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Mnd1 Is Required
for Meiotic Interhomolog Repair

ing two rounds of chromosome segregation with a single
round of DNA replication. Homologous recombination,
which occurs during the prophase of meiosis I, physi-
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Institute of Botany correct segregation. Homologous recombination is initi-

ated by DSBs [1, 2], the DNA ends of which invade aUniversity of Vienna
Rennweg 14, A-1030 homologous chromatid for repair. This results in the

formation of various intermediates including D loopsVienna
2 Institute for Protein Research and double Holliday junctions (dHJs), which are resolved

to generate recombinant molecules (which can eitherDepartment of Biology
Osaka University be crossover or noncrossover). Only crossover recombi-

nant molecules allow the physical association of homol-3-2 Yamadaoka
Suita, Osaka 565-0871 ogous chromosomes through chiasmata, and it appears

that pathways leading to crossover or noncrossover re-Japan
combinant molecules diverge early, possibly at the time
of DSB-formation [3].

Once homologous chromosomes are physically linkedSummary
through chiasmata, differential loss of cohesion at chro-
mosome arms, but not at centromeres, triggers the on-Background: While double-strand break (DSB) repair is
set of anaphase I [4]. Meiotic sister chromatid cohesionvital to the survival of cells during both meiosis and
is mediated by the meiotic cohesin complex in whichmitosis, the preferred mechanism of repair differs drasti-
Rec8 (which is able to support protection of centromericcally between the two types of cell cycle. Thus, during
cohesion and meiosis-specific DSB-repair [4, 5]) re-meiosis, it is the homologous chromosome rather than
places the closely related Scc1 protein. While intersisterthe sister chromatid that is used as a repair template.
(IS) repair is dominant during mitosis [6], it is suppressedResults: Cells attempting to undergo meiosis in the ab-
during meiosis [7, 8], presumably because it fails tosence of Mnd1 arrest in prophase I due to the activation
support pairing and reductional segregation of homo-of the Mec1 DNA-damage checkpoint accumulating
logs. During meiotic IH recombination, the strand ex-hyperresected DSBs and aberrant synapsis. Sporulation
change protein Rad51 is assisted by a close meioticof mnd1� strains can be restored by deleting RED1 or
homolog, Dmc1. Biochemical studies have implicatedHOP1, which permits repair of DSBs by using the sister
a second protein, Rad54, which exhibits sequence mo-chromatid as a repair template. Mnd1 localizes to chro-
tives characteristic of Swi/Snf chromatin remodellingmatin as foci independently of DSB formation, axial ele-
factors, in loading Rad51 onto ssDNA [9], D loop forma-ment (AE) formation, and synaptonemal complex (SC)
tion [10], and initiation of repair synthesis [11]. Whileformation and does not colocalize with Rad51. Mnd1
Rad54 is required for IS repair in mitosis [12, 13] anddoes not preferentially associate with hotspots of re-
for the IS-repair pathway of meiotic DSBs [14], Tid1/combination.
Rdh54, another Swi/Snf like protein that physically inter-Conclusions: Our results suggest that Mnd1 acts spe-
acts with Dmc1 [15], is required for most meiotic IHcifically to promote DSB repair by using the homologous
recombination [16]. These examples demonstrate a re-chromosome as a repair template. The presence of
markable distinction between IS- and IH-repair path-Rec8, Red1, or Hop1 renders Mnd1 indispensable for
ways in meiosis.DNA repair, presumably through the establishment of

Progression through meiosis is under the tight con-interhomolog (IH) bias. Localization studies suggest that
trol of DNA-damage checkpoints. Some DNA-damageMnd1 carries out this function without being specifically
checkpoint proteins, including the central checkpointrecruited to the sites of DNA repair. We propose a model
kinase Mec1, are common to both meiotic and mitoticin which Mnd1 facilitates chromatin accessibility, which
checkpoint control, while others such as Pch2 are meio-is required to allow strand invasion in meiotic chromatin.
sis specific. In addition to their role in preventing nuclear
division in the presence of DNA-repair intermediates,Introduction
some checkpoint genes are also required for IH bias
[17, 18].Meiosis is the specialized cell division undergone in

The structure of meiotic chromosomes is critical forsexually reproducing organisms during gamete forma-
DSB formation, repair, and IH bias. After the establish-tion in which chromosome number is halved by combin-
ment of cohesion, various proteins associate with each
pair of sister chromatids to form AEs, important compo-
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Figure 1. DSB Repair and Synapsis Are Im-
paired in mnd1� Cells

(A) Top: DSB assay from DNA extracted from
wild-type (FKY1) and mnd1� (FKY1424) cells.
DSBI and DSBII refer to the main sites of DSB
formation at the HIS4LEU2 hotspot. The bot-
tom shows analysis of recombination prod-
ucts at HIS4LEU2. Abbreviations: P1, paren-
tal 1; R1, recombinant 1; P2, parental 2; R2,
recombinant 2; DSBI and DSBII as above.
(B) Analysis of Zip1 staining. The panels on
the upper right show maximal synapsis of a
nucleus from wild-type (FKY1, left) and one of
mnd1� (FKY1424, right) stained with �-Zip1
antiserum. Arrowheads point to brightly stain-
ing aggregates of Zip1 indicative of aberrant
synapsis. The panels on the bottom show
quantification of these data. 100 nuclei were
scored per time point.

tation (ChIP; S. Prieler, A. Penker, V. Borde, and A.F., in our preparations, the fragments corresponding to un-
unpublished data), we recently discovered that the repaired DSBs show substantial degradation as deter-
physical interaction of Spo11 with DNA is not as specific mined by their diffuse, downward-trailing appearance.
to recombination hotspots in the red1 null mutant as in This phenomenon was also observed in strains mutated
wild-type. As meiosis progresses, AEs of corresponding for either of the RecA homologs DMC1 or RAD51 [25,
pairs of homologs synapse with the help of the transver- 26], suggesting that mnd1� mutants arrest with DSBs
sal filament component Zip1 to form the tripartite SC whose 5� strands undergo extensive degradation. Ex-
structure (reviewed in [19]). tracted DNA was also tested for the formation of recom-

The mechanism governing the preference for IH repair bination-specific restriction fragments [24]. We confirm
during meiotic DSB-repair has yet to be fully understood. earlier reports [22] that the generation of recombination
The S. cerevisiae protein Mnd1 may, however, be part of products is strongly reduced (Figure 1A) but also find a
this system. We first identified MND1 in an S. cerevisiae small degree of residual reciprocal recombination.
functional genomics screen in which genes specifically Synapsis and recombination are interdependent in
expressed early during meiosis were deleted [20]. In this S. cerevisiae and consequently SC formation is strongly
study, we showed that mnd1� cells permanently arrest compromised in mnd1� cells. Although early stages,
in prophase of meiosis I and, furthermore, that this arrest such as nuclei containing Zip1 foci or very short synaptic
can be bypassed by deleting Spo11, hence implicating stretches occur normally, many mnd1� cells arrest with-
Mnd1 in meiotic DSB repair [20]. These findings have out or with immature SCs (Figure 1B). Nevertheless,
since been corroborated [21, 22] and, additionally, a isolated largely synapsed chromosomes can be de-
physical interaction between Mnd1 and Hop2 [21] as tected and sometimes exhibit apparent axis cross-links
well as a failure to repair DSBs in mnd1� cells [21, 22] (Figure 1B). Such interconnections have also been ob-
have been reported. In this work, we present evidence served in several mutants defective in DSB repair such
that Mnd1 is involved in IH recombination in meiosis as mre11S [27], com1/sae2, [28] and hop2 [29]. In these
by allowing repair from the homolog in an environment cases, an increase in nonhomologous synapsis was ob-
coinhabited by IH-bias determinants such as Rec8, served.
Red1, Hop1, and Dmc1.

Mutation of MEC1, but Not of PCH2, AlleviatesResults
the Prophase Arrest of mnd1� Mutants
In order to examine whether the arrest observed inmnd1� Mutants Are Defective in Meiotic DSB
mnd1� mutants was the result of the activation of aRepair and Chromosome Synapsis
DNA-damage checkpoint [30], we deleted the meiosis-The prophase I arrest observed in mnd1� mutants,
specific checkpoint gene PCH2 in mnd1� mutants. De-which could be bypassed by mutation of SPO11 [20],
letion of PCH2 was shown to partially restore nuclearsuggested a role for Mnd1 in meiotic DSB repair. To
divisions in dmc1� cells [31] whose DSB-phenotype isconfirm this, we performed a physical analysis of DSB
similar to that of mnd1� cells [26]. In the SK1 back-formation in mnd1� cells at the well-characterized his4-
ground, deletion of PCH2 indeed restored nuclear divi-LEU2 recombination hotspot [23, 24]. In mnd1� cells,
sion in �24% of dmc1� cells (Table S2), a level lowerDSBs form with normal kinetics, but in contrast to the
than described in the BR strain background [31], butwild-type situation, do not disappear but accumulate,

as previously observed (Figure 1A, [21, 22]). Moreover, hardly in mnd1� cells (�4%). The dmc1� mnd1� pch2�
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Figure 2. The Prophase Arrest of mnd1� Cells Is Bypassed by Mutation of MEC1, RED1, HOP1, and REC8

Nuclear divisions were scored after DAPI staining during meiotic time courses of the indicated strains (dmc1�, FKY1443; mnd1�, FKY1424;
dmc1� mnd1�, FKY2054; mec1-1, FKY1484; mnd1� mec1-1, FKY2050; dmc1� mec1-1, FKY2049; dmc1� mnd1� mec1-1, FKY2051; red1
mnd1�, FKY2117; hop1 mnd1� FKY2118; rec8� PREC8::SCC1 FKY1889; mnd1� rec8� PREC8::SCC1 FKY2134). 100 cells were counted per time
point.

triple mutant behaves identically to the dmc1� pch2� of breaks rather than loss of checkpoint control, as in
mnd1� mec1-1 mutants.double mutant (Table S2), suggesting that the presence

As a measure of break formation and persistence,of Dmc1 on DSB ends accounts for some of the arrested
we analyzed the distribution of Rad51 foci in MND1,mnd1� pch2� cells.
spo11�, mnd1�, mnd1� mec1-1, mnd1� red1, andWe also mutated MEC1, which encodes a highly con-
mnd1� hop1 double mutants during meiotic time coursesserved protein kinase whose function is required for
(Figure 3). In the absence of exogenous damage, the ap-most DNA-damage checkpoints (reviewed in [32]) in
pearance of Rad51 foci is dependent on meiotic DSBmnd1� mutants in yeast. Without functional Mec1
formation, and several observations support the view�75% of the cells exited the mononucleate stage in
that foci correspond to sites of functioning recombina-dmc1�, mnd1� and dmc1� mnd1� strains by 24 hr in
tion complexes [2, 36–39]. Less than one Rad51 focussporulation medium (SPM) (Figure 2A). However �50%
was detected on average in spo11� cells at 4 hr inof progressive dmc1� mec1-1 cells and over 80% of
meiosis, demonstrating that Rad51 foci depend on mei-both mnd1� mec1-1 double and dmc1� mnd1� mec1-1
osis-specific DSBs. In MND1 and mnd1� cells, Rad51triple mutant cells underwent nuclear fragmentation
foci appear with similar kinetics, suggesting that early(Figure 2A). Fragmentation probably derives from at-
steps of repair, including Rad51 filament formation, aretempts to segregate fragmented, improperly attached
not affected in mnd1� mutants. However, while Rad51chromosomes as 70% of mnd1� mec1-1 cells pro-
foci appear only transiently and in intermediate numbersceeded to form anaphase spindles by 10 hr. In contrast,
in wild-type, they accumulate in mnd1� mutants withmnd1� single mutants arrest with a prophase I spindle.
the majority of nuclei containing more than 50 foci afterWe conclude that the majority of mnd1� cells arrest in
10 hr in SPM. No nucleus containing more than 50 fociprophase I due to a DNA-damage checkpoint mecha-
was observed in wild-type.nism dependent on Mec1.

Levels of Rad51 foci in the mnd1� red1 double mutant
reached 42% of those in the corresponding wild-type

Interfering with Meiosis-Specific Chromosome control. A similar reduction was observed by Shinohara
Structure and DSB-Repair Mechanisms et al. for the red1 single mutant [38], consistent with our
Allows Sporulation of mnd1� Mutants observation that Mnd1 has no role in break formation.
It has been shown that the prophase arrest observed in More importantly, the transient occurrence of Rad51
several mutants defective for meiotic DSB-repair can foci in both the mnd1� red1 and the mnd1� hop1 double
be bypassed by deleting the AE protein-encoding genes mutant (Figure 3B) supports the idea that breaks be-
HOP1 or RED1 (for example, [33–35]; reviewed in [30]). come repaired in these cells. mnd1� mec1-1 double
We found that meiotic nuclear division and spore forma- mutants illustrate that Rad51 foci persist in a check-
tion is also restored to wild-type levels in the absence point-defective situation. Figure 3A shows also exam-
of Red1 or Hop1 in mnd1� cells (Figure 2B). The bypass ples of anaphase I nuclei from different mutants. If the
of the prophase arrest observed in mnd1� hop1 or mnd1� arrest was suppressed by mec1-1, anaphase I
mnd1� red1 double mutants did not produce frag- nuclei contained high levels of Rad51 foci. In contrast,

red1 or hop1 anaphase I nuclei contained no foci. Resid-mented nuclei, suggesting that it involves elimination
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of recombination. We determined the spore viability of
mnd1� red1 spo13 strains to be �16% (n � 40) and
thus, similar to that of red1 spo13, �25% (n � 40).
This indicates that Mnd1 is not essential to repair the
significant subset of DSBs that still occur in the red1
spo13 strain, which is estimated to be about 40% that
of the wild-type, as judged by Rad51 foci (Figure 3) and
physical analysis [40]. mnd1� spo13 cells, in contrast,
do not sporulate at all. The hop1 mutation had an analo-
gous effect similar to red1. Neither red1 nor hop1 res-
cues spore viability in a rad52 spo13 double mutant [35],
indicating that the reduced initiation of breaks alone
is not responsible for the suppression. These results
indicate that deletion of hop1 or red1 allows DSB repair
to proceed, probably via a mitosis-like IS-exchange
pathway independent of the meiosis-specific repair ma-
chinery. Evidence for the existence of such a pathway
comes from the physical analysis of dHJ repair interme-
diates [7, 8, 41] and genetic analyses of mutant strains
[35, 41]. If Mnd1 were specific to the IH-repair pathway,
deletion of HOP1 or RED1 would largely suppress repair
defects in mnd1�.

Rad54 has been specifically implicated in the IS-repair
pathway [14, 42], and its overexpression partially res-
cues sporulation in dmc1� mutant cells [41], presumably
by channeling DSB-repair into the IS pathway. Overex-
pressing RAD54 in the dmc1� and mnd1� single and
dmc1� mnd1� double mutants revealed that restora-
tion of sporulation in mnd1� cells required the absence
of Dmc1 (Table S2). We interpret the selective effect of
Rad54 overexpression as a result of its stimulation of
IS repair and suggest that the presence of IH-specific
Dmc1 at DSB sites, but not of Mnd1, may interfere with
successful Rad54-mediated IS repair.

Why is Mnd1 required for repair specifically during
meiosis? Although Scc1 is able to support cohesion
during meiosis I [43], only the incorporation of Rec8
instead of Scc1 in the cohesin complex during premei-
otic S phase guarantees full functionality in recombina-
tion and segregation. To test whether Mnd1 is specifi-
cally required for DNA repair in the presence of Rec8, we
expressed Scc1 during meiosis from the REC8 promoter
[43] in an mnd1� rec8� mutant background. More than
50% of cells completed at least the first meiotic division

Figure 3. Rad51 Foci Accumulate in Nuclei from mnd1� or mnd1� by 10 hr in such a strain, although with slower kinetics
mec1-1 Cells, but Not in mnd1� red1 or mnd1� hop1 Double Mu- than wild-type cells (Figure 2). Such cells accumulate
tants Rad51 transiently to a greater extent than wild-type
(A) Typical examples of nuclei of wild-type or different mutants, cells, suggesting that repair intermediates may be
stained with �-Rad51 antiserum 4 hr after induction of meiosis. turned over more slowly. However, the number of foci
spo11� (negative control), wild-type (FKY1), mnd1� (FKY1424), red1

eventually decreases and at least the fraction of cellsmnd1� (FKY2117), mnd1� rec8� PREC8::SCC1 (FKY2134), and hop1
that undergoes anaphase I contains no or very fewmnd1� (FKY2118). In the third row, typical examples of anaphase
Rad51 foci on the chromatin (Figure 3). Instead, a singleI nuclei are depicted (mnd1� mec1-1 [FKY1890]). Zip1 was only

labeled in the spo11� strain to demonstrate the absence of Rad51 accumulation of Rad51 signal can be located in each
foci in nuclei, which express a meiosis-specific protein normally. daughter nucleus or in the middle between them, sug-
(B) Statistical analysis of the distribution of foci from these experi- gesting that it may correspond to a deposit of super-
ments is presented in the panels below. 100 nuclei were scored for abundant material. We summarize that replacement of
each time point.

Rec8 by Scc1 improves meiotic progression in mnd1�
strains without causing massive nuclear fragmentation

ual Rad51 label often appeared as isolated blobs, mostly or persistence of Rad51 foci past anaphase I.
associated with DAPI-negative areas.

If breaks were indeed repaired in mnd1� red1 (or Mnd1 Foci Do Not Colocalize with Zip1 or Rad51
mnd1� hop1) mutants, the production of some viable and Form in the Absence of Premeiotic S Phase
spores would be predicted if cells carry an additional In order to investigate whether Mnd1 is a chromatin-

associated protein, we constructed a strain carrying thespo13 mutation, which restores viability in the absence
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Figure 4. Mnd1 Localizes to Meiotic Chro-
mosomes in the Form of Foci

(A–D) Spread meiotic nuclei were prepared
from an MND1::HA3 strain (FKY1800) and
stained with antibodies against the HA epi-
tope and Zip1. DAPI staining is only included
in the merged panels of (A) and (B). Arrows
in (C) indicate Zip1 polycomplex with Mnd1
aggregates attached. Arrows in (D) indicate
nucleolar and rDNA region.
(E) Quantification of Zip1 and Mnd1 stages.
50 nuclei were scored per time point.

MND1 gene fused C-terminally to three copies of the teins appear with similar kinetics, Mnd1 disappears
slightly later (Figure 4E). After 2 hr in SPM, the majorityhemagglutinin (HA) epitope at its original locus. This

construct fully rescues the mnd1�-specific prophase of nuclei already contained more than ten Mnd1 foci.
The number of Mnd1 foci increased as meiosis pro-arrest (data not shown) and yields viable spores. Nuclear

spreads were prepared from this strain and stained with gressed and peaked at the 6 hr time point with �80%
of nuclei containing more than 40 Mnd1 foci. SC-con-antibodies against both the HA epitope and Zip1. Con-

sistent with the finding that the MND1 transcript is ab- taining cells also peaked at this time point, and 65%
of cells were mononucleate. However, a significantlysent from mitotic cells [20], Mnd1 staining was not ob-

served above background levels at the 0 hr time point higher proportion of cells contained many Mnd1 foci
than contained long stretches of SC at any time point,in SPM (Figure 4A). As cells enter meiosis, Mnd1 appears

on chromatin as distinct foci (Figures 4B–4D), which are indicating that the period of high Mnd1 foci numbers
starts well before pachytene.most abundant during pachytene and decrease during

the subsequent meiotic divisions (Figure 4E). Early Mnd1 If Mnd1 worked at the site of meiotic strand exchange,
it might colocalize with Rad51 and Dmc1. To test this,foci do not colocalize with Zip1 (Figures 4B and 4C).

Wild-type cells appear quite heterogeneous as some of meiotic spreads of the MND1::HA3 strain were stained
with antibodies against Rad51 (or Dmc1) and the HA-the nuclei show greater accumulations of Mnd1 staining,

which appear as brighter blobs (Figure 4C). Analysis of epitope and analyzed (Figure 5A). We only rarely ob-
served colocalization of both labels, consistent withpachytene nuclei showed that Mnd1 is present in the

nucleolus and the rDNA region (arrows in Figure 4D). random overlaps. We do not, however, exclude that a
fraction of Rad51 (or Dmc1) foci may align side by sideIn order to assess the localization dynamics of Mnd1,

50 randomly selected nuclei from each time point were with Mnd1 foci. Overall, the observation strongly sug-
gests that Mnd1 does not associate specifically with theanalyzed for Mnd1 and Zip1 staining. While both pro-
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spo11, hop1, hop2, red1, dmc1, zip1, and zip2 mutants,
we confirmed earlier observations that association of
Mnd1 with meiotic chromatin requires Hop2, but not
Spo11 (Figure 5B) and [21], except that in our hands,
Mnd1 forms foci on chromatin. This is in marked contrast
to Rad51, Dmc1, and Rpa1, which all require DSBs for
their localization as foci [37, 44]. We further find that
neither the AE proteins Hop1 and Red1 nor Zip1, Zip2, or
Dmc1 are required for Mnd1’s localization on chromatin
(Figure 5B and data not shown). We therefore conclude
that interaction of Mnd1 with chromatin is independent
of DSB formation and repair as well as axis formation
and synapsis.

Premeiotic S phase differs from mitotic S phase by
the loading of meiosis-specific proteins onto chromatin
(reviewed in [45]). Rec8, the meiosis-specific cohesin
subunit [4, 5], associates with chromatin and establishes
meiotic sister chromatid cohesion. Lack of Rec8 causes
accumulation of unrepaired meiotic DSBs very similar
to that caused by lack of Mnd1. However, Mnd1 foci
are correctly formed in the rec8� mutant. Finally, we
utilized a clb5� clb6� double mutant strain to examine
Mnd1-foci formation in a mutant defective in the initia-
tion of premeiotic S phase [46]. Deletion of Clb5 and Clb6
abolishes meiotic DSB-formation and severely affects
meiotic chromosome morphogenesis [47]. However, the
distribution of Mnd1 foci appears to be essentially un-
changed (Table S3). We did notice a subtle change in
the pattern of Mnd1 localization in mutants with defects
in synapsis. The nuclei had a more uniform appearance
with regular-sized foci and showed one or several accu-
mulations of foci, which almost always coincided with
the presence of one or several Zip1 polycomplexes
(PCs) (Figure 4C). However, the frequency of such accu-
mulations of Mnd1 remains unaffected by deletion of
ZIP1 (data not shown), suggesting that the two aggre-
gates have no causal relationship with each other.

Mnd1 Does Not Preferentially Associate
with Hotspots of Meiotic Recombination
The observation that Mnd1 foci colocalize neither with
Rad51 nor with early Zip1 foci suggests that the essen-
tial function of Mnd1 is physically or temporally removed
from the strand transfer reaction. Quantitative chromatinFigure 5. Mnd1 Does Not Colocalize with Rad51 nor Does It Differ-

entiate Strongly between DSB Hot and Cold Regions immunoprecipitation (ChIP), using Mnd1-HA as the bait,
(A) Typical example of a spread nucleus of strain FKY1800 was used to ascertain whether Mnd1 preferentially binds
(MND1::HA3) stained with antibodies against the HA-epitope and to hotspots of meiotic recombination. We used two pairs
Rad51. of primers, one immediately adjacent to the recombina-
(B) Association of Mnd1 with meiotic chromatin is independent of

tion hotspot close to YCR047c [48] (hot region) and oneDSB, AE, and SC formation. An example of a spread meiotic nucleus
from a centromere proximal region of chromosome IIIstained for Mnd1-HA is shown (A) for a spo11� MND1::HA3
(YCR011c) that is known for an absence of recombina-(FKY2017), a red1 MND1::HA3 (FKY2001), a hop1 MND1::HA3

(FKY2002), and a zip2� MND1::HA3 strain (FKY2004). tion and DSBs [49, 50] (cold region). The amount of
(C) Mnd1 associates with DSB hot and cold regions to a similar precipitated template was determined by quantitative
extent. Quantification of DNA from different strains by real-time PCR PCR and calibrated against a dilution series of template
after coprecipitation with Mnd1-HA in two regions. The hot region

DNA before precipitation (whole-cell extract, WCE) atis immediately adjacent to the YCR047c recombination hotspot,
three different time points: 0, 4, and 6 hr after transfer towhile the cold region is from YCR011c known for an absence of
SPM. A strain lacking the HA-tag was used as negativeDSBs (for technical details see Experimental Procedures). Three

different time points were analyzed. control. It can be seen that Mnd1-HA associates with
DNA in a time-dependent manner at both hot and cold
regions but that there is no strong preference for binding
at hot regions (Figure 5C). In contrast to Mnd1-HA,sites of meiotic strand exchange at the same time as

Rad51 and Dmc1. Spo11-MYC discriminates strongly between the two
templates, yielding values of up to 7-fold over untaggedWhen we analyzed the localization of Mnd1-HA in
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for the hotspot but only up to 1.2-fold for the cold region ings that a minor pathway for homolog interaction oper-
ates in the absence of Mnd1 [21]. We show that up to(S. Prieler, A. Penker, V. Borde, and A.F., unpublished

data). A similar result was obtained for another pair of 90% of the cells eventually contain more than 25 Rad51
foci (Figure 3B), indicating that Mnd1 is required forloci, YDR187c and YBR294w, a recombination active

and an inactive region, respectively [50] (data not Rad51 focus disassembly. Dmc1 foci accumulate in
mnd1� meiosis in a similar manner (data not shown).shown). Chromatin binding was absolutely dependent

on the presence of Mnd1’s partner Hop2, but not on Thus, Mnd1 may be required after loading of RecA ho-
mologs but before formation of a stably paired structurecohesin (Rec8) or DNA replication (Clb5, Clb6). However,

we noted a reproducible increase of coprecipitated DNA that prevents excessive 5� end resection.
and an increased difference between hot and cold re-
gions in the rec8� mutant (Figure 5C). Foci Formation of Mnd1 Is Independent

We summarize that Mnd1’s association with chroma- of Premeiotic S Phase
tin is not limited to meiotic recombination hotspots is Immunocytological analysis of spread meiotic nuclei de-
independent of most meiosis-specific processes and rived from a strain carrying a functional HA epitope-
occurs even in the absence of premeiotic S phase. More- tagged version of Mnd1 revealed that Mnd1 localizes
over, the absolute requirement of Mnd1 for meiotic divi- to meiotic chromosomes as foci (Figure 4). This con-
sions is bypassed by replacing the meiotic cohesin trasts with a previous report that Mnd1 tagged with
apparatus with a more mitosis-like version and by pro- green fluorescent protein (GFP) globally associates with
motion of IS-repair pathways. Hence, we propose that chromatin in a manner reminiscent of DAPI staining [21].
Mnd1’s activity to allow DSB repair only becomes essen- This discrepancy could reflect a higher resolution of
tial in the specific chromatin environment of meiosis, detection with Mnd1-HA as opposed to Mnd1-GFP or
which promotes IH bias. a difference in the applied preparation technique. How-

ever, even when we omitted any detergent from our
spreading protocol to eliminate the major risk of losingHuman Mnd1 Is Ubiquitously Expressed

BLAST searches against Genbank using the protein se- antigen from the preparation, the staining pattern re-
mained focal in most spread cells. Only pachytene chro-quence of S. cerevisiae Mnd1 yielded homologous pro-

teins in Encephalozoon cuniculi, Schizosaccharomyces mosomes sometimes appeared to be covered by foci
that could not be further resolved. We therefore believepombe, Arabidopsis thaliana, Mus musculus, and Homo

sapiens (Figure S1). The presence of MND1 in the gene- that for the large majority of cells, the focal pattern very
likely reflects the in vivo localization of our construct.poor genome of E. cuniculi highlights the importance of

its function. That Mnd1-HA was resolved as well-separated foci al-
lowed us to determine that Mnd1 foci do not colocalizeTo gain an overview of the expression patterns of

HsMND1, cDNA libraries from various human tissues extensively with Zip1, Dmc1, or Rad51 foci.
Formation of Mnd1 foci on chromatin was indepen-were analyzed by PCR for the presence of the HsMND1.

The expression of ubiquitously expressed �-actin was dent of DSB, AE, and SC formation and did not require
cohesin or premeiotic DNA-synthesis. If Zip1 polycom-used as a control. HsMND1 was expressed in every

tested tissue at varying levels (Figure S1), the weakest plexes were formed, aggregates of Mnd1 were generally
found associated with them (Table S3). However, aggre-expression level being detected in peripheral leuko-

cytes. The strongest PCR products were obtained from gates of either gene product occur frequently in strains
deleted for the other gene, suggesting that the two ag-tonsil, thymus, fetal liver, and lymph node cDNA samples

(Figure S1). As the level of �-actin expression was gregates have no causal relationship with each other.
Rather there might be a tendency to cohabitate the sameroughly equal in all tested tissues, the pattern of

HsMND1 expression levels are likely to reflect true differ- nuclear compartment (possibly the nucleolus). The find-
ing that Mnd1 coprecipitated both hotspot and coldspotences in transcript abundance in the various tissues.

The fact that Mnd1 is not exclusively expressed in the DNA in a meiosis-specific manner suggests that also
Mnd1 foci may not differentiate between regions hot orgermline raises the possibility that Mnd1 has acquired

additional functions in somatic tissue. cold for recombination.

Mnd1 Operates in a Pathway SpecificDiscussion
for IH Recombination
Establishment of meiotic sister chromatid cohesion bymnd1� Is Defective in Meiotic DSB Repair

and Activates the Mec1-Dependent Rec8 is an important step in setting up meiosis-specific
chromatin. Replacing Rec8 by its mitotic counterpartDNA-Damage Checkpoint

Our physical analysis of recombination intermediates Scc1 by expressing Scc1 from the REC8 promoter
(PREC8::SCC1) substantially improves the ability of mnd1�confirms earlier results that mnd1� cells are defective

in the repair of meiotic DSBs [21, 22]. Furthermore, we cells to progress through meiosis (Figure 2). Rad51 foci
accumulate transiently but eventually disappear in thoseobserved the accumulation of intermediates with strongly

resected DSB-ends (Figure 1A). Since the Mec1-depen- cells that undergo anaphase I (Figure 3A), suggesting
that a repair pathway is operating. The fact that cell cycledent DNA-damage checkpoint is thought to respond to

ssDNA [51], the tight arrest may well be a consequence progression is not fully restored in the double mutant is
most likely due to the inefficiency of rec8�PREC8::SCC1of this massive production of ssDNA. The existence of

residual crossovers (Figure 1A) also corroborates find- MND1 cells in meiotic DSB repair, since the sporulation
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of this strain can be restored to �80% by deleting SPO11
[43]. The absence of Mnd1 may even improve repair,
as deletion of MND1 improves nuclear division in the
rec8�PREC8::SCC1 strain background (Figure 2).

One explanation for the suppression of arrest in
mnd1� cells by replacement of REC8 by SCC1, is that
the requirement for Mnd1 in meiotic DSB repair is largely
bypassed. This raises the possibility that Mnd1 func-
tions specifically within the environment of Rec8-depen-
dent meiotic chromosome organization. The decrease
of Rad51 foci in PREC8::SCC1 nuclei suggests that these
cells are able to eliminate some of the breaks, albeit
inefficiently. In contrast, Rad51 foci persist much longer
in mnd1� mec1-1 nuclei.

Rec8 is also required for formation of the AE and
localization of the AE proteins, Red1 and Hop1 [5]. Dele-
tion of either RED1 or HOP1 has been shown to alleviate

Figure 6. Local Inhibition Model for IH Biasthe meiotic arrest observed in many recombination-defi-
cient mutants such as rad50S and dmc1� [35, 41]. Simi- Two segments of chromatid pairs are shown, the right one displaying

a DSB loaded with Dmc1. Mnd1 seems to antagonize structurallarly, disruption of either HOP1 or RED1 completely re-
constraints caused by Red1 and other axes components and thusstored nuclear divisions and spore formation of the
keeps the chromosome available for Dmc1-dependent repair. Inhibi-mnd1� mutant (Figure 2B). What is the mechanistic ba-
tion of Mnd1 (or a cooperating protein) on both chromatids close

sis of this bypass? It has been shown [7] that Red1 plays to a DSB would exclude the sister chromatid locally from serving
a key role in establishing interhomolog bias for dHJs. as a repair template. Local signal transmission between the DSB and
Deletion of RED1 reduces the number of initiating breaks Mnd1 could, for instance, be explained by the segmented tension

release model [55].and the number of IH-dHJs but hardly affects IS-dHJs.
This suggests that the subset of breaks that depend on
Red1 is predetermined for IH repair. The remaining DSBs

with their being repaired (Figure 3). Hence, Mnd1 asshow little preference for either repair template. The
Dmc1 is most likely involved in the IH-specific repairdmc1� and dmc1� red1 double mutants were also ana-
pathway.lyzed [7]. In the dmc1� mutant, DSBs accumulate and

Differences between mnd1� and dmc1� phenotypesbecome hyperresected while repair intermediates fail to
do, however, exist. In the BR strain background (but notappear, indicating that Dmc1 is essential for repair under
in SK1) the dmc1� mutation is less efficient in triggeringwild-type conditions. Importantly, in the red1 dmc1�
DNA damage arrest compared to mnd1� [53]. Suppres-double mutant, repair is restored, albeit only IS repair.
sion of spore inviability of a hop2� BR strain by overex-DSBs disappear in the red1 dmc1� double mutant as
pression of Rad51 is greatly improved by additional de-in wild-type, while IS-dHJs, but not IH-dHJs, appear [7].
letion of Dmc1 [53]. Similarly, overexpression of RAD54Thus, Red1 represses IS repair in dmc1� mutants and
supports nuclear divisions in mnd1� mutants if DMC1Dmc1 promotes IH repair in red1 mutants [7, 52].
is deleted (Table S2). Finally, the deletion of PCH2, aBypass of the meiotic prophase arrest of mnd1� cells
gene assigned to the pachytene checkpoint [31], alsoby disruption of red1 (or hop1) could be similar to that
allows nuclear divisions in mnd1� mutants but only inof dmc1� cells. The red1 mutation may allow Mnd1-
the absence of DMC1 (Table S2). Taken together, theseindependent repair from the sister template, as viable
observations suggest that specifically Dmc1-dependentspores are obtained in mnd1� red1 spo13� cells,
processes require the assistance of Mnd1 and that thewhere the requirement for reductional segregation is
absence of Dmc1 allows alternative routes. Mnd1 maybypassed. These results are best explained by assuming
thus be essential for the repair of DSBs that are boundthat the axis components Red1 and Hop1 prevent repair
for IH repair through mechanisms dependent on Rec8,from the sister chromatid in the mnd1� mutant, similar
Red1, Hop1, and Dmc1.to Red1’s effect on dmc1� mutants.

It has also been put forward that mutation of HOP1
A Model for the Function of Mnd1or RED1 interferes with the DNA-damage checkpoint
To date, two models for the function of Mnd1 have been[30], which would provide an alternative explanation for
proposed. The first model suggests that Mnd1 might bethe bypass of the prophase I arrest in mnd1� cells when
directly involved in recombination as a cofactor of Dmc1HOP1 or RED1 are mutated. While the two genes may
[22], whereas the second model envisions a role forbe required for full checkpoint response, solely eliminat-
Mnd1 in aborting interactions between nonhomologousing a checkpoint arrest is not expected to improve the
chromosomes [21]. While we agree with certain aspectsviability of mnd1� spo13 cells. Eliminating the central
of both models, we present a slightly different view in-checkpoint gene MEC1 in mnd1� cells caused massive
corporating our additional data (Figure 6). Mnd1 clearlynuclear fragmentation, a feature not observed in red1
assists Dmc1-dependent processes, but it is unlikelymnd1� or hop1 mnd1� cells. In addition, in contrast to
that Mnd1 binds specifically at sites of strand exchange.the situation in the mnd1� mec1-1 double mutant,
The formation of Mnd1 foci on chromatin is independentRad51 foci appear in red1 mnd1� or hop1 mnd1� double

mutants but disappear before anaphase I, consistent of DSBs ([21], Figure 5), while the localization of factors
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involved directly in the recombination process, such as work will be required to decide between this and alterna-
tive models.Dmc1, Rad51 [44], Rad52, and RPA [37] usually depend

on DSBs. Furthermore, Mnd1 foci do not colocalize with
Rad51 or Dmc1 (Figure 5A), while all the biochemically

Experimental Proceduresactive, strand exchange-mediating proteins tested so
far show a significant degree of colocalization with Yeast Strains, Genetic Manipulation, and Meiotic
Rad51 [37, 44, 54]. Finally, Mnd1 precipitates similar Time-Course Experiments and Physical Assays

All strains used were isogenic to the SK1 strain background withamounts of DNA from regions close to and remote from
the following exceptions: The mec1-1 mutant strains were derivedhotspots of DSB formation in ChIP-experiments (Figure
from David Lydall’s original strains [56] and were backcrossed at5C). We therefore favor a model in which Mnd1 acts on
least six times into SK1. The mec1-1 strains are kept alive by anchromatin structure, but not necessarily at the hotspot
unlinked suppressor of lethality of mec1 (smlX). The zip2 mutant

to facilitate strand invasion. Although we acknowledge was derived from the BY strain background and was backcrossed
Mnd1’s role in preventing nonhomologous alignments, three times with pure SK1 strains. Epitope-tagging and gene-dele-

tion procedures were carried out by using a PCR-based homologousthis property could be a consequence of its strand inva-
integration approach [20, 57] and confirmed by PCR and Southernsion-promoting activity, as we have observed similar
blotting. A full list of strain genotype details is available in the Supple-increases in nonhomologous interactions in mre11S [27]
mental Data (Table S1). Standard yeast growth, crossing, and trans-and in com1�/sae2� cells [28], which fail to undergo
formation procedures were used. Except for the strains carrying

any strand invasion. Thus, we think it is possible that pFAT4-RAD54, sporulation time courses were carried out as de-
chromosome axes eventually synapse by default in scribed previously [27]. Strains carrying pFAT4-RAD54 were taken

from selective plates lacking leucine and resuspended directly inyeast and that homolog alignment normally precedes
SPM. DSB and recombination product assays were performed asthis process. Many genes required for homolog align-
described previously [5].ment could, in such a scenario, contribute to preventing

nonhomologous alignment.
Evidence in S. cerevisiae points to a role of Mnd1 Cytology

specifically in IH-DSB repair. In meiosis, only interac- Spread meiotic nuclei were prepared and stained as described [27].
The following primary antibodies were used: mouse �-HA (16B12,tions with the homologous chromosome are productive
1:1500), rabbit polyclonal �-Zip1 (1:50), and rabbit polyclonalin pairing and in the formation of chiasmata, essential
�-Rad51 (1:300). Secondary antibodies were goat �-mouse-CY3for the segregation of homologous chromosomes at
conjugate (1:200, Dianova), goat �-rabbit-FITC conjugate (1:100,anaphase I. The mechanisms, which prevent repair from
Sigma), goat �-rabbit-CY3 conjugate (1:250, Amersham), and goat

the sister chromatid and promote the homolog as a �-rabbit-Alexa488 conjugate (1:200, Molecular Probes). Images were
repair template, thus contributing to IH bias (reviewed taken with a Zeiss Axioskop fluorescence microscope equipped

with a Photometrics CH250A b/w CCD camera. All pictures werein [55]), have yet to be understood in detail. As DSBs
captured with 250� magnification using IPLab 3.0 software (Scana-occur at random and every DSB defines its sister chro-
lytics), which was also used for analysis. In order to minimize pixelmatid locally, such a system is likely to ultimately be
shift between different channels, the Pinkel set arrangement wasunder the local control of the DSB. Nonetheless, it may
used for colocalizations in which only excitation filters, positioned

largely consist of global components, which favor or very close to the light source, were switched, while a single multi-
disfavor genetic interactions in general. We propose wavelength filter emission filter remained untouched.
that the Mnd1/Hop2 complex is such a global, positive
regulator of recombination (Figure 6). Moreover, we be-

ChIPlieve that the Red1- and Hop1-dependent axial struc-
The protocol for this method is based on [58] with modificationstures generally inhibit DSB-repair by exerting structural
according to S. Prieler, A. Penker, V. Borde, and A.F., unpublished

constraints on strand invasion. In addition to this nega- data. Deviating from this protocol, crosslinking of meiotic samples
tive role, Red1 and Hop1 also facilitate the introduction (2 � 109 cells) was done in 1% formaldehyde for 30 min at 25�C.

For the IP of Mnd1-HA, we used 12CA5 mouse �-HA antibody inof breaks bound for IH repair. Mnd1/Hop2 may antago-
combination with coated magnetic beads (Pan Mouse IgG Dyna-nize the negative Red1/Hop1-dependent constraint by
beads, Dynal).a mechanism possibly involving the enhancement of

chromatin accessibility. The presence of Mnd1/Hop2
could, for instance, favor underwound DNA, which Quantitative PCR
would facilitate D loop formation at the repair template. Quantification of precipitated DNA was performed by real-time PCR
As both Mnd1 and Hop2 [29] localize to chromatin inde- by using primer pair 713/714, located 61bp upstream of the DSB

site of the YCR047 hotspot (713, 5�-CCGCAGAAGCCAACAAACGG-pendently of DSBs, they are likely to exert a genome-
3�; 714, 5�-CTTTCGGTGGAACCTCGACC-3�) and by using primerwide positive effect. However, local control could be
pair 794/795, located within YCR011, from a region showing littleintroduced if Mnd1/Hop2 were inhibited or displaced in
or no localized DSBs (794, 5�-GGTGATGATTGCTCTCTGCC-3�; 795,

DNA regions close to a DSB on both chromatids (Figure 5�-CGTCACAATTGATCCCTCCC-3�). Real-time PCR was done with
6). The DSB could propagate its signal along the chro- an ABI 7000 (ABI Prism) by measuring SYBR Green incorporation
matin by stress release, a mechanism suggested by with the SYBR Green JumpStart Taq Ready Mix (SIGMA) and follow-

ing the instructions of the manufacturer. Calculation of precipitatedZickler and Kleckner [55] to explain other phenomena.
DNA: a series of 10-fold dilutions obtained from DNA of the WCEIf propagated via a physical bridge, the inhibitory signal
of t � 0 was used to calibrate amplification curves for the primerwould not reach the homolog and as a consequence,
pairs for every strain, with DNA of 1 	l out of 470 set to 10,000.Mnd1/Hop2 would keep the homolog accessible for re-
After the IP (of 470 	l) 10% of the precipitated DNA was quantified

pair. The described model proposes a strand invasion- in duplicate and averaged. IP samples of all time points were quanti-
promoting role for Mnd1 specifically on the donor chro- fied by using the calibration curve determined with WCE (t � 0) and

finally normalized by multiplication with WCE(0)/WCE(t).matid, which acts as the repair template, but further
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