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Meiotic double-strand breaks (DSBs) are formed by Spoll
in conjunction with at least nine other proteins whose
roles are not well understood. We find that two of these
proteins, Rec102 and Rec104, interact physically, are mu-
tually dependent for proper subcellular localization, and
share a requirement for Spoll and Ski8 for their recruit-
ment to meiotic chromosomes, suggesting that they work
together as a functional unit. Rec102 associated exten-
sively with chromatin loops during leptotene and zygo-
tene and showed preferential binding in the vicinity at
least of most DSB sites, consistent with a direct role in DSB
formation. However, Recl02 was associated with both
DSB-hot and DSB-cold regions, ruling out a simple model
in which sites of DSB formation are dictated by where
Rec102/104 complexes load. Both proteins persisted on
chromatin until pachytene before abruptly disappearing,
indicating that they remain on chromosomes well after
DSB formation. These studies reveal unexpected behaviors
for Rec102 and Recl04, and point to distinct roles and
subcomplexes among the DSB proteins.
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Introduction

Meiotic recombination proceeds through the formation and
repair of DNA double-strand breaks (DSBs) and is coordi-
nated with changes in higher order chromosome structures.
This coordination is essential because reciprocal DNA ex-
changes are only one part of the physical connections be-
tween chromosomes (known as chiasmata) essential for
accurate segregation in the first meiotic division: sister chro-
matid axes must also be locally separated and the axes of
recombinant nonsister chromosomes must be reciprocally
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exchanged (Zickler and Kleckner, 1999; Blat et al, 2002).
This ensemble of local DNA exchange and higher order
chromosome structures works along with sister chromatid
cohesion to ensure that homologous chromosomes remain
associated until anaphase I.

Meiotic chromosomes are organized into linear arrays of
chromatin loops. The loop bases and associated proteins
define a structural axis for each chromatid. Sister chromatid
axes are closely joined and, at pachytene, are synapsed with
the axes of the homologous sister pair, via the central element
of the synaptonemal complex (SC). Cohesins bind preferen-
tially to AT-rich sequences distributed regularly along the
chromosome (Blat and Kleckner, 1999; Tanaka et al, 1999)
and are components of the chromosome axis (Klein et al,
1999; Eijpe et al, 2000, 2003; Pelttari et al, 2001). These and
other considerations lead to the conclusion that cohesin-
associated DNA sequences define the bases of the loops.
Meiotic DSBs occur preferentially in the sequences between
cohesin binding sites, and are thus considered to be in the
chromatin loops (Blat et al, 2002), but the recombinosomes
that carry out recombination are intimately associated with
the axes (Moens et al, 1998). One way to reconcile these facts
is to propose that protein-DNA complexes at DSB sites in
chromatin loops are recruited to the axis, either as a condi-
tion for DNA cleavage or after DSB formation (Zickler
and Kleckner, 1999; van Heemst and Heyting, 2000). Thus,
the axis/loop organization of meiotic chromosomes defines
one level of spatial organization for DSB formation and
repair.

A second level of spatial organization is that chiasmata
form preferentially in chromosome domains that correspond
to GC-rich isochores, or ‘R-bands’ (Ashley, 1988; Holmquist,
1992; Eisenbarth et al, 2000; Kong et al, 2002). Much of this
positional bias for recombination is dictated during DSB
formation in yeast (Baudat and Nicolas, 1997; Gerton et al,
2000; Blat et al, 2002). This bias represents a large-scale
position effect, because a recombination reporter placed at
different positions takes on the properties of its location:
insertions into cold regions give low DSB levels and inser-
tions into hot regions give high DSB levels (Wu and Lichten,
1995; Borde et al, 1999).

DSB formation is catalyzed by Spoll, a relative of archaeal
topoisomerases. Spoll is widely conserved, but it does not
act alone: in Saccharomyces cerevisiae at least nine other gene
products are also required for DSB formation (reviewed in
Keeney, 2001). The list of DSB genes comprises a meiosis-
specific set (SPO11 itself plus REC102, REC104, REC114, MEI4,
and MER2); a group of genes also involved in DSB repair and
other functions in vegetative cells (RADS0, MREI1, and
XRS2); and a gene with roles in cytoplasmic RNA metabolism
(SKI8/REC103). In addition, DSB formation is reduced in
mutants lacking either of two structural components of
meiotic chromosomes, Redl and Hopl (reviewed in Keeney,
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2001). This requirement provides strong evidence that activ-
ity of the DSB machinery is coordinated with higher order
chromosome structures.

Because of the integration of recombination with other
aspects of chromosome structure and dynamics, it is impor-
tant to understand not only the interactions that connect the
DSB proteins to one another, but also the temporal and
spatial patterns that govern their association with meiotic
chromosomes. This work focuses on Recl02 and Recl04.
Neither has a known homolog in species aside from other
ascomycetes, or sequence motifs that suggest a biochemical
function. Genetic and immunoprecipitation studies connect
Rec102 and Recl04 to each other and to Spoll (Salem et al,
1999; Kee and Keeney, 2002; Jiao et al, 2003), suggesting that
Rec102 and Rec104 directly promote DSB formation as part of
a multiprotein complex with Spoll. Here we examine inter-
actions between Recl02 and Recl04, and describe the dis-
tribution, timing, and genetic requirements for their binding
to meiotic chromosomes.

Results

Physical and functional interactions between Rec102
and Rec104

Epitope-tagged versions of Rec102 and Rec104 were expressed
under the control of their normal promoters. Rec102 tagged at
the C-terminus with multiple copies of the myc or flag
epitopes complemented a recl02 null mutant (Kee and
Keeney, 2002). Tagging the C-terminus of Recl04 yielded a
nonfunctional protein (data not shown), so the protein was
tagged instead at its N-terminus; mycREC104 supported nor-
mal DSB formation, intragenic recombination, and spore
viability (see Materials and methods).

Rec104 protein expression was meiosis-specific, similar to
Rec102 (Figure 1A). Steady-state Recl04 levels at 4h in
meiosis were reproducibly lower in rec102, ski8, and mrell
mutants and were elevated 1.5-fold in a mer2 mutant

(Figure 1B). For Rec102 as well, ski8 and mrell mutations
gave a noticeable reduction in steady-state levels (Figure 1B).
Because ski8 and mrell mutations cause defects during
vegetative growth, it is possible that they affect meiotic
gene expression indirectly because of premeiotic defects.
This caveat does not apply to the meiosis-specific rec102
mutation, however, so the fact that Rec104 required Rec102
to accumulate to normal levels underscores the close relation-
ship between these proteins.

This relationship is further emphasized by the effect of a
recl02 mutation on Recl04 phosphorylation. Recl04 from
early meiotic cells (2h) migrated as a doublet in SDS-
PAGE, whereas only the slower-migrating form was observed
in extracts from cells at 3 h onward (Figure 1A). The slower-
migrating form was converted to the faster one by phospha-
tase treatment, indicating that Recl04 is a phosphoprotein
(Figure 1C). Hypophosphorylated Rec104 remained abundant
in a recl02 mutant (Figures 1B and C). Therefore, Rec102
supports normal Rec104 phosphorylation. Because the other
DSB genes were not required, Rec104 phosphorylation does
not depend on DSB formation.

Rec102 and Rec104 interacted weakly but reproducibly in a
yeast two-hybrid system (Figure 1D). Nondenaturing whole-
cell extracts from meiotic cells expressing Recl02flag and
either mycRec104 or untagged Recl04 were treated with
DNase I to eliminate DNA and then immunoprecipitated
with anti-myc antibodies. Recl02flag was enriched in the
immunoprecipitate from the mycRECI04 strain relative to
the RECI104 control strain (Figure 1E). Similar co-immuno-
precipitation results were recently reported with different
tagged versions of these proteins (Jiao et al, 2003).
Therefore, Rec102 and Rec104 interact directly in vivo.

Dynamics of Rec102 and Rec104 binding to
chromosomes

Rec102 is a nuclear protein that associates with chromatin
during prophase (Kee and Keeney, 2002). To more precisely
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Figure 1 Physical and functional interactions between Recl02 and Recl04. (A) Western blot analysis of a time course of mycRecl04
expression. Data for Recl02myc are from Kee and Keeney (2002). (B) Steady-state levels of Recl02myc and mycRec104 in DSB-defective
mutants. Whole-cell extracts at 4 h in meiosis were analyzed by Western blot. Blots were stripped and reprobed for Bdfl as a loading control.
(C) Recl04 phosphorylation. Denaturing whole-cell extract was prepared at 4h in meiosis, then mycRec104 was immunoprecipitated and
treated with lambda phosphatase alone or in the presence of inhibitors as indicated. Whole-cell extracts from wild-type (WT) and rec102A
strains are included for comparison. (D) Yeast two-hybrid analysis of interactions between Rec102 and Recl104. lacZ reporter expression was
assayed in strains carrying the indicated fusion constructs. Each value is the mean+s.d. of at least three determinations. (E) Co-
immunoprecipitation of Recl02 and Recl04. Nondenaturing whole-cell extracts were prepared from RECIO2flag strains carrying either
RECI04 or mycREC104, then immunoprecipitated with anti-myc antibodies. Input extracts and antibody matrix eluates were analyzed by
Western blotting with anti-myc and anti-flag antibodies as indicated.
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define Recl02 association with chromosomes, nuclear
spreads were double-stained for Recl02myc and Zipl, a
component of the SC central element (Sym et al, 1993). The
Zip1 pattern revealed the extent of SC formation and thus the
stage in meiosis of any given nucleus (Figure 2). Rec102 first
appeared on chromosomes with a punctate or patchy appear-
ance prior to any SC assembly, that is, at or before leptotene
(Figure 2A). This result places Rec102 on the chromosomes at
the time when DSBs are formed. The staining became bright-
er through zygotene as the protein accumulated in patchy
regions across much of the chromatin (Figure 2B). Staining
lasted into early pachytene, indicating that Rec102 persists on
the chromatin well past the period when DSBs are made
(Figure 2C).

Under these spreading conditions, pachytene nuclei could
be divided into two classes: those with longer, overlapping
SCs (Figure 2C) and those with more compact, distinct SCs
(Figure 2D). A total of 28 pachytene nuclei were examined in
detail. All (14/14) of the nuclei with extended SCs retained at
least some Rec102 staining, whereas all (14/14) of the nuclei
with more compact SCs were negative for Rec102 staining
(compare Figures 2C and D). Because nuclei of both classes
often lay side by side, it is unlikely that the differences
between them are an artifact of spreading or uneven staining.
We interpret the two classes to represent distinct stages of
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pachytene, with the more compact class later. Rec102 thus
dissociates from the chromosomes during a specific transition
period between the two pachytene stages.

Recl04 immunostaining patterns were very similar to
those of Recl02 (Figure 3). The protein first showed faint,
patchy staining at leptotene, accumulated to maximal levels
at zygotene, and disappeared during pachytene.

Spatial organization of chromosomal Rec102

Rec102 signals showed only partial overlap with Zipl in
zygotene cells, suggesting that at least a fraction of the
Recl02 protein was located in the chromatin loops rather
than on the axes, at least in the regions where SC had formed
(Figures 2B and H). To further examine Rec102 localization,
we double-stained nuclei for Recl02myc and Rec8-HA, a
meiosis-specific cohesin that is axis-associated prior to SC
formation (Klein et al, 1999; Blat et al, 2002; Eijpe et al,
2003). Representative images are shown in Figures 2E-G.
Again, the early Rec102 signal overlapped only partially with
the chromosome axes (Figures 2E, F and J).

The staining patterns of both Rec8 and Recl02 are often
irregular rather than being limited to discrete foci. We there-
fore evaluated overlap between these proteins on a pixel-by-
pixel basis using the fluorescence intensities for each protein
as recorded by the CCD camera. Based on visual inspection of
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Figure 2 Localization of Recl02 to spread meiotic chromosomes. (A-D) Nuclear spreads from SKY212 (REC102myc) were stained with anti-
Zipl (red) and anti-myc (green) antibodies. (E-G) Spreads from SKY788 (RECI02myc RECS8HA) were stained with anti-HA (red) and anti-myc
(green). Equivalent exposures of representative nuclei are presented, staged according to the extent of SC formation. Scale bars, 3 um (A-G) or
0.75um (H-K). (A) Leptotene or preleptotene. (B) Zygotene (a blow-up of the indicated region is shown in (H)) (C) Early pachytene with
extended SCs and significant Rec102 staining (blow-up view in (I)) (D) Late pachytene with more compact SCs and lack of detectable Rec102.
(E) Leptotene. (F) Zygotene (blow-up view in (J)). (G) Late zygotene/early pachytene (blow-up view in (K)). Arrows, Recl02 staining
overlapping axes; arrowheads, Rec102 staining separated from axes. (L) Overlap of Rec102 immunofluorescence signal with Rec8 in leptotene
and early zygotene versus late zygotene and early pachytene spreads. Diamonds, values for individual spreads; squares, mean+s.d. (M)
Estimate of random colocalization. The Rec102-Rec8 overlap was measured after 180° rotation of the Rec102 immunofluorescence channel.
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Figure 3 Localization of Rec104 to spread meiotic chromosomes.
Nuclear spreads from SKY791 (mycRECI04) were analyzed by
indirect immunofluorescence with anti-Zipl (red) and anti-myc
(green) antibodies. Scale bar, 3 pm. (A) Leptotene or preleptotene.
(B) Zygotene. (C) Early pachytene. (D) Late pachytene.

the images, thresholds were set to define individual pixels as
positive or negative for Rec8, and separately as positive or
negative for Rec102. Then, the total fluorescence signal over
background for Rec102 was measured and divided into two
categories: the portion falling within Rec8-positive pixels (i.e.
overlapping with axial staining) and the portion falling with-
in Rec8-negative pixels (i.e. non-overlapping). In control
experiments, Zipl showed ~90% overlap with Rec8 by this
method (data not shown).

When this analysis was applied to cells in leptotene
through early zygotene, 53.7 +7.7 % of the total Rec102 signal
overlapped with Rec8 staining (mean+s.d., N=16;
Figure 2L). Put another way, almost half of the total Rec102
is clearly not colocalized with Rec8. Thus, Rec102 is broadly
distributed across large chromosome regions early in pro-
phase, and a substantial fraction of it is in the chromatin
loops. Because of limits on resolution of the fluorescence
signal, colocalization tends to be overestimated when two
proteins lie nearby but are not truly colocalized. Therefore,
our data are likely a conservative estimate of the size of the
non-axial Rec102 population.

The molecular nature of the Recl02 subpopulation that
overlaps with Rec8 staining is less clear. One trivial possibi-
lity is that fortuitous overlap results from confinement of two
unrelated protein distributions within the area of a nuclear
spread (Gasior et al, 1998). To test this possibility, we
measured overlap in a set of symmetrically spread leptotene
nuclei after rotating the Recl02 image 180°. The rotated
spreads showed overlap of 32.7+6.5%, decreased from
51.1+4.0% for the true images of these nuclei (Figure 2M;
statistically significant at P<0.0001, Student’s t-test). Thus,
although fortuitous overlap may account for a fraction of the
Rec102-Rec8 colocalization, it cannot account for all of it. It
is possible that a subpopulation of Recl02 is intimately
associated with axes. Alternatively, Rec102 and Rec8 may
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be components of distinct structures (e.g. chromatin loops
versus axes) that only appear to colocalize because they are
spatially coordinated with one another by virtue of being
parts of a larger entity. The small size of yeast chromosomes
and limits on the resolution of light microscopy preclude
distinguishing between these possibilities.

For cells later in meiotic prophase (late zygotene through
early pachytene), a substantial fraction of Rec102 was still
spatially separated from axes (arrowheads in Figures 2I and
K), but there was an increase in the overlapping fraction to
63.2+9.6% of total Recl02 (N=25; Figure 2L; arrows in
Figures 2I and K). The difference between earlier and later
cells is statistically significant at P<0.002. Analogous
changes in spatial distribution have been reported for Spoll
and Ski8 in Sordaria (Storlazzi et al, 2003; Tessé et al, 2003).
This difference may reflect a change in the steady-state
distribution such that more Recl02 is axis-associated later
in meiosis. However, we note that the chromatin tends to be
more compact at these later stages (see DAPI images in
Figures 2C and G), so apparent overlap of distinct but
spatially correlated populations would be expected to in-
crease under these circumstances.

Genetic requirements for recruitment to meiotic
chromatin

We next tested whether any of the other DSB proteins were
required for the association of Recl02 and Recl04 with
chromatin, using a subcellular fractionation assay outlined
schematically in Figure 4A. In wild-type cells, ~70% of
Recl102 was in the first pellet, consistent with nuclear locali-
zation (Figure 4A). Most of the protein remained insoluble
after detergent extraction, but was solubilized by DNase I
digestion (fraction S3), indicating that the majority of Rec102
is chromatin-associated. In spoll and recl04 strains in con-
trast, ~90% of the Rec102 protein was recovered in the first
soluble extract and little if any was recovered in the chroma-
tin fraction (S3) (Figure 4B). The remaining ~10% of the
protein was recovered in the final pellet, and presumably
represents nonspecific aggregation and/or unlysed cells. A
similar pattern was observed in a ski8 mutant, except that
a small portion (10-15% of total Recl02) was consistently
recovered in the chromatin fraction. Thus, Rec102 chromatin
association requires Rec104, Spoll, and, to a lesser extent,
Ski8. A DSB-defective spoll missense mutant (spoll-Y135F)
supported nearly normal Recl02 fractionation behavior
(Figure 4B), indicating that Spoll protein is required, but
not the ability to make DSBs. None of the other DSB proteins
was required.

Analysis of Rec104 proved more complicated because the
protein was degraded during the assay (Figure 4C). Roughly
half of the protein remained in the first pellet, consistent with
nuclear localization of at least a fraction of the protein, and a
prominent proteolytic product of 44 000 M, could be solubi-
lized by DNase I treatment, consistent with chromatin asso-
ciation. The protein was relatively stable until exposed to
nonionic detergent (data not shown), perhaps reflecting
activation of proteases. We therefore carried out only the
first (detergent-free) lysis step to determine the effects of
various mutants. Whereas ~40-50% of total Rec104 protein
partitioned to the pellet in wild-type cells and in mer2, mrell,
recll4, and mei4 mutants under these conditions, yields in
the pellet were reduced approximately two-fold in spoll and
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Figure 4 Genetic requirements for chromatin association of Rec102
and Recl04. (A) The subcellular fractionation assay is outlined
schematically at the top. The distribution of Recl02myc at 4h in
meiosis in a wild-type strain was followed by Western blotting with
anti-myc antibodies. Lanes contain equal cell equivalents of each
fraction. Tubulin illustrates the behavior of a soluble protein in this
assay; the transcription factor Bdfl demonstrates the behavior of a
known chromatin-associated protein. (B) Effect of DSB-defective
mutations on Recl02myc chromatin association. The indicated
mutants were analyzed at 4h in meiosis. (C) Behavior of
mycRec104 in the subcellular fractionation assay in a wild-type
background at 4h in meiosis. Endogenous protease activities de-
grade mycRec104 to yield an ~44kDa species. (D) Effect of DSB-
defective mutations on mycRec104 chromatin association. The first
lysis step of the subcellular fractionation assay was carried out in
mycRECI04 strains carrying the indicated mutations. The yield of
mycRec104 in the pellet fraction for each strain (as percent of total
mycRec104) is given.

ski8 mutants (Figure 4D). The pellet fraction was also re-
duced in a reci02 mutant, on top of the reduction in steady-
state protein levels noted above.

Whole-cell immunostaining extended these observations.
In wild-type cells, Rec102 was predominantly nuclear prior to
the first meiotic division as previously described (Kee and
Keeney, 2002), but was dispersed throughout the nucleus and
cytoplasm during prophase I in a rec104 mutant (Figure 5A).
Nuclear localization was also impaired in spoll and ski8
mutants, but to a different extent: 60-70% of cells showed
diffuse staining throughout the cell but 30-40% showed
discernible enrichment in the nucleus in addition to diffuse
cytoplasmic staining (Figure 5A). Likewise, Rec104 protein
was nuclear in wild type, dispersed throughout the cell in a
rec102 mutant, and showed a mixture of staining classes for
spoll and ski8 mutants (Figure 5B). Thus, Rec102 and Rec104
are fully interdependent for nuclear localization and chroma-
tin association and share at least a partial requirement for
Spoll and Ski8. These results further define functional sub-
groups among the DSB proteins, specifically, Rec102 + Rec104
and Spo1l + Ski8.

Preferred binding sites for Rec102 are not restricted to
recombinationally hot domains of chromosome il

To examine Recl02 localization at higher resolution, we
performed in vivo crosslinking and chromatin immunopreci-
pitation (ChIP). Immunoprecipitated DNA was >2P-labeled
and hybridized to an array of 133 DNA fragments (average

©2004 European Molecular Biology Organization
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Figure 5 Nuclear localization of Recl02 and Recl04. Cells from
wild type and the indicated mutant strains carrying RECI02myc (A)
or mycREC104 (B) were fixed at 4 h in meiosis and stained with anti-
myc antibodies (green) and with DAPI (shown in red).
Representative cells are shown for the three staining classes ob-
served: exclusively nuclear localization, diffuse staining of the
entire cell, or diffuse cytoplasmic staining along with discernible
enrichment in the nucleus. For each strain, >50 cells were ana-
lyzed.

length ~3kb) spaced along chromosome III. This approach
was previously used by others to study the localization of
proteins important for DSB formation and repair and/or for
higher order chromosome structure (Blat and Kleckner, 1999;
Blat et al, 2002).

To control for timing variations, cultures were staged
relative to the first meiotic division (see Materials and
methods). For cultures in which few cells had reached
zygotene, Rec102 ChIP signals were only slightly over back-
ground (data not shown), so these samples were not ana-
lyzed further. Cultures with mostly leptotene/zygotene cells
or later gave substantial Rec102 ChIP signals. One set of
cultures analyzed (Figure 6A) contained cells half way
through prophase 1. Based on the timing of divisions in
these cultures and the immunofluorescence patterns de-
scribed above for independent cultures, we infer that the
Rec102 ChIP signal was derived primarily from leptotene and
zygotene cells. However, we cannot rule out the possibility
that these cultures contain a significant subpopulation of
early pachytene cells, which would also contribute to the
observed patterns. In the second set of cultures (Figure 6B),
half the cells had reached the first division. Because Rec102
disappears from chromosome spreads during pachytene, we
infer that the ChIP signal in these later cultures was derived
from the slower cells in the population that were still in late
zygotene or early pachytene.
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The Rec102 binding pattern showed a series of peaks and
valleys across the length of chromosome III, well above
background levels in control cultures lacking myc-tagged
protein (Figures 6A and B). Peak positions were reproducible
when cultures at the same stage were compared. However,
early cultures differed significantly from late cultures, with
only 35-45% peak overlap compared to 70-80% overlap for
cultures of similar timing (Figure 6C; discussed further
below). These results indicate that Recl02 binds preferen-
tially to specific sites or regions in the genome, but that the
array of preferred sites varies during the course of meiosis.
The later cultures also showed higher overall Rec102 signals
(Figure 6C).

Early and late Rec102 binding patterns differed from pre-
viously established meiotic features of chromosome III, and
did not meet the simplest expectation if the only role of
Recl02 were to act locally to promote DSB formation.
Previous studies defined the binding patterns for mitotic
cohesins Smcl and Mcd1/Sccl, for Redl (a structural com-
ponent of meiotic chromosomes), and for Dmcl (a strand
exchange protein required to repair meiotic DSBs) (Blat and
Kleckner, 1999; Blat et al, 2002). At low resolution, assessed
by averaging ChIP signals in a sliding window of nine probe
fragments (~30kb), Red1 and Dmcl bound preferentially
within two large domains, one in each of the chromosome
arms (Figure 6D). These recombinationally hot regions cor-
respond to relatively GC-rich isochores (Figure 6D) (Baudat
and Nicolas, 1997; Blat and Kleckner, 1999; Blat et al, 2002).
In contrast, Rec102 was distributed more uniformly, with no
obvious preference for DSB-hot domains (Figure 6E). These
results show that Rec102 is not targeted solely to recombina-
tionally active domains.

Rec102 binds preferentially to chromatin loops

In early cultures, 29 reproducible peaks of Rec102 binding
were observed (Figures 6 and 7). These peaks had a remark-
ably regular, even spacing (mean+s.d. 10.5+3.4kb; range
4.1-18.2 kb). Peak heights were relatively constant across the
length of the chromosome, and binding to the sequences in
between the peaks was often close to background (Figure 6A).

The preferred sites of Rec102 binding in the early cultures
were precisely complementary to sites of cohesin binding
(Figure 7, top panel). Of the 29 Recl02 peaks, only three
(10%) overlapped with previously identified cohesin binding
sites (indicated by the gray vertical lines in Figure 7). As
discussed in Introduction, the local maxima for cohesin
binding are inferred to be the sequences preferentially asso-
ciated with the chromosome axis, with the sequences in
between constituting the chromatin loops (Blat and
Kleckner, 1999). Thus, these results strongly suggest that
Rec102 binds preferentially to sequences in the chromatin
loops. Consistent with this idea, the periodicity of Rec102
peaks is in the range of the genome-wide average of 20 kb for
yeast loop sizes estimated from measurements in electron
micrographs (Moens and Pearlman, 1988). The ChIP data are
consistent with the observation that a significant fraction of
Rec102 is spatially separated from the axes in chromosome
spreads.

To test the relationship of Rec102 binding to DSB sites, the
early Recl02 signal was also compared with the Dmcl
pattern, which was previously shown to represent the DSB
pattern well (Blat et al, 2002). Dmc]1 (and the DSBs to which
it is bound) occurs preferentially in the chromatin loops
within GC-rich isochores (Figure 7, lower panel) (Baudat
and Nicolas, 1997; Blat et al, 2002). Interestingly, even
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Figure 6 ChIP analysis of the distribution of Rec102 on chromosome III. (A) Absolute signals for two cultures of a myc-tagged strain relative to
cultures of an isogenic untagged strain. Each hybridization signal is plotted at the position of the probe fragment midpoint. The REC102myc
cultures represent mostly leptotene and zygotene cells. (B) ChIP analysis of two independent REC102myc cultures representing mostly late
zygotene and early pachytene cells. (C) Average of the two early RECI02myc cultures (from panel A) compared to the average of the two later
REC102myc cultures (from panel B). (D, E) Low-resolution views. In the cartoon of chromosome III at the bottom of the panel, the dark gray
regions indicate the DSB-hot domains, the white regions are the DSB-cold domains, and the white circle indicates the centromere. (D) Relative
abundances for Dmc1 and Red1 ChIP (from Blat et al, 2002) averaged in a nine-fragment sliding window (equivalent to ~30kb) and compared
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Figure 7 Comparisons of early Rec102, late Rec102, Dmcl, and cohesin distributions. Average relative abundance values for the early Rec102

cultures (blue line, top panel), the two late Rec102 cultures (red line, mi

ddle panel), and four Dmc1 samples (green line, bottom panel) are

plotted as a function of position on the chromosome. The lengths of individual probe fragments are indicated by the horizontal bars. Peak
binding positions are summarized by the filled circles below, color-coded to match the graphs. Vertical gray lines indicate the positions of
cohesin binding sites (assigned in Blat and Kleckner, 1999; Blat et al, 2002).

though both Dmcl and Recl02 occurred preferentially be-
tween the cohesin binding sites, only 37% (7/19) of the
Dmcl peaks matched precisely with Recl102 peaks. Thus,
although preferential binding of Rec102 occurs in the vicinity
of most if not all DSB sites, maximal Recl102 accumulation
may occur up to a few Kkilobase pairs away. Recl02 also
differed from Dmcl1 in that Rec102 binding extended equally
well over the DSB-hot and DSB-cold regions, with the same
periodicity and with no obvious distinction in peak height or
width.

Changes in the Rec102 distribution as cells progress
through meiosis

Rec102 binding patterns differed in later cultures; this later
pattern is inferred to reflect an average of binding in late
zygotene and early pachytene cells. These cultures showed
more broadly distributed binding, less even spacing of the
peaks, more variation in peak height, and less distinction
between peaks and valleys in many parts of the chromosome
(Figure 6C). Notably, binding in the valleys was significantly
higher than background, unlike the case for the early cul-
tures. More of the late Rec102 peaks overlapped with cohesin
binding sites (23 % of the late Rec102 peaks versus 10% of the
early ones), although this still left much of the Rec102 signal
on the loops (Figure 7, middle panel). These observations
appear to correlate with the increased overall signal and
increased overlap with axes in later cells by immunocytology
(see above).

©2004 European Molecular Biology Organization

Discussion

At least nine proteins in addition to Spoll are required to
make the DSBs that initiate recombination, but the functions
of most of them are poorly understood. We report here
detailed characterization of the behaviors and chromosomal
association of two of these proteins. Rec102 and Recl04
interact physically, are mutually dependent for proper sub-
cellular localization, and share a requirement for Spoll and
Ski8 for their recruitment to meiotic chromosomes.
Moreover, Recl02 is required for Recl04 to accumulate to
normal steady-state levels and to be properly phosphory-
lated. These results, combined with multicopy suppression
analyses of temperature-sensitive alleles (Salem et al, 1999;
Jiao et al, 2003), establish Rec102 and Rec104 as a functional
unit during meiosis and define multiple distinct subgroups
among the DSB proteins. As discussed below, our findings are
consistent with Rec102 and Rec104 playing a direct role in
DSB formation, but their spatial and temporal distributions
are not as expected for proteins localized only to DSB sites.

The early Rec102/Rec104 distribution reflects the basic
axis/loop organization of meiotic chromosomes

Immunocytology revealed significant Rec102 association with
chromatin domains away from the axes in early prophase,
and ChIP analysis revealed a remarkable ~10Kkb periodicity
of Recl02 binding sites precisely complementary to the
array of cohesin binding sites thought to define the DNA
component of the chromosome axis. Importantly, the
single-cell immunocytology analysis agreed well with the
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population-average ChIP analysis. We interpret these findings
to indicate that Rec102 localizes preferentially to sites within
chromatin loops in leptotene and zygotene cells, at the time
when DSBs are being formed and before they are processed
into further recombination intermediates. Where analyzed,
Rec104 behaved similarly, so it is likely that this conclusion
applies to Recl04 as well. Crossreactivity of anti-flag
antibodies with endogenous nuclear protein(s) in spreads
has prevented us from testing directly the expected colocali-
zation of Rec102 and Rec104 (unpublished results).

Because ChIP yields a population average measurement,
we cannot assess whether Rec102 binds every loop or only a
subset of loops in any given cell. Moreover, limits on the
spatial resolution of the ChIP analysis make it difficult to
distinguish whether the Rec102 peaks represent binding to
highly localized sites or binding that is spread across several
kilo bases. The immunofluorescence pattern suggests a
broader binding pattern in that Recl02 (and Recl04) ap-
peared as diffuse, irregular patches rather than the discrete
foci seen for proteins with more localized binding sites (e.g.
Dmcl). Higher resolution ChIP analysis will be required to
resolve this question.

In addition to the loop-associated Rec102, a substantial
portion of the protein overlapped with axes of spread chro-
mosomes, although there was little such overlap apparent in
ChIP analysis of early prophase cells. These findings may
indicate that there are separate axis-associated and loop-
associated Rec102 populations that show different tendencies
to be recovered in ChIP experiments. Alternatively, Rec102
may localize exclusively to chromatin loops, with overlap of
Rec102 and Rec8 immunofluorescence signals attributable to
the proximity of loop arrays to the axes on chromosome
spreads combined with limitations on the resolution of light
microscopy. A third, intermediate possibility is that Rec102
bound to sequences in a chromatin loop is recruited to the
axis along with the loop, as part of a ‘tethered loop-axis
complex’. As discussed in Introduction, such tethered com-
plexes can account for the observation that DSBs occur in
loop sequences, whereas recombinosomes are intimately
associated with axes. The current studies do not allow us to
distinguish between these possibilities.

Rec102 distribution does not reflect the DSB map

The broad distribution of Rec102 seen by immunofluores-
cence and ChIP was not as expected for a protein localized
only to DSB sites. Moreover, maximal Rec102 binding by ChIP
was often offset several kilobases from peaks of DSBs (as
indicated by Dmcl binding). These findings indicate that
Rec102 loading cannot be the determining factor for specifi-
cation of local DSB hotspots, nor of larger hot domains. One
possibility is that DSB positions are governed by a combina-
torial process involving overlap of distinct protein distribu-
tions. In this model, it is conceivable that no one protein is
restricted solely to DSB hotspots, and that DSB patterns
emerge only from the intersection of long-range (large do-
mains), medium-range (loop/axis), and short-range (loca-
lized targeting of catalytic machinery) spatial organizations.
Alternatively, the distribution of DSB sites could be controlled
by restrictions on the spatial distribution of just a few DSB-
promoting factors. Notably, ChIP analysis of Mrell shows a
pattern that correlates well with DSB hotspots (Borde et al,
2004; K Ohta, personal communication).
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Recruiting Rec102/104 to chromosomes requires
Spo11/Ski8

Spoll and Ski8 form a complex critical for DSB formation
(Arora et al, 2004). The studies here show that normal
accumulation of Recl02 and Recl04 in the nucleus and
their assembly on chromosomes requires this Spoll-Ski8
complex. Recl02 and Recl04 sizes are below the diffusion
limit for nuclear pores, and both were found in the cytoplasm
as well as the nucleus in spoll and ski8 mutants by whole-
cell staining, yet showed little or no stable association with
chromatin in the fractionation assay. Thus, it is likely that
Rec102 and Rec104 move freely in and out of the nucleus but
are most stably sequestered there only when they can form a
complex on chromosomes. However, it is also possible that
interactions with Spoll/Ski8 affect the kinetics of nuclear
import or export. Our results are consistent with the observa-
tion that fusing Spoll to a sequence-specific DNA binding
domain can target DSBs to new sites but still dependent on
Rec102 and Recl04, suggesting that Spoll can recruit these
proteins in order to promote DSB formation (Pecifa et al,
2002).

However, the findings appear to raise a paradox because
Spoll must bind to every DSB site, yet the Rec102 distribution
does not reflect the distribution of DSB sites. Perhaps,
Spol1/Ski8 complexes are themselves distributed more
widely than just DSB sites. Ski8 immunolocalization patterns
in S. cerevisiae and Spoll and Ski8 localization patterns in
Sordaria macrospora lend support to this possibility
(Storlazzi et al, 2003; Tessé et al, 2003; Arora et al, 2004).
Alternatively, initial Rec102/104 recruitment to chromosomes
may occur in a Spoll-dependent fashion at DSB sites, and
then spread locally across broader regions. Such spreading
might account for the changes in the ChIP pattern in
later cells.

Possible roles for Rec102 and Rec104 in DSB formation
With any cytological or ChIP analysis, it is difficult to prove
that one is observing the functional population of the target
molecule. However, several observations suggest that the
early localization patterns described here reflect Rec102
function in DSB formation: appearance on chromosomes at
or prior to the DSB stage; dependence on Spoll/Ski8 but not
on DSB formation, indicating that Rec102/104 chromosomal
association is tied to Spoll function but is not a downstream
consequence of break formation; and preference for chroma-
tin loops.

What roles might Rec102 and Rec104 play in DSB forma-
tion consistent with the observed localization patterns? The
association of Recl02 with chromatin loops, along with its
prominent binding near but not always at major DSB sites,
could indicate that Recl02/104 complexes promote altera-
tions of local chromatin structure within loops that stabilize
Spoll-containing complexes at hotspots, or that activate
hotspot-associated Spoll complexes to cleave DNA. It has
been suggested that changes in chromatin structure (or the
resulting stress on the chromosome) could provide a physical
force that irreversibly commits Spoll to DSB formation
through disruption of the Spoll dimer interface (Keeney,
2001). Another possibility, suggested by the possible coloca-
lization of a fraction of Rec102/104 with axes, is that they
participate in loop-axis interactions that promote DSB for-
mation or repair in spatial proximity to the axis. Interestingly,
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Recl04 overexpression can suppress DSB defects caused by
the absence of the axis-associated protein Hopl (Friedman
et al, 1994).

A transition point during pachytene

Rec102 and Recl04 disappeared from chromosomes during
pachytene. It does not appear that Recl02 is targeted for
efficient degradation at this point because Recl02 levels
remained high in whole-cell extracts to at least 8h (when
80-90% of the cells had completed the first division)
(Figure 1A and data not shown). This behavior is reminiscent
of that of certain DSB proteins in other organisms. For
example, the Drosophila Mei-P22 protein is associated with
chromosomes until mid-pachytene (Liu et al, 2002), and in
Sordaria Spoll and Ski8 appear to dissociate from chromo-
somes during pachytene (Storlazzi et al, 2003; Tessé et al,
2003). However, the same does not appear to be true for all
DSB proteins: Ski8 in yeast appears to persist on chromo-
somes into late pachytene, although perhaps at reduced
levels (Arora et al, 2004 and unpublished results).

Disappearance of Recl102 and Recl04 correlated with a
change in the appearance of spread chromosomes. Earlier
electron and light microscopy studies defined an apparently
similar transition between distinct pachytene stages, corre-
lated with changes in chromatin compaction (R Padmore,
PhD thesis; N Kleckner, personal communication). The func-
tional significance of this transition is not known, but it may
correspond to transitions described in other organisms. For
example, transit through mid-pachytene in mouse spermato-
cytes is accompanied by morphological changes in the SC and
functional changes in the properties of the chromosomes,
including synaptic adjustment and relaxation of barriers
against the use of sister chromatids for DSB repair (Moses
et al, 1984; Mahadevaiah et al, 2001). Rec102/104 dissocia-
tion will be a useful cytological marker for studies of this
transition in yeast.

The persistence of Recl02 and Recl04 on chromosomes
into pachytene is intriguing. It is possible that this persistence
has no functional significance. However, their dissociation
from chromosomes at a defined stage suggests that their
persistence is regulated, raising in turn the possibility that
these proteins play continued roles after DSB formation. If so,
the fact that no late roles have been revealed by genetic
analyses may indicate that such roles lie downstream of DSB
formation, perhaps including functions in processing recom-
bination intermediates, controlling the distribution of cross-
overs, and/or integrating recombination with higher order
chromosome structures.

Materials and methods

Strains and culture methods

Meiotic cultures were prepared as described (Kee and Keeney,
2002). Yeast strains (SK1 background) are listed in Supplementary
Table I. Two-hybrid assays were as described (Arora et al, 2004).
REC8-HA3 (Klein et al, 1999) was provided by F Klein (University of
Vienna). REC102myc9::URA3 and RECI02flag3::TRP1 were de-
scribed earlier (Kee and Keeney, 2002). REC104 was tagged using a
tag-URA3-tag strategy as described in Supplementary data. The
mycREC104 allele supported normal meiotic recombination initia-
tion in vivo: intragenic recombination frequencies at arg4 in return-
to-growth assays were 0.051 +0.016 compared to 0.053 +0.014 for
untagged (prototrophs per viable cell, mean+s.d., N>3); maximal
steady-state DSB levels at his4LEUZ site I in RADS50 cells were 3.5%
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of total DNA versus 3.3% in untagged; and spore viability was 95
versus 93 % for untagged (=20 tetrads for each).

Cytology

Chromosome spreads were prepared and stained using variations
on published methods (Loidl et al, 1991; Gasior et al, 1998). Details
are provided in Supplementary data. Fluorescence images were
captured using a Cooke Sensicam cooled CCD camera and
processed using the Slidebook program (Intelligent Imaging
Innovations). Fluorescence channels were aligned by imaging 0.2-
um-diameter beads that emit fluorescence in all channels (Tetraspek
beads, Molecular Probes). Specificity of staining for myc-tagged
proteins was demonstrated previously (Kee and Keeney, 2002).
Colocalization of Recl02myc and Rec8-HA was quantified as
described in the text and Supplementary data.

Protein analyses
For subcellular fractionation, ~ 10° cells were digested for 10 min at
30°C with 80pg/ml zymolyase 100T, then spheroplasts were
pelleted and placed on ice. Subsequent steps were at 0-4°C. The
pellet was resuspended in five volumes of hypotonic buffer (HB:
100mM MES-NaOH, pH 6.4, 1mM EDTA, 0.5mM MgCl,) plus
protease inhibitors. After 5min, 120 pl of this whole-cell lysate (W)
was layered on a 120 pul 30% sucrose cushion in HB and centrifuged
for 10 min at 16 000g. The supernatant was saved (S1), the pellet
was resuspended in 100pl EBX (50mM HEPES-NaOH, pH 7.5,
100mM KCl, 2.5mM MgCl,, 0.05% Triton X-100, plus protease
inhibitors), and an aliquot was reserved (P1). A 90 pl portion of the
P1 suspension was centrifuged at 16000g for 10 min. The super-
natant was collected (S2), the pellet was resuspended in 75 pl EBX,
and 4 pl of 1 mg/ml DNase I and 2 pl of 1 M MgCl, were added. The
suspension was incubated at room temperature for 10 min, an
aliquot was reserved (P2), and the remaining 60 pl was centrifuged
for 10min at 16000g. The chromatin supernatant (S3) was
collected and the pellet was resuspended in 50ul EBX (P3).
Fractions were analyzed by Western blotting with chemilumines-
cent detection and quantified by densitometry scans of the film.
Nondenaturing extracts and immunoprecipitations were as
described (Kee and Keeney, 2002). Antibodies for Western blotting
were mouse monoclonal anti-myc (1:1000, Covance), mouse
monoclonal anti-flag (1:1000, Sigma), rabbit polyclonal anti-Bdfl
(1:1000, GS Roeder), and peroxidase-conjugated secondary anti-
bodies (1:10000, Jackson ImmunoResearch). Phosphatase treat-
ment was performed on anti-myc immunoprecipitates as described
in Supplementary data.

Chromatin immunoprecipitation

Rec102 ChIP was performed as described (Blat and Kleckner, 1999;
Blat et al, 2002, http://www.mcb.harvard.edu/kleckner/ChIP.html)
in SKY212 (RECI102-myc9::URA3). Control experiments were
performed in SKY165 (RECI02). For each ChIP sample, 600 ml of
synchronized meiotic culture (2 x 107 cells/ml) was processed. At
various times (see below), cells were fixed with formaldehyde and
chromatin was purified and immunoprecipitated with anti-myc
antibodies (Covance) at 4°C overnight followed by protein G-
Sepharose 4 Fast Flow (Amersham Biosciences) at 4°C for 6 h. DNA
was purified, radiolabeled, and hybridized to a membrane contain-
ing an array of fragments spanning chromosome III.

Data were analyzed as described (Blat et al, 2002). ‘Absolute
abundance’ values control for hybridization efficiency of different
DNA fragments, and were obtained by dividing the counts in each
ChIP filter spot by the corresponding counts on a filter probed with
a sample of the input chromatin. ‘Relative abundance’ further
normalizes for differences in total signal strength and thus
facilitates comparison of ChIP data for different proteins. Relative
abundance was calculated by first dividing the counts in each ChIP
filter spot by the sum of all the counts on the filter. The same
analysis was performed for each input filter spot. The fractional
value for each ChIP filter spot was then divided by the correspond-
ing fractional value for each input filter spot.

The kinetics of meiosis can vary substantially from culture to
culture even in the same strain. To control for these variations, an
aliquot of each culture was allowed to continue meiosis after cells
were collected for formaldehyde treatment. Meiotic divisions were
scored and the time of formaldehyde crosslinking was compared to
the time when 50% of the unfixed cells completed the first division
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(MIsg0). Details of the cultures in Figure 6 are as follows. Untagged
control culture A was crosslinked at 5h (Mlsge =10.5h) and
control culture B was crosslinked at 7h (MIsgo, = 9.5h). REC102myc
culture A was crosslinked at 4 h (Mlsgy = 7 h), REC102myc culture B
was crosslinked at 6h (Mlsgy =9h), RECI02myc culture C was
crosslinked at 6h (Mlsgy =5.5h), and REC1I02myc culture D was
crosslinked at 7h (Mlsgy = 6.5h). Notably, REC102myc cultures B
and C (i.e. one early and one late) were processed in parallel in the
same experiment, so differences between early and late cultures are
not an artifact of day-to-day variations in experimental conditions.
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