function of gene product cen3 DSBs  cen3, %  cen3-ade6, % per 10° viable spores
WT - - <0.1 15 7.7
dcr1A* Dicer nuclease + 3.6 12 5.2
dcri1-5* (Nuclease-deficient missense mutant) ND 4.0 14 6.7
rdp1A* RNA-dependent RNA polymerase + 8.9 13 5.1
agoT1A* Endoribonuclease + 3.1 14 3.8
clr4A* Histone H3 lysine 9 methyl transferase + 9.1 8 6.0
rik1A* Clr4 partner protein + 5.7 8 9.6
SWI6A Heterochromatin protein 1 - 0.3 11 4.1
chp2A Swib paralogue ND 0.3 15 7.4
pli1A SUMO E3 ligase - <0.1 4 0.6
cid14A PolyA polymerase ND <0.4 14 6.8
clr3A Histone deacetylase - 0.3 15 1.1
swi6A chp2A*  (Double mutant) ND 2.2 13 1.9
chpla* Chromodomain protein + 2.8 13 4.3
cIr3A dcr1A* (Double mutant) ND 4.6 9 2.5
clr4A rec8A Sister chromatid cohesin ND <1.0 <1.3 <0.1
clr4A rec10A Linear element protein ND <14 <11 <0.1

Recombination data are the frequency of recombinants between markers flanking centromere 3 (cen3), between cen3 and adeé, or
within ade6 (see diagram in Fig. 2). “<” indicates the upper 95% confidence limit based on the Poisson distribution when no
recombinants were observed. For DSBs, “+" indicates readily visible meiosis-specific DSBs in centromere 3, and “-" indicates no visible
meiosis-specific DSBs (Fig. 3 and Fig. S1); the low level of DSBs at individual sites precludes accurate quantification. ND, not de-

termined. Data are summarized from Table S3.

*Mutants strongly derepressed relative to WT; those without asterisks are not significantly derepressed.

a greater effect than Swi6) and in the mating-type region (where
Swi6 has a greater effect than Chpl). Sadaie et al. (21) found
a comparatively stronger effect of chpIA at several centromeric
locations, where swi6A has a negligible effect, than at a single lo-
cation within the mating-type region. In a more comprehensive
study, Hall et al. (22) found that swi6A decreases H3 K9me abun-
dance approximately 10-fold across a large segment of the normally
heterochromatic part of the mating-type region. We propose that
the decrease in H3 K9me observed in the mating-type region but not
at centromeres in swi6A accounts for swi6A allowing meiotic re-
combination in the mating-type region but not at centromeres.

It is notable that centromeric repeats are not completely devoid
of H3 K9me in RNAIi mutants; the residual H3 K9me in these
mutants depends on Clr3 (23). We found, however, that the level
of recombination in a mutant lacking RNAI (dcrl A) was not sig-
nificantly further increased by deletion of c/r3 (Table 1; P > 0.3 by
contingency y? test), indicating that the low level of H3 K9me
remaining in RNAi mutants does not limit meiotic recombination.

RNAi and Heterochromatin Mutants Are Not Derepressed for Chromosomal
Arm Recombination. The increased levels of centromeric recombi-
nation in the mutants discussed earlier might be the result of in-
creased recombination throughout the genome. To test this possi-
bility, we measured crossing over in the interval immediately to the
right of cen3, extending to ade6 (Fig. 2). Crossing over in this interval
in the derepressed mutants was not higher than that in WT (15%;
Table 1); modest reductions were seen in some mutants (clr4A,
rklA, plilA, and clr3A dcrlA). In addition, intragenic re-
combination in ade6, nearly exclusively gene conversion, was not
significantly altered in the mutants tested, except for decreases in
plil A and clr3A (Table 1). Thus, the mutants tested here appear to
derepress meiotic recombination specifically in the centromere.

Derepressed Mutants Have Meiosis-Specific DNA Double-Strand Breaks,
Unlike WT. Meiotic recombination in S. pombe, as in the distantly
related budding yeast Saccharomyces cerevisiae, requires Recl2

Ellermeier et al.

(orthologue of Spoll in S. cerevisiae), which forms DNA double-
strand breaks (DSBs) (24). We measured DSBs in cen3 by Southern
blot hybridization of DNA extracted after induction of meiosis; the
~125-kb Bgll fragment, which spans cen3, was analyzed for DSBs
(Figs. 2 and 3). In WT, DSBs were below the level of detection. In
contrast, DSBs were readily detectable in the mutants that man-
ifested centromeric recombination (Fig. 3, Table 1, and Fig. S1). We
note, however, that the DSB patterns differed among these mutants.
As expected, the swi6A, plil A, and clr3A mutants, which lack de-
tectable recombination at cen3 (Table 1), also lacked detectable
meiosis-specific DSBs at cen3. Each of the mutants analyzed had
approximately WT levels of DSBs in the arm intervals analyzed. We
infer that RNAI and heterochromatin block the formation of mei-
otic DSBs and, as a consequence, block recombination specifically
in the centromere.

How might DSB formation in the centromere be repressed?
DSBs are formed by the S. pombe Recl2 protein (24), but the
action of Recl2 depends on multiple additional proteins. From
genetic and cytological analyses, we have proposed (25) a pathway
for DSB formation that begins with the loading of meiosis-specific
sister chromatid cohesin subunits Rec8 and Recl1 at about the
time of meiotic DNA replication. Loading of Rec8 and Recl1
enables the loading of Rec10, Rec25, and Rec27, which together
form linear elements, structures distantly related to the synapto-
nemal complex of other species. Linear elements in turn enable
the loading of Rec7 (26), which like Rec12 is essential for all de-
tectable DSB formation throughout the genome (24). Additional
proteins (e.g., Rec6, Rec14, and Rec15) are similarly essential and
may, with Rec7, form a complex with Rec12 (25). Repression of
centromeric recombination might act by blocking the loading of
any or all of these proteins specifically in the centromere. Rec8 and
Recl2, however, are present at the centromere during WT meiosis
(27, 28). Therefore, we suppose that loading or activation of some
other protein is the point at which RNAi and heterochromatin
prevent recombination specifically in the centromere.

PNAS | May 11,2010 | vol. 107 | no.19 | 8703
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A decriA
wt deriA

reci12A

rik1A clr3A

-+

-+ -+ -+

-+ meiosis

gcuaa

wild type deriA

—— — - —

rdp1A clr3A

Fig. 3. Meiosis-specific DSBs arise in centromere 3 (cen3) specifically in RNAi and heterochromatin mutants. (A) Cells were induced for meiosis and harvested 1 h (-)
and 5 or 6 h (+) later. DNA was extracted, digested with Bgll, and analyzed for DSBs by Southern blot hybridization (11). The unbroken Bgll fragment (wide arrowhead)
spanning cen3is approximately 125 kb long (Fig. 2). Meiosis-specific DNA fragments (bracket) result from Rec12-dependent DNA breakage (i.e., DSBs) at specific sites
in centromere 3. DSBs arise in dcr1A (lacking Dicer nuclease) and rik1A (lacking a partner of the Clr4 histone H3 Lys9 methyltransferase) mutants but notin WT, a c/r3A
mutant (lacking a histone deacetylase), or a swi6 A mutant (lacking heterochromatin protein HP1; Fig. S1). (B) Complete time course of meiosis-specific DSB formation
in representative mutants. DNA was analyzed as in A at hourly intervals; for strains GP3718 (WT) and GP4978 (dcr14), additional samples at 3.5 h were analyzed, and
for strain GP4978, the 1 h sample was not analyzed. The faint smears at 1, 3, 4, and 6 h for strain GP6891 (c/r34) likely represent cross-hybridization, as indicated by the
relatively strong cross-hybridization with the 10.9-kb rDNA repeat (thin arrow) in this experiment. Additional data are shown in Table 1 and Fig. S1.

We tested a requirement for Rec8 and Rec10 in centromeric re-
combination in the highly derepressed mutant clr4A. In each of the
double mutants, clr4A rec8A and clr4A recl0A, recombination was
abolished—the frequency of centromeric recombinants was not
significantly different from that in WT (Table 1; P > 0.2 by Fisher
exact test). Furthermore, formation of centromeric DSBs requires
Recl2, at least in the dcrl A mutant background tested (Fig. 3).
Centromeric recombination therefore appears, at this level of anal-
ysis, to proceed by the same mechanism as arm recombination. We
expect that DSBs, once formed, are repaired by the same mechanism
as DSBs in chromosomal arms, which requires more than a dozen
proteins (25). The primary target of repression of centromeric mei-
otic DSB formation and recombination is thus likely to be, directly or
indirectly, the activation of Rec12 for DSB formation.

Conclusions

Our results reveal an unexpected, complex relation of three func-
tions of heterochromatin—repression of transcription in and near
the centromere during mitotic growth, repression of centromeric
meiotic recombination, and repression of meiotic recombination at
the mating-type locus. We infer that there are atleast two genetically
separable functional components of centromeric heterochromatin:
one (exemplified by RNAi and Clr4-Rik1) blocks both centromeric
mitotic transcription and meiotic recombination, whereas the other
(exemplified by Clr3) blocks only gene expression (Fig. 1). Clearly,
heterochromatin cannot be simply considered an impervious barrier
to macromolecules. Rather, heterochromatin must act as a differ-
ential filter allowing some but not other proteins access to (or action
on) the DNA, depending on which of its constituents are present.

8704 ' | www.pnas.org/cgi/doi/10.1073/pnas.0914160107

The mechanism by which centromeric recombination interferes
with chromosome segregation is not established. Presumably,
acrossover too near the centromere places a spatial constraint on the
centromere and the complex structure (kinetochore) built on it;
spindle microtubules attach to the kinetochore and direct chromo-
some segregation. Repression of centromeric recombination is thus
important to facilitate proper chromosome segregation in meiosis.
Failure of this repression, as in the mutants studied here, can result in
occasional meiotic missegregation in S. pombe (29). Repression of
centromeric recombination in humans (2), perhaps by a closely re-
lated mechanism, appears to be requisite for preventing miscarriages
and severe birth defects, such as Down syndrome (30).

Materials and Methods

Strains and Genetic Methods. Genotypes of the S. pombe strains used and
references for alleles are in Table S2. Genealogies are available upon request.

Crosses between heterothallic strains were conducted and random spores
analyzed as described (11). Because some mutations, such as c/r4A, derepress
expression of the mat2 and mat3 loci and allow haploid meiosis and self-
mating (31), in each cross, except some rik1A crosses, we analyzed segregation
of the heterozygous lys4-95 marker on Chr. 2. If ade6 (on Chr. 3) and lys4 did
not segregate randomly, the total number of interstrain spores analyzed was
taken as twice the sum of colonies with any nonparental marker among each
adeé6 class (light red, ade6-52; dark red, ade6-M26) tested. In some rik1A
crosses mid1-6 (a temperature-sensitive mutation also called dmf1-6) was used
in place of mid1-322::his3*; mid1-6 was scored by replica-plating onto yeast
extract agar medium supplemented with adenine (100 pg/mL) and phloxin B
(20 pg/mL) and incubation at 37 °C. Diploids, determined as I,-staining spore
colonies, were omitted from all analyses. Statistical significance was de-
termined with the indicated tests on StatPages (http:/statpages.org/).

The dcr1-5 allele, designed to eliminate Dcr1 nuclease activity on the basis
of homology with human Dicer and E. coli RNase Il (12), encodes alanine in

Ellermeier et al.
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place of two aspartate residues thought to bind divalent ions required for
nuclease activity. dcr7-5 was constructed by site-directed mutagenesis using
a QuikChange kit (Stratagene). A 1,244-bp fragment of the dcr? gene
(codons 872-1,287) was amplified by a PCR primed with oligonucleotides
OL1595 and OL1596 (Table S1), digested with BamHI, and cloned into the
BamHI site of plasmid pBluescript Il KS (+) (Stratagene) to create plasmid
pCE2. Mutations were introduced into this segment of dcr! in two steps
using oligonucleotides OL1591 and OL1592 to change GAC to GCA (D908A)
and OL1593 and OL1594 to change GAT to GCA (D1127A), thereby creating
pCES5. The 1254 bp BamHI fragment of pCE5 was used to transform strain
GP6049 (dcr1-1::ura4*) to 5-fluoro-orotic acid resistance to create strain
VT3110. Homologous replacement was confirmed by nucleotide sequence
analysis. The dcr1-1::ura4* allele was made by substituting bp 2,719 through
3,756 of the dcr1 coding sequence with the 1.8-kb Hindlll ura4* fragment
using standard methods (32) and oligonucleotides OL1599 and OL1600.
The dcr1::hph1 allele was constructed by transforming strain TV293 (dcr1::
kanMX6) with the hph1 gene amplified from pCR2.1-hphf1, as described (33);
primers were MD1 and MD2s. Hygromycin-resistant, G418-sensitive trans-
formants were isolated, and the marker substitution was confirmed by PCR.
The mid1-322::his3* allele, in which his3* is inserted 322 bp to the cen3-
distal side of the mid1 (dmf1) ORF (5’ of the ORF), was generated as follows.
A 663-bp fragment of DNA spanning the 626 bp mid7-cwf20 intergenic
region was amplified by a PCR primed with oligonucleotides OL1618 and
OL1621, digested with Hindlll, and inserted into the Hindlll site of pBR322 to
create plasmid pCE7. A Bglll recognition sequence was created in pCE7 to
generate the sequence 5'tcgaAGATCTaagc 3’ using a QuikChange kit (Stra-
tagene) and oligonucleotides OL1619 and OL1620 to create pCE8. (The Bglll
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recognition sequence is in uppercase; the mutated bp are in italics.) The
2,013-bp Bglll fragment of pAF1, containing his3* (34), was inserted into the
Bglll site of pCE8 to create pCE6. Strain GP5872 (his3-D1) was transformed to
His* with the (PCR amplified) 2.7-kb Hindlll fragment of pCE6; a trans-
formant, GP6138, was confirmed to have the expected insertion by PCR and
nucleotide sequence analysis.

DNA Analysis. DSBs were analyzed as described (11). In brief, synchronous mei-
osis of pat7-114 strains was induced by raising the temperature of a nitrogen-
starved (i.e., G1-arrested) culture to 34 °C and restoring nitrogen. At the in-
dicated times after induction, cells were harvested by centrifugation, washed,
embedded in agarose plugs, and treated with lytic enzymes. DNA in the plugs
was partially purified by incubation with proteinase K and digested with Bgll
restriction enzyme. The DNA fragments were separated by pulsed-field gel
electrophoresis and analyzed by Southern blot hybridization, using radioactive
probes complementary to the left and right ends of the Bgl/l fragment spanning
cen3. These probes spanned, respectively, bp 1,061,879 through 1,063,134 and bp
1,152,795 through 1,153,765 of the S. pombe Chr. 3 sequence (http:/Avww.gen-
edb.org/genedb/ContigMap?organism=pombe&name=chromosome3.contig).
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