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Abstract

The rate of meiotic recombination in the yeast Saccharomyces cerevisiae varies widely in different
regions of the genome with some genes having very high levels of recombination (hotspots). A variety
of experiments done in yeast suggest that hotspots are a feature of chromatin structure rather than a
feature of primary DNA sequence. We examined the effects of mutating a variety of enzymes that
affect chromatin structure on the recombination activity of the well-characterized HIS4 hotspot
including the Set2p and Dot1p histone methylases, the Hdalp and Rpd3p histone deacetylases, the
Sindp global transcription regulator, and a deletion of one of the two copies of the genes encoding
histone H3—H4. Loss of Set2p or Rpd3p substantially elevated HIS4 hotspot activity, and loss of
Hdalp had a smaller stimulatory effect; none of the other alterations had a significant effect. The
increase of HIS4 hotspot activity in set2 and rpd3 strains is likely to be related to the recent finding
that histone H3 methylation by Set2p directs deacetylation of histones by Rpd3p.

2. Introduction

The rate of meiotic recombination varies considerably at different positions in the yeast genome
(1,2). This variation reflects differences in the frequency of local meiosis-specific double-
strand DNA breaks (DSBs), the recombination-initiating lesion (3,4) catalyzed by Spol1p and
associated proteins (5). There are several lines of evidence that the frequency of DSBs is
regulated by elements of chromatin structure rather than primary DNA sequence (2). First,
recombination hotspots exhibit hypersensitivity to nucleases (6—10). Some loci (8,9) undergo
meiosis-specific alterations in nuclease sensitivity prior to DSB formation, although no such
changes are observed at other loci (6). Since all nuclease-hypersensitive regions are not meiotic
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recombination hotspots (6,10), “open” chromatin appears necessary, but not sufficient, for
meiotic recombination hotspot activity. Second, insertion of a nucleosome-excluding sequence
into the yeast genome creates a recombination hotspot (11). Third, the activity of some hotspots
requires the binding of transcription factors, but not high levels of transcription (2). This result
has been interpreted as indicating that chromatin modifications associated with transcription
factor binding stimulate both transcription and recombination. Finally, some mutants that affect
chromatin modifications reduce the frequency of meiosis-specific DSBs. In the yeast S.
pombe, mutations in a histone acetylase or in a chromatin-remodeling activity reduce the
activity of the ade6-M26 recombination hotspot (12). In S. cerevisiae, loss of Setlp (a histone
methyltransferase) or Rad6p (a ubiquitin-conjugating enzyme) reduce DSB formation (13,
14).

In our genetic background, the HIS4 gene is one of the strongest recombination hotspots in the
S. cerevisiae genome (15) and is associated with a high-frequency DSB located upstream of
HIS4 (16,17). In cells sporulated at 25°, this DSB is responsible for initiating about half of
HI1S4 conversion events (16). The binding of four transcription factors (Baslp, Bas2p, Rap1p,
and Gend4p) is required for optimal levels of this DSB (16,18-20). One role of these
transcription factors is presumably to recruit chromatin-modifying complexes to the HIS4
promoter. The transcription factor Raplp directly alters the positioning of nucleosomes in the
HIS4 upstream region (21,22). Based on the evidence that HIS4 hotspot activity is likely related
to a particular chromatin structure, in this study, we analyzed the effects of mutations affecting
chromatin modifications on HIS4 hotspot activity.

Two broad classes of protein complexes maintain or alter local chromatin structure: proteins
that mediate post-translational modification of histones and other chromatin-related proteins,
and ATP-dependent nucleosome remodeling complexes (23). The amino-terminal ‘tails’ of
histones are subject to various covalent modifications including acetylation, methylation,
phosphorylation, ubiquitination, and ADP-ribosylation (24). These modifications affect
chromatin structure by altering histone-DNA or histone-histone contacts (25), and/or by
collectively establishing a code that is recognized by downstream effector proteins and
complexes (24). The chromatin-modifying activities are recruited to certain loci by sequence-
specific transcription factors (26,27), or by association with RNA polymerase 11 (27,28).

Since there are many proteins involved in modifying chromatin, our analysis emphasized
mutants that were reported to affect the expression of HIS4 or to alter its chromatin structure.
Mutations in RPD3, encoding an H4 histone deacetylase (26), were reported to reduce HIS4
expression about three-fold in one study (29), although no significant change was observed in
another study (30). Deletion of the HDA1-encoded histone H3 and H2B deacetylase (31),
resulted in a three-fold increase of HIS4 gene expression in one study (30), but had no
significant effect on expression in another study (29). The deletion of SIN4, a transcription
factor that is part of the Mediator complex, reduced HIS4 transcription about 15-fold and altered
HIS4 chromatin structure (32). In addition, Wyrick et al. (33) found that depletion of histone
H4 decreased HIS4 expression two-fold.

In addition to examining these mutants previously demonstrated to affect HIS4 expression, we
analyzed the effects of several other related mutants. We examined mutants of SET2 (encoding
an H3K36 histone methylase, 34), since it has been recently reported (35-37) that Set2p-
dependent methylation recruits an Rpd3p-containing repressive complex (Rpd3C[S]). We also
examined the effects of eliminating Dotlp, an H3K79 histone methyltransferase (38,39).
H3K79 methylation is at low levels at yeast telomeres (40), but occurs at high levels at actively-
transcribed genes (41). As described below, we found that deletion of SET2 or RPD3 strongly
stimulated HIS4 hotspot activity, whereas deletion of HDAL had a more subtle stimulatory
effect. None of the other mutants examined had any significant effect. We also showed that
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strains that lacked either SET2 or RPD3 had elevated levels of H3K27 acetylation near the
HIS4 recombination hotspot in meiosis, and elevated meiotic HIS4 gene expression.

2. Materials and methods

2.1. Yeast strains

All strains used were derived by transformation from the haploid strains AS4 (otrpl arg4 tyr7
ade6 ura3) and AS13 (a leu2 ura3 ade6 rmel) (42). Derivatives of AS4 and AS13 are listed
in Table 1; diploids constructed by crossing AS4 and AS13 derivatives are described in Table
2. Deletions were constructed by replacing the relevant gene with a kanMX4 cassette (43) or
hphMX4 cassette (44), which contain a gene that confers geneticin or hygromycin resistance,
respectively. The PCR synthesis of the cassettes and subsequent transformation were
performed as described by Wach et al. (43), using the plasmid pFA6-kanM X4 (kanMX4
cassette; 43) or pAG32 (hphMX4 cassette; 44) and the primer pairs listed in Table 3. One pair
of set2::hphMX4 strains, ER4 and ER5, had complete deletions of SET2 and was constructed
with primers set24-F and set24-R. A second pair of strains, DCB4 and DCB6, had a substitution
that deleted the last 100 amino acids of the Set2p (set2::kanMX4). In all the assays in our study,
these two types of set2 mutations had the same phenotypes. All constructions, unless noted
otherwise, were checked by PCR. The rad50S derivatives were constructed as described by
Alani et al. (45).

2.2. Genetic analysis

Standard materials and methods were used (46) except where noted. Diploids were sporulated
on plates at 25°C. Although the HIS4 hotspot is stronger at 18°C (16), not all of the mutants
sporulated at this temperature. Following tetrad dissection on plates with rich growth medium
(YPD), the spore colonies were replica-plated to various omission media; spore colonies on
medium lacking histidine were examined microscopically in order to detect small sectors.

2.3. Southern analysis

Cells were harvested from rad50S diploid strains just prior to being placed on a sporulation
plate (0 hr) or after 24 hr at 25° C. Cells were washed with 0.5 ml 10 mM Tris (pH 8.0)-1 mM
EDTA, and stored at —80° C. DNA isolation and Southern blot procedures were performed as
described by Nag and Petes (17). The HIS4 DSB was examined using a Bglll digest, and an
Xhol-Bglll fragment of HIS4 derived from pDN42 as a hybridization probe (17). The ARG4
DSB was examined using a Bglll digest, and an EcoRV-Bglll fragment derived from pAK1 as
a hybridization probe (16). Hybridization was quantitated using a Phosphorimager (Molecular
Dynamics), and the percent of molecules with a DSB was calculated as described by
Kirkpatrick et al. (47). Since the percentage of molecules that receive a DSB is affected by the
sporulation efficiency, the percentage of DSBs at HIS4 was normalized to the percentage of
DSBs at ARGA4.

We also did Southern analysis of intact chromosomal DNA molecules. For these experiments,
DNA molecules were separated using CHEF (contour-clamped homogeneous electric field)
gel electrophoresis as described previously (48). DNA was isolated from cells immediately
after transfer to solid sporulation medium or after 24 hours in solid sporulation medium (room
temperature, 23°-25° C). Following electrophoresis, DNA was transferred to a Nylon
membrane and hybridized to a probe derived from left end of chromosome Il1, within the
CHAL1 gene. The probe was generated by PCR amplification of yeast genomic DNA with the
primers Chrll11-15830 and Chrll1-16773 (Table 3).
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2.4. Analysis of histone modifications using chromatin immunoprecipitation (ChlIP)

Cell extracts were prepared from the diploid strains used for ChIP analysis (FX1, JDM1093,
JDM1095, and JDM1096) as described by Xiao et al. (49). Prior to extraction, the cells were
incubated on solid sporulation medium for six hours at room temperature (23°-25° C.). Cells
at this time point are beginning to form DSBs and binucleate cells appear at about 10 hours
(17). Immunoprecipitation of formaldehyde-fixed chromatin was done with the following
antibodies: anti-H3K36me3 (AB9050, Abcam), anti-H3K27ac (07-360, Upstate), and anti-H3
(AB1791, Abcam). Following the immunoprecipitation, we reversed the crosslinks by
treatment of the samples at 65° C and performed multiplex PCR to amplify sequences in the
HIS4 and BIK1 region.

Four sets of primers were used (sequences in Table 3). A PCR reaction with primers
BIK1codpre350F and BIK1codpre350R results in a 350 bp fragment (termed “A”) derived
from the 5" end of BIK1. The 300 bp “B” fragment (located at the 3’ end of BIK1) and the 242
bp “C” fragment (located in the intergenic region upstream of HIS4) flank the site of the DSB
associated with the HIS4 hotspot. The primers used to produce the “B” and “C” fragments are
BIK1codpost300F and BIK1codpost300R, and HIS4pro242F and HIS4pro242R, respectively.
The fourth primer pair, which generates the 180 bp “D” fragment are HIS4codpost180F and
HIS4codpost180R. The “D” sequences are derived from the 3’ end of HIS4. We also utilized
primers (IntergenicV-1 and IntergenicV-2) to amplify a control locus on chromosome V that
was used in previous studies (49); this region has a low intrinsic level of histone methylation.
The multiplex procedure involved using all five pairs of primers (four from the HIS4-BIK1
region and the control pair) in one reaction. The products of the PCR reaction were analyzed
on 12% polyacrylamide gels that were stained with ethidium bromide. The number of pixils
in each band was measured using the Kodak 100 Imaging System.

The levels of histone modifications for the four fragments near the HIS4 recombination hotspot
were calculated as a ratio (a/b) as described previously (49). The a value is also a ratio: (w/x)/
(y/z), where w is the amount of the PCR fragment from the HIS4 region in the ChIP sample,
X is the amount of control PCR fragment in the ChIP sample, y is the amount of PCR fragment
from the HIS4 region in the input DNA, and z is the amount of PCR fragment from the control
locus in the input DNA. The b values were calculated similarly using the data obtained with
antibodies directed against H3 histone; the b values are used to control for histone occupancy
at each site. At least three independent experiments were done for each strain. For each
experiment, we calculated separately the (a/b) ratio and the ratios were averaged. In summary,
we calculate the level of histone modifications in the HIS4 region relative to a locus on
chromosome V and corrected for the level of histone occupancy at each position.

2.5. Analysis of meiotic expression of HIS4 and BIK1

We examined the meiotic mMRNA levels of HIS4 and BIK1 in cells harvested after six hours
incubation in sporulation medium at 23° C. RNA was isolated using the Yeast RNA Kit (Omega
Biotech) and these RNA samples were reverse-transcribed into DNA using the High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems) according to the instructions of the
manufacturer. The real-time PCR was performed with the Power SYBR Green PCR Master
Mix (Applied Biosystems) using the Applied Biosystems Step One Plus PCR machine. After
a 10 minute 95°C “start-up” incubation, we used 40 cycles of PCR with the following
temperatures and step times: 95° C, 15 seconds; 60° C, 1 minute.

Three sets of primers were used for this analysis. The pairs of primers used to monitor the
HIS4 and BIK1 cDNAs were his4_185_U and his4_185_L, and BIK1-388-F and BIK1-531-
R, respectively (Table 3). We measured the cDNA levels of the control RNA1 gene with primers
RNA1_128 Uand RNA1_128 L. The RNAL gene was chosen as a control because its MRNA
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level is not affected by sporulation (50) or by the rpd3 mutation (29,30). In our analysis, we
first normalized the levels of BIK1 and HIS4 cDNAs to the level of RNA1 cDNA. We
subsequently normalized the levels of BIK1 and HIS4 cDNAs to the level of HIS4 cDNA in
the wild-type strain.

2.6. Data analysis

3. Results

Statistical analysis was performed using Instat 1.12 (GraphPad Software) for the Macintosh.
The Fisher’s exact test with a two-tailed P value or Chi-squared analysis (for comparisons that
involve more than two experimental measures) were used for all comparisons, and P<0.05 was
considered statistically significant. For the ChIP experiments, standard errors of the mean were
calculated using Excel.

We used two different assays to monitor the effects of mutations affecting chromatin structure
on the recombination activity of the HIS4 hotspot. First, we monitored the rate of aberrant
segregation of a heterozygous HIS4 marker in the wild-type strain and strains homozygous for
various mutations. Second, for some strains, we examined the rate of meiosis-specific double-
strand DNA breaks (DSBs) at the HIS4 and ARG4 loci. In our previous studies (16) and those
of others (51), these two assays for recombination activity generally yield the same result.

3.1. Tetrad analysis of strains with mutations affecting chromatin structure

When a yeast strain that is heterozygous for alleles A and a undergoes meiosis, most tetrads
segregate 2A:2a spores (Mendelian segregation). There are two classes of aberrant segregation
events, gene conversion and postmeiotic segregation (PMS) events. In most models of
recombination (52), both gene conversion and PMS events reflect heteroduplex formation
involving the heterozygous site, followed by mismatch repair (gene conversion) or failure to
repair (PMS events). Thus, the frequency of aberrant segregation tetrads is a measurement of
the rate of local recombination events. Although the average rates of conversion for markers
in most genomic regions are low (less than 5% of the tetrads), the rates of conversion for
markers at the HIS4 and ARG4 loci in our genetic background are very high. At the HIS4 locus,
more than 50% of the tetrads have aberrant segregation when the cells are sporulated at 18°C.
(16). When the cells are sporulated at 25° C., the rate of aberrant segregation is approximately
halved. In the experiments described below, we used the higher temperature of sporulation
because the set2 strains failed to sporulate at 18° C.

Our analysis is summarized in Table 4. The set2 mutation in two closely-related genetic
backgrounds resulted in a very significant (p < 0.0001) stimulation of the rate of aberrant
segregation for the HIS4, but not the ARG4, marker. Since the rate of aberrant segregation is
much higher for HIS4 than ARG4 (which affects the power of the statistical test), we cannot
rule out the possibility that both loci are affected by the set2 mutation to similar extents; this
possibility, however, is excluded by the physical analysis of DSBs described in Section 3.2.
The wild-type strain DNY'11 is isogenic (except for the set2 mutation) with ER6 and the wild-
type strain DN'Y 26 strain is isogenic with DCB9. We observed a significant increase in crossing
over in the HIS4-LEU? interval for the DN'Y26/DCB9 comparison, although the increase for
the DN'Y11/ER6 comparison was not significant. We also found that a mutation of the Hdalp
deacetylase significantly stimulated the rate of aberrant segregation of the HIS4 marker,
although the magnitude of this stimulation was half of that observed for the set2 mutation. Loss
of the Dotlp methylase, the Sindp transcription factor, and loss of one copy of the H3-H4
histone pair had no effect on the hotspot activity associated with the HIS4 gene.

DNA Repair (Amst). Author manuscript; available in PMC 2009 August 2.



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

1duasnuey Joyiny vd-HIN

Merker et al.

Page 6

As described in the Introduction, Set2p-dependent methylation of H3K36 is involved in the
recruitment of the histone deacetylase Rpd3p. Thus, one explanation of the effects of the
set2 mutation is that loss of the Set2p-dependent recruitment of Rpd3p results in hyper-
acetylated chromatin that allows more efficient entry of the Spo11p recombination machinery
and, therefore, more DSBs in the HIS4 region. This model predicts that loss of Rpd3p would
also result in a higher level of aberrant segregation. We could not check this prediction by
tetrad analysis, since (as reported previously, 53) rpd3 mutants did not complete meiosis and
failed to produce viable spores. An adjustment of the sporulation conditions that allowed
rpd3 mutants to complete sporulation in some genetic backgrounds (54) did not allow
sporulation in our genetic background. To confirm our conclusions about the effects of the
set2 mutation on recombination and to examine the effect of rpd3 mutants on HIS4
recombination activity, we measured the rate of meiosis-specific DSBs at HIS4 in wild-type,
set2, rpd3, and set2 rpd3 double mutant strains.

3.2. Measurement of meiosis-specific DSBs at the HIS4 and ARG4 loci in wild-type, set2,
rpd3, and set2 rpd3 diploid strains

Since meiotic recombination is initiated by a DSB (3,4), the frequency of local DSBs measured
by Southern analysis is a direct measurement of recombination activity. We constructed
derivatives of the wild-type, set2, rpd3, and set2 rpd3 diploids (Table 2) that were homozygous
for the rad50S mutation, which prevents subsequent processing of DSBs (45). These strains
were sporulated at 25° C., and DSBs were examined at both the HIS4 and ARG4 loci. The
Southern analysis for one set of experiments in which we examined DSBs at the HIS4 locus
is shown in Fig. 1. Since the efficiency of cells undergoing meiotic DSB formation can vary
from one experiment to another, we normalized the levels of DSBs measured at the HIS4 locus
to the levels observed at the ARG4 locus (as described in Materials and Methods). Normalizing
the ratio of HIS4 to ARG4 DSBs to 1 for the wild-type strains FX1 and FX3, we found this
ratio averaged 3.3 for the set2 strains JDM1093 and DCB16, 2.7 for the rpd3 strain JDM1095,
and 4.1 for the set2 rpd3 strain JDM1096. We also examined the % DSBs relative to the
unbroken parental fragments for HIS4 and ARG4. These values are somewhat more variable
than the normalized HIS4/ARG4 ratio, since the fraction of cells in sporulation medium that
undergo DSB formation is somewhat variable from culture to culture. The % DSBs for HIS4
and ARG4, respectively, in the various strains were: 4.5, 2.6 (FX1, wild-type); 3.0, 0.6 (FX3,
wild-type), 12.9, 2.7 (JDM1093, set2); 8.3, 0.4 (DCB186, set2); 19.1, 3.9 (JDM1095, rpd3); 18,
2.1 (JDM1096, set2 rpd3). These values represent the average of two independent experiments
for each strain, except for FX3 and DCB16 which represent a single experiment. Although our
analysis does not rule out the possibility that set2 and rpd3 mutations stimulate DSB formation
at ARG4, the degree of stimulation is clearly stronger at HIS4.

These results confirm the conclusion, based on tetrad analysis, that the set2 mutation elevates
recombination rates at the HIS4 hotspot. This elevation does not reflect the presence of novel
DSBs near HIS4, but the strengthening of the same DSB site observed in the wild-type strain
(Fig. 1A). The set2 and rpd3 mutations had similar effects on the frequency of HIS4-associated
DSBs, and the set2 rpd3 double mutant strain had an effect that was only slightly stronger than
the single mutants. This result suggests that Set2p and Rpd3p may be acting in the same
pathway to stimulate HIS4 hotspot activity. It should be noted that the increase in DSB
formation observed in the mutant strains is substantially greater than the increase in gene
conversion rates. In part, this difference is attributable to the observation that only half of the
conversion events at HIS4 in cells sporulated at 25° are a consequence of the DSB site shown
in Fig. 1A (16).

We also examined DSBs on chromosome I11 by Southern analysis of chromosomal DNA
molecules separated by CHEF (contour-clamped homogeneous electric field) gel
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electrophoresis (Fig. 1B). As observed previously (55), DSBs on chromosome 111 occurred in
two clusters, one on the left arm (which includes the HIS4 DSB) and one on the right arm.
From the analysis shown in Fig. 1B, it is clear that mutations in set2 and rpd3 substantially
elevated the DSB frequency of the HIS4 hotspot relative to other DSBs on chromosome 111. In
Fig. 1B, DSBs on the right arm of 111 appear to be repressed in strains with the set2 and rpd3
mutations. It is possible that strengthening of the HIS4 DSB reduces the frequency of DSBs
on the same chromosome; we and others have previously observed local competition between
DSB sites. Alternatively, it is possible that Rpd3p- and Set2p-mediated modifications repress
meiotic recombination at some loci and stimulate recombination at others.

3.3. Histone modifications near the HIS4 hotspot in wild-type, set2, rpd3, and set2 rpd3

strains

Loss of the Rpd3p deacetylase results in increased acetylation of many sites in H3 and H4
histones (56,57), whereas loss of the Set2p methylase directly affects only methylation of
H3K36 (34). The Set2p-mediated methylation, however, helps recruit a repressive Rpd3p-
containing complex to chromatin, and elevated histone acetylation was observed for several
loci in set2 mutant strains (35,37). Consequently, we examined the histone acetylation levels
at H3K27 by chromatin immunoprecipitation (ChlP analysis) in the diploids FX1 (wild-type),
JDM1093 (set2), JIDM1095 (rpd3), and JDM1096 (set2 rpd3). For this analysis, chromatin
was isolated from cells sporulated for six hours, about the time of DSB formation (17). We
used four different PCR products (labeled A-D in Fig. 2A) to look at H3K27 acetylation levels
at four sites in the HIS4 region. The A fragment (located near the 5’ end of BIK1) and the D
fragment (located near the 3’ end of HIS4) are more than 1 kb from the site of the DSB. The
B and C fragments are within about 200 bp of the DSB site. ChlIP experiments were done with
antibodies directed against acetylation of H3K27, and unmodified histone H3 (as a histone
occupancy control). Inaddition, we used an antibody directed against tri-methylation of H3K36
in extracts derived from the wild-type, rpd3, and set2 strains.

The ChlIP data were normalized in two ways: by comparison to a control DNA fragment (an

intergenic region on chromosome V) and by comparison to the level of nucleosome occupancy
(monitored using an antibody directed against histone H3); details of these normalizations are
described in Materials and Methods. We found that the regions near the DSB sites were hyper-
acetylated at the H3K27 sites in the set2, rpd3, and set2 rpd3 strains (Fig. 2B). The acetylation
was elevated most strongly for the sites (B and C fragments) located near the site of the DSB.
As expected, the region near the DSB site had lower nucleosome occupancy than the regions
represented by the A and D fragments (Fig. 2C). Finally, we found that the tri-methylation of
H3K36 was not substantially affected in rpd3 strains, but was, as expected, eliminated in the
set2 strain (Fig. 2D). The interpretation of these results will be described below.

3.4. Meiotic expression of HIS4 and BIK1 is elevated in strains with set2 or rpd3 mutations

Although there is not a direct relationship between gene expression and the level of meiotic
recombination (2), some mutations reduce both gene expression and meiotic recombination.
For example, at HIS4, deletion of the Bas2p transcription factor binding site, which reduces
the level of HIS4 expression, also substantially reduces the HIS4 recombination hotspot activity
(19). Consequently, we used real-time PCR to measure the level of BIK1 and HIS4 mRNA in
wild-type, set2, rpd3, and set2 rpd3 strains incubated for six hours in sporulation medium. As
shown in Fig. 3, expression levels for both genes (BIK1 levels shown by white bars, HIS4 by
stippled bars) were significantly elevated in the mutant strains relative to the wild-type strain.
These results indicate that the chromatin alterations associated with the rpd3 and set2 mutations
at the HIS4 locus elevate both meiotic recombination and meiotic gene expression.
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4. Discussion

The main conclusions from our study are: 1) loss of the Set2 and Rpd3 proteins strongly elevates
HIS4 hotspot activity, whereas loss of the Hdalp has a weaker stimulating effect, and 2) loss
of the Dot1 and Sin4 protein, or a reduction in the amount of histones H3 and H4 do not affect
HIS4 hotspot activity. These results will be discussed further below.

Since mutations in SET2 and RPD3 stimulate meiosis-specific DSBs at the HIS4 hotspot to
approximately the same extent and since the double mutant strain has a level of DSBs that is
not substantially greater than the single mutants, we favor the possibility that Set2p and Rpd3p
act in the same pathway to repress hotspot activity. Similarly, the BIK1 expression level is
elevated to about the same extent in the double mutant compared to both single mutants,
although HIS4 expression is somewhat greater in the double mutant than in either single mutant
(Fig. 3). Based on the recent evidence that Set2p-mediated methylation of H3K36 is involved
in the recruitment of a repressive Rpd3 complex (35-37), the simplest explanation of these
observations is that this complex negatively regulates both meiotic recombination and
transcription. This negative regulation is likely to be a consequence of a closed chromatin
structure caused by Rpd3p-mediated deacetylation. Our chromatin immunoprecipitation
experiments, although limited in scope, are also consistent with this possibility. We found that
acetylation of H3K27 was elevated in the set2, rpd3, and set2 rpd3 strains near the site of the
HIS4 DSB in meiotic cells. These results suggest that the elevated recombination at HIS4
reflects a more open chromatin structure resulting from increased acetylation of histones.

There are a number of caveats concerning this explanation. In our study, as in most studies of
the effects of chromatin-modifying enzymes, it is difficult to distinguish direct from indirect
effects. For example, microarray analysis indicates rpd34 affects the expression of over 400
genes (29) and one of these gene products could indirectly stimulate meiotic recombination.
Although we cannot exclude indirect effects of the set2 and rpd3 mutations, a number of
arguments suggest that the effects at the HIS4 hotspot may be direct, in addition to the ChIP
data discussed above. First, Robyr et al. (58) found that the level of histone H4K12 acetylation
(amodification regulated by Rpd3p; 57) in the region adjacent to the HIS4 DSB site is increased
approximately three-fold in an rpd34 strain relative to wild type. Second, Kurdistani et al.
(59) found that Rpd3p binds in the HIS4 intergenic region. Third, in our study, the set2 and
rpd3 mutations differentially affect the rate of meiotic recombination at HIS4 and ARG4. The
frequency of DSB formation in the rpd3 and set2 mutants is clearly more elevated at HIS4 than
at ARG4. In addition, the frequency of DSBs at HIS4 is elevated relative to many other DSB
sites on chromosome 111 (Fig. 1B). Thus, our results are unlikely to be explained by the
argument that the elevated level of HIS4 recombination reflects increased expression of Spol1p
and other components of the meiotic recombination machinery in rpd3 and set2 strains.

Our observation that meiotic expression of HIS4 is somewhat elevated in rpd3 and set2 strains
contrasts with the observation that the level of HIS4 gene expression is reduced by the rpd3
mutation (29), although no such reduction was observed in another study (30). These
differences may reflect differences in the pattern of mitotic and meiotic expression and/or strain
differences. We also found that the hdal mutation significantly elevated the activity of the
HIS4 hotspot (Table 4), although this effect was smaller than that observed for the set2 and
rpd3 mutations. Since the Hdalp histone deacetylase has somewhat different activities than
the Rpd3p deacetylase (56), this result may argue that the general level of histone acetylation
is more important in regulating HIS4 hotspot activity than a specific type of modification.
Although we cannot rule out an indirect effect of hdal on recombination, HIS4 gene expression
is elevated about three-fold by the hdal mutation in one study (30), although no effect on
expression was found in another study (29).
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As described in the Introduction, many mutations that reduce HIS4 transcription (deletion of
transcription factors or their binding sites upstream of HI1S4) also reduce HIS4 meiotic
recombination (11,18-20,47). White et al. (60) showed, however, that deletion of the TATAA
sequence upstream of HIS4 significantly decreased HIS4 expression, but had no effect on
meiotic recombination. In this study, we found that the sin4 deletion, which reduces HIS4
expression about 15-fold (32), had no effect on HIS4 hotspot activity. Similarly, a reduction
in the level of histones H3 and H4 that stimulates HIS4 gene expression had no effect on
HI1S4 hotspot activity. These results support our earlier conclusion that, although some features
of chromatin structure favor both gene expression and recombination, other features may
specifically stimulate one process or the other.

Whatever the precise mechanism responsible for the elevated recombination in the set2 and
rpd3 strains, our results demonstrate that the activity of one of the strongest hotspots in the
genome can be further elevated. In an analysis of the ade6-M26 hotspot in S. pombe, Yamada
et al. (12) reported that loss of the SpGenb histone acetylase or deletion of the Snf22 histone-
remodeling proteins reduced the activity of the hotspot. Since the loss of a histone acetylase
would be expected to decrease acetylation at the ade6-M26 hotspot, the mechanism by which
loss of SpGenb reduces hotspot activity may be related to the mechanism by which loss of
Set2p, Rpd3p, and Hdalp stimulate hotspot activity.
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Figure 1. Southern analysis of HIS4 meiosis-specific DSBs in chromatin structure mutants

DNA was isolated from cells just prior to (0 hr) and after a 24 hr (Fig. 1A) or 48 h (Fig. 1B)
incubation period on solid sporulation medium. Samples were examined by standard gel
electrophoresis (Fig. 1A) or CHEF gel electrophoresis (Fig. 1B).

A. The DNA was digested with Bglll, and examined by Southern analysis using a Xhol-BgllI
fragment of HIS4 as a hybridization probe (shown as a double-headed arrow in the lower part
of the figure). The parental band (at roughly 3 kb) represents the unbroken Bglll fragments,
while the DSB band (at roughly 1.9 kb) represents fragments with a meiosis-specific DSB at
HIS4. All strains are homozygous for the rad50S mutation. FX1 has no mutations in genes
affecting chromatin structure. JDM1093, JDM1095, and JDM1096 are isogenic derivatives of
FX1 homozygous for set24, rpd34, and set24 rpd34 mutations, respectively. In the schematic,
horizontal arrows indicate the direction of transcription and the vertical arrow shows the DSB
site associated with the HIS4 hotspot.

B. For CHEF gel electrophoresis, DNA was prepared and the resulting molecules separated
by electrophoresis using the methods described by Lobachev et al. (48). Following
electrophoresis, the chromosomal DNA molecules were transferred to a Nylon membrane and
hybridized to CHA1 sequences, a gene located near the left end of chromosome I11. The band
of hybridization near the top of the gel represents chromosome 111 molecules without a DSB.
The chromosomal DNA with a DSB at the HIS4 hotspot is shown with an arrow. Chromosome
I11 is depicted in the lower part of the figure. The short vertical lines represent the positions of
meiotic recombination hotspots determined by microarray analysis (15).

DNA Repair (Amst). Author manuscript; available in PMC 2009 August 2.



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

1duasnuey Joyiny vd-HIN

Page 14

A B H3K27ac
3
v 2
[e]
B C b §2
—{ BIK1 H HIS4 |- g
Scale |} 1 —t ] =1
w6 AT 8
0 BIKIA BIKIB HIS4C HIS4D
C H3 D H3K36me3
2
o
£ g
[ ©
E 2

0!
BIK1TA BIK1B HIS4C HIS4D BIKIA BIK1B HIS4C HIS4D

Figure 2. Chromatin modifications near the HIS4 hotspot examined by chromatin
immunoprecipitation

Cell extracts were prepared from the same diploid strains that were analyzed for DSBs: FX1
(wild-type, white bars), JDM1093 (set2, striped bars), JDM1095 (rpd3, black bars), and
JDM1096 (set2 rpd3, stippled bars). The levels of histone modifications for four different
fragments (A-D, Fig. 2A) were monitored by multiplex PCR. The arrow in Fig. 2A shows the
approximate location of the recombination-associated DSB. Antibodies against H3K27
acetylation (panel B), histone H3 (panel C), or H3K36 tri-methylation (panel D) were used to
precipitate chromatin harvested from meiotic cells incubated for six hours in sporulation
medium. As described in the Materials and Methods, the levels of acetylation and methylation
were normalized to a control region on chromosome V. In addition, the levels of acetylation
and methylation were normalized for histone occupancy, using the data derived from the
immunoprecipitations shown in Fig. 2C. Error bars represent the standard error of the mean.
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Figure 3. Meiotic gene expression of HIS4 and BIK1 in wild-type, set2, rpd3, and set2 rpd3 strains
RNA was isolated from wild-type (FX1), set2 (JDM1093), rpd3 (JDM1095), and set2 rpd3
strains that had been incubated for six hours in sporulation medium. Following reverse
transcription of the RNA, we measured the levels of the resulting BIK1 (shown by the white
bars) and HIS4 (shown by the stippled bars) cDNAs by real-time PCR (details in Materials and
Methods). Following normalization of the amounts to the level of RNAL (a gene whose
expression is unaffected by set2 or rpd3 mutations), the expression levels were normalized to
the level of HIS4 expression in the wild-type strain. Bars represent 95% confidence limits.
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