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Abstract. The preferred positions for meiotic double- hours, facilitating their analysis (Sun et al. 1991; Alani
strand breakage were mappedSaccharomyces cerevi- et al. 1990).

siae chromosomes | and VI, and on a number of yeast Using pulsed-field gel electrophoresis (PFGE), we
artificial chromosomes carrying human DNA inserts.previously showed that alb. cerevisiaechromosomes
Each chromosome had strong and weak double-strarthve preferred sites for meiotic double-strand breakage
break (DSB) sites. On average one DSB-prone regioand mapped these positions on chromosome Il (Zen-
was detected by pulsed-field gel electrophoresis pevirth et al. 1992). Comparison of the DSB and the genet-
25 kb of DNA, but each chromosome had a unique disic maps of chromosome Ill revealed an association be-
tribution of DSB sites. There were no preferred meiotictween meiotic hot spots for recombination and meiotic
DSB sites near the telomeres. DSB-prone regions wer®SB sites: the three known hot spots each had an associ-
associated with all of the known “hot spots” for meiotic ated DSB-prone region. (It is not yet known whether the
recombination on chromosomes |, Il and VI. other nine meiotic DSB sites on chromosome IlI also co-
incide with recombination hot spots.)

Here we report the locations of the preferred meiotic
DSB positions on two additional yeast chromosomes, |
Introduction and VI. On the three smalle§. cerevisiaechromo-

somes, every known hot spot for meiotic recombination
The first meiotic division (meiosis 1) is preceded by awas associated with a DSB-prone region. Furthermore,
high rate of homologous recombination, which is re-yeast artificial chromosomes (YACs) comprising mainly
quired for the accurate segregation of homologous chrdauman-derived DNA are also subject to meiotic double-
mosomes. In the yeaSaccharomyces cerevisjaBo-  strand breakage at specific sites (Klein et al. 1996). Here
mologous recombination is induced about 1000-foldwe show that the positioning of preferred meiotic DSB
during meiosis. sites in the native and the artificial chromosomes is simi-

A major pathway of meiotic recombination$ cere- lar, inasmuch as the number of DSB-prone regions de-
visiaeis initiated via double-strand breakage in the DNAtected by PFGE was proportional to chromosome length
of one chromatid. Certain regions of the chromosomé~1 DSB site/25 kb), and no preferred DSB-prone re-
contain recombination “hot spots”, where the frequencygions were detected near the telomeres.
of meiotic recombination is particularly high. At several
of these hot spots, specific meiotic double-strand breaks
(DSBs) are induced early in meiosis (Sun et al. 1989; ;
Goldway et al. 1993; Zenvirth et al. 1992; Collins andMate”als and methods
Newlon 1994). In Vylld—type 5“3'”5 the transient DSBSStrains of S. cerevisie Meiotic double-strand breakage of native
can be converted into recombinant molecules (GoyoRhromosomes | and VI was examined in strain NKY1002
and Lichten 1993; Schwacha and Kleckner 1994; CollingmMATa/MATa, ura/ura3, lys2lys2, ho:LYS2ho:LYS2 rad50S-
and Newlon 1994; Storlazzi et al. 1995).r&au50Smu-  k181::URA3rad50S-k181::URA3Alani et al. 1990). YACs were
tant strains, however, the DSBs cannot be processed. |ansferred by Kartransfer (Hugerat et al. 1994) into one or both

stead, the broken molecules accumulate for sever&f the following haploid strains: 2858/ATa, ho, ura3, lys2 trpl,
rad50S:ura3, can; Hugerat et al. 1994) and 285MATe, ho,

. . . ura3, lys2 trpl, rad50S:ura3, cyh; Klein et al. 1996). Haploids
Edited by:J.-L. Rossignol of opposite mating type were mated to obtain diploids for exami-
Correspondence td. Klein nation of meiotic DSBs in the YACs. In some cases, YAC-carry-
(e-mail: gsimchen@leonardo.ls.huji. ac i) ing haploids were mated with NKY117#ATe, ho::LYS2 ura3,
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lys2 leu2 rad50S::ura3d or NKY1730 MATe, ho::LYS2 ura3, Chromosome fragmentaticYeast chromosome fragmentation
lys2 trpl::hisG, arg4, rad50S::URA3. Specific double-strand (Vollrath et al. 1988) employed fragmentation plasmids derived
breakage also occurred when only one of the haploid parents cairom vector YCFT4 (Goldway et al. 1993). The relevant DNA
ried a YAC, suggesting that DSBs occur on monosomes. This resegment for targeting the fragmentation was inserted into the
sult is consistent with studies showing that DSBs occur in haploigolylinker of vector YCFT4 in the appropriate orientation.
meiosis (de Massy et al. 1994; Gilbertson and Stahl 1994). All of Fragmentation plasmid pSR117 carried a 2.5EkoRI frag-
therad50Sstrains had an SK1 background. ment from YRp7-CDC24 (Coleman et al. 1986), for construction

Chromosome fragmentation was performed in strain JD1, &f chromosome fragments extending from the left telomere to
spontaneousura3 derivative of S288C-derived strain AB972 CDC24 Plasmid pSR117 gave a chromosome fragment of ~70 kb
(Link and Olson 1991), and in the SK1-derived strains NKY560in strain JD1. Plasmid pSR119 carried a 2.1Hihdlll fragment
and NKY278 (Alani et al. 1990). Strains with designation NKY from pLF171 (Barton and Kaback 1994), for construction of chro-
were kindly provided by N. Kleckner. mosome fragments extending from the left telomeré&WiN31

This plasmid gave chromosome fragments of ~125 kb in strains

; TS ; JD1 and NKY278.
Media and growth condition:Yeast were grown on standard rich . . .
(YPD) and defined (SD) media (Sherman 1991). YAC-containing, _Fragmentation plasmid pSR115 carried a £kbRIfragment

strains were grown on defined medium lacking the nutrients proi’°M PLF40, [a subclone of YCpSO(ADE1-CDC15)7A, encom-

vided by the selectable markers on the YACs. Sporulation was ig2SSing th&UN2 gene; Crowley and Kaback 1989] for construc-

SPM sporulation medium, following pregrowth in YEPA medium, tion of chromosome fragments extending fréN2 to the right
as previously described (Kassir and Simchen 1991). telomere. pSR115 gave a chromosome fragment of ~80 kb in
strain JD1 and a chromosome fragment of ~75 kb in strain

_ o _ o NKY278.

Mapping meiotic DSB:The scheme for mapping meiotic DSBS Al plasmids were linearized and transformed into strains JD1,

_by h_ybrldlzatlon to PFGE blots is outlined below an_d dlagrammedNKy560 and NKY278, with selection for Ura The plasmid

in Fig. 1. All procedures were performed as described previouslyySR117 yielded chromosome fragments in strain JD1 only; the

(Zenvirth et al. 1992). _ other plasmids vyielded chromosome fragments in all of the
Chromosome-length DNA was prepared from samples with-strains. The structures of the chromosome fragments were con-

drawn before (“time 0”) and 6 h after transfer to SPM sporulationfirmed by PFGE and hybridization to suitable probes (data not
medium and analyzed by contour-clamped homogeneous electrighown).

field gel electrophoresis in a CHEF-DR apparatus (Bio-Rad).
Southern blots were hybridized to a series of chromosome-specif-
ic 32P-labeled probes (Tables 1-3) and the autoradiograms com-

pared. A
In the time O sample, a given probe hybridized to one band, Chrt ProbeC ProbeB Probef
corresponding to the full-size chromosome. In the meiotic sample, 230k0) Y IYWWY) Ny Iy

the probe hybridized to the full-size, unbroken band and to an ar-
ray of smaller bands, corresponding to the various fragments aris-
ing from double-strand breakage. The number of meiotic frag-

ments observed with a probe from near the end of a chromosome —
(e.g. probe A in Fig. 1) corresponded to the number of potential —
meiotic DSB sites in that chromosome, and the locations of the
DSBs were estimated from the lengths of the fragments. For the
native chromosomes, the positions of the DSBs were confimed | "o =
by using internal probes from either side of the DSBs (e.g. probes
B, C in Fig. 1), which hybridized to “complementary” fragments.

A probe from the left of a given DSB hybridized to the chromo-

some fragment extending from that DSB to the left telomere; a
probe from the right of the DSB hybridized to the complementary
fragment extending from the DSB to the right telomere (See
Fig. 1). Since a single molecule generally was not broken moreB Probef ProbeB ProbeC A B C
than once, the sum of the lengths of the complementary fragments kb

was equal to the total length of the chromosome. Often, a single 238 -
meiotic band detected on PFGE blots was shown on restriction di- :gg:
gests to result from several close DSB sites (e.g. Fig. 3). Further- 14—
more, when DSBs were mapped precisely on sequencing gels,

each “site” was found to extend over 50-100 nucleotides (e.g. de :g: -
Massy et al. 1995; Liu et al. 1995). For the YACs, the positions of 20— o

the DSB sites were estimated using probes from either end of the
chromosome (Table 3); internal probes were not always available.
The number of DSB sites on the YACs may have been slightly un- -
derestimated, as the use of internal probes provides added sendtig. 1. Mapping of preferred meiotic double-strand breaks
tivity for detecting weaker DSBs. (DSBs).A The scheme shows the sizes of full-length chromosome
For each probe, several different exposures were analyzed; theand the meiotic fragments obtained from double-strand breakage
weakest signals were detected only after overexposure of that each of the preferred DSB sitemréws), as visualized by
blots. The proportion of chromosomes broken at any given siteSouthern hybridization with three different probBsLeft Pattern
was estimated by scanning densitometry of the autoradiograms. of Southern hybridization after pulsed-field gel electrophoresis
There were several differences between strain NKY1002 andPFGE), using the same three probes. Btiesindicate the com-
the reference strains for the sequencing projects. The DSB mapglementary fragmentsRight Actual autoradiograms. Probe A =
in Figs. 2 and 4 were based on the published sequences of chrgrobe 32; probe B = probe 31; probe C = probe 30 (Table 3).
mosome VI (Murakami et al. 1995) and chromosome | (Bussey e{Contour-clamped homogeneous electric field (CHEF) electropho-
al. 1995), except where our data clearly showed a different mapesis conditions: 200 V, 5-35 s pulses, 17.3 h; 1% agarose in
arrangement for strain NKY1002. 0.5XTBE]
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Fig. 2. Meiotic double-strand breakage of chromosome VI. Chro-mosome, is shown. The strong band on the left is the full-length
mosome-sized DNA extracted frorBaccharomyces cerevisiae chromosome. Tharrows show the preferred meiotic DSB sites
NKY1002 after O {op lang and 6 h Bottom lang in sporulation mapped on chromosome VI. Theidelinesindicate the strongest
medium (SPM) was separated by PFGE, blotted and hybridized tbreak sites. Thasterisksindicate known hot spots for meiotic re-

a series of probes from chromosome VI. The hybridization patterrrombination. (CHEF electrophoresis conditions as in Fi. 1)
obtained with probe 15 (YMR31), from the right end of the chro-

Table 1.Chromosome VI Probr-3

Probe Gene Plasmid Fragment Source
1 TUB2 pRB129 1.6 kb EcoRI-EcoRI Neff et al (1983)
2 YFLO35c pl5-2 4.2 kb BamHI-Kpnl R. Periman
3 STE2 yCpSTE2 4.3 kb BamHI-BamHI  Nakayama et al (1985)
4 SMC1 pCDC4-73 1.5 kb EcoRI-BamHI Yochem and Byers (1987)
5 YFLOO4w pLA423 2.0 kb BamHI-Pstl P. Philippsen
6 NIC96 pLA305 3.2 kb BamHI-BamHI  P. Philippsen
7 YFROO6w pLA276 0.8 kb EcoRI-EcoRl P. Philippsen
8 YFR107c- pLA303 2.0 kb EcoRI-EcoRI P. Philippsen
YFR108c
9 PES4 pH21 2.0 kb Bglll-Bglil Malone et al (1994)
10 3-HIS2 pSR109 1.4 kb EcoRI-BamHI Subclone of pH21
11 HIS2 pSR109 0.75 kb Xhol-Xhol Subclone of pH21
12 5-HIS2 pSR109 0.3 kb EcoRI- Hindlll  Subclone of pH21
13 YFRO27- pH21 1.4 kb Bglll-Kpnl Malone et al (1994)
YFR026
14 PHO4 pFL1-PHO4 1.9 kb Sphl-Sphl Legrain et al (1986)
15 YMR31 pMI-Xbal-1 0.5 kb Sspl-Sspl Matsushita et al (1989)
16 HXK1 pUC19-HXK1 0.7 kb Xbal-EcoRV Kopetzki et al (1985)
Results PHO4). “Strong” signals were obtained when 5%-10%
of chromosomes were broken at a given site. The 130 kb
Meiotic DSBs on chromosome VI band (left of CENG varied in intensity in different chro-

mosomal preparations, sometimes giving a strong signal
Meiotic DSBs can be mapped on whole chromosomeand sometimes a weak one. The relative intensities of all
using PFGE; each chromosome has a characteristic pahe other DSBs were consistent in different preparations.
tern of meiotic DSB fragments (Zenvirth et al. 1992; The weakest detectable signals (at 235, 240 kb) each
Game 1992; see Materials and methods and Fig. 1). Wepresented breakage of ~1% of chromosomes.
mapped 12 meiotic DSB-prone regions on chromosome Meiotic DSB sites were found at both known hot spots
VI (~275 kb in strain NKY1002), at the following posi- for recombination on chromosome VI: hybridization with
tions (5 kb, from the left end of chromosome VI): 30, probes 9-12 showed the DSB at 205 kb to bidI&@, a
70, 90, 115, 130, 155, 175 190, 205, 230, 235, andiot spot for gene conversion (Malone et al. 1992, 1994);
240 kb (Fig. 2, Table 1). There was a cluster of DSBhybridization with probes 14, 15 showed that the DSB at
sites at the right end of chromosome VI: probe 1 (from230 kb was to the right d?HO4, in a region where the
the left end of the chromosome) gave a diffuse signal ajenetic map is expanded relative to the physical map, in-
about 235 kb, but probes 15 and 16 (from the right endicating hyperrecombination (Murakami et al. 1995).
of the chromosome) gave three distinct bands: faint All previously mapped DSB sites were in noncoding
bands at ~35 and 40 kb, and a very strong band &NA at the 5ends of genes (de Massy et al. 1995; Liu et
~45 kb (Fig. 2). The strongest signals were obtained foal. 1995; Fan et al. 1995). The DSB né#S2 was
the bands at 115 kb (left &DC4), 190 kb (right of mapped more precisely using restriction digests. Using
FAB1), 205 kb (right ofHIS2), and 230 kb (right of probes 10-12, the 205 kb fragment detected on CHEF gels
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Fig. 3. Meiotic double-strand breakage at the
HIS2locus. Southern hybridization of probe 11
to Bglll digest of genomic DNA extracted from
S. cerevisiastrain NKY1002 before transfer
kB E Byg (left lang and 6 h after transfer into SPM spo-
I 1 L rulation medium right lane). Bands 1-4 are
meiosis specific. The origins of probes 10-12
T T T are shown on the restriction map of thks2
region. Thehick horizontal arrowindicates the
direction of transcription ofllS2 Thevertical
1 arrowsindicate the meiotic DSB sites, the
2 strongest of which is at thé &nd of transcrip-
3 tion (band 2). The origins of meiotic bands 1-4
are indicated. Restriction siteBBamHlI, Bg
Bglll, E EcoRI,H Hindlll, X Xhol
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Fig. 4. Meiotic double-strand breakage of chromosome I. Chro-ferred meiotic DSB sites mapped on chromosome |. ginde-
mosome-sized DNA extracted froB cerevisiadNKY1002 after lines indicate the strongest break sites. Tésterisksindicate

0 and 6 h in sporulation medium (SPM) was separated by PFGEknown hot spots for meiotic recombination. The exact location of
blotted and hybridized to a series of probes from chromosome Iprobe 32 ljollow boy is unknown, but it is at the right end of the
The hybridization pattern obtained with probe 17 (pYY54), from chromosome in this strain (see text and Fig. 5). (CHEF electro-
the left end of the chromosome, is shown. The strong band on thghoresis conditions as in Fig. 1)

right is the full-length chromosome. Tlarows show the pre-

Table 2.Chromosome | Prob-s

Probe Locus Plasmid Fragment Source

17 pYY54 3.2 kb BamHI-Sall Kaback et al (1989)

18 CDC24  YRp7-CDC24 2.3 kb Bglll-Hindlll Coleman et al (1986)

19 PYK1 pBR322-PYK1 1.9 kb EcoRI-EcoRI D. Frankel

20 LTE1 pLF164 1.2 kb EcoRI-Hincll Barton and Kaback (1994)

21 PMT2 pLF165 1.9 kb Clal-Bglll Barton and Kaback (1994)

22 ATS1- pLF169 2.7 kb EcoRI-Pstl Barton and Kaback (1994)
FUN30

23 FUN30 pLF170 2.3 kb Pstl-Hindlll Barton and Kaback (1994)

24 FUN31 pLF171 2.1 kb Hindlll-Hindlll Barton and Kaback (1994)

25 FUN31 pLF172 1.2 kb Hindlll-Hindlll Barton and Kaback (1994)

26 FUN34 pLF176 1.2 kb BgllI-Bglll Barton and Kaback (1994)

27 DEP1- pLF177 1.8 kb Bglll-Bglll Barton and Kaback (1994)
CYS3

28 YALO11W pLF179 1.9 kb EcoRI-EcoRil Barton and Kaback (1994)

29 FUN17  pLF72 1.0 kb Hindlll-EcoRIl  Steensma et al (1987)

30 FUN2 pLF42 2.0 kb Sall-Ssall Crowley and Kaback (1989)

31 ADE1 pLF29 1.2 kb EcoRI-EcoRil Crowley and Kaback (1984)

32 pLF233 3.4 kb EcoRI-EcoRI A3029, Riles et al (1992)

33 pLF251 2.6 kb Hindlll-Hindlll A3029, Riles et al (1992)

34 pLF258 3.7 kb Hindlll-Hindlll A5010, Riles et al (1992)

35 pLF260 5.0 kb Hindlll-Hindlll A7467, Riles et al (1992)
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was seen to be due to a cluster of DSBs iitB&region. A
A strong DSB site was at theeéhd ofHIS2 within 0.1 kb

of the coding sequence, and three weaker DSB sites were
within the coding sequence of the gene (FigH3%2 is
unusual among genetic hot spots that have been character-
ized in detail, inasmuch as the gradient of polarity for gene
conversion is highest at the theedd and decreases to-
ward the 5end of the gene (Malone et al. 1992, 1994).

Hence, the strong meiotic DSB site at theei®d of the
gene is likely to be an initiation site for gene conversion in
HIS2 Kim and Malone also found a DSB site at ther@l 20 kb -

of the gene (R.E. Malone, personal communication).

I
125 kb

R
Meiotic DSBs on chromosome | 7 kb

The positions of the preferred meiotic DSBs on chromo-B 5 kb
some | (=230 kb, in strain NKY1002) were also deter-Tel | + } t } } = = 9 Cen

mined. We detected ten distinct meiotic DSB-prone re- R

gions at the following positions in strain NKY1002
(x5 kb, from the left end): 35, 65, 75, 90, 105, 115, 140

StrainJD1 Strain NKY278
Fragments: Left end Rightend Leftend Rightend

145, 165, 200 (Fig. 4, Table 2). The strongest breakk

were at 115, 140 (to the left @YS3 and 200 kb; be- Probe . - _ .
tween 7% and 10% of chromosomes were broken gt 33 . - - .
each of these positions. The weakest detectable breaks 34 + . + -
were at 35, 65 and 105 kb; ~1% of chromosomes werg 35 + - ND -
broken at each of these positions.

Meiotic DSBs were assoc[ateq V\_”th the two known Fig. 5. Right and left end polymorphism on chromosome | from
hot spots for meiotic recombination: at 75 kb betweenyiterent strains ofS. cerevisiaeA Hybridization of supernumer-
PYK1andCDC 24,in a hot spot of reciprocal recombi- ary chromosome fragments to probe 8Bper panel and probe
nation (Coleman et al. 1986; Kaback et al. 1989); and &34 (ower pane). Lane 1, JD1; lane 2, NKY278; lane 3, JD1 car-
140 kb, atCYS3 a hot spot for gene conversion (Cherestrying right-end fragment generated with pSR115; lane 4, NKY278
and Surdin-Kerjan 1992). Another DSB site (165 kb) carrying right-end fragment generated with pSR115; lane 5, JD1

. A _“carrying left-end fragment generated with pSR119; lane 6,
was adjacent tADE1 which indeed also showed rela NKY278 carrying left-end fragment generated with pSR1I19.

tively high rates of meiotic gene conversion (D.B. |eft-end fragment,R right-end fragment, * cross-hybridization
Kaback, unpublished and Kaback et al. 1992). with chromosome VIII. (CHEF electrophoresis conditions: 100-V,
In general, we were able to assign the DSB sites t6-35 s pulses, 20 h; 1% agarose in 0.5XTBE.pPositions of
known genetic locations, by hybridizing PFGE blots to IOLObeS t?]3—ﬁ5b0%,thet, left ef;fl of 52]??hc-dferiV9d stt)raints. The table
i i OwWs the nybriaization patterns o € Tour probes to supernu-
girt(;l.)e_ﬁthH5krl1<(t))vvsnit§ev\r/1:§ ;ﬁ@xﬁggﬁg:’ Idaes OgrégiaZEBéfrary fragments in JD1 (S288C background) and NKY278 (SK1
this site gave rise to complementary fragments of identi-
cal size. By hybridizing probes 22-24 to appropriate re-
s_trictiqn di.gestsz we identified at least two meiotic DSBspective|y) (Fig. 1B). Since these probes are about 1 kb
sites in this region: upstream AfTS1 and upstream of apart on the yeast genome, the DSB site was presumed
FUN30(data not shown). to be within this 1 kb region. Hybridization to restriction

The availability of adjacent probes enabled us to pingigests placed the DSB site within 0.3 kb of thesisd
point some DSB sites, using PFGE analysis. Probe 2§f ADE1L

from FUN34 hybridized to the ~140 kb DSB fragment,

whereas probe 28 frodALO11W(FUN36) hybridized

to the ~90 kb complementary DSB fragment, indicatingPolymorphism at the ends of chromosome |

that the DSB in question fell in the 2.3 kb region be-

tween the two probes. A 1.8 kb probe (probe 27) encomProbe 32 is located at ~10 kb from the left end of chro-

passingFUN54 and CYS3hybridized to both the ~140 mosome | in theS. cerevisiaestrain AB972 used in the

and ~90 kb DSB fragments, showing that the DSB felichromosome | sequencing project (Bussey et al. 1995).

within that 1.8 kb region. On restriction digests, theThis probe hybridized to the right end of chromosome |

same 1.8 kb probe revealed two distinct DSB sites, onn SK1-derived strain NKY1002: the pattern of meiotic

upstream oDEP1 and another upstream @YS3 The chromosome fragments seen with this probe matched the

region between the two sites also appeared to be subjguattern expected for a probe from the right end of the

to enhanced meiotic double-strand breakage. The DSBhromosome (Fig. 1B).

site atCYS3was reported previously (Collins and New-  To prove that the sequence represented by probe 32

lon 1994; de Massy et al. 1995). was at different positions in the two strains, we construct-
Probes 30 and 31FUN2 and ADEI1) hybridize to ed supernumerary chromosome fragments from the left

complementary meiotic fragments (~165 and ~65 kb, reand right arms of chromosome | in strain JD1 (S288C de-

ckground)ND not determine!
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Table 3. Additional Probe::

Probe Description Source

36 pGS301: 2.5 kb Sphl-EcoRlI fragment, hybridizes near centromere of YAC12 G. Simchen, unpub.
37 pGS304: 3 kb Sphl-EcoRlI fragment, hybridizes near non-centromeric end of YAC12 G. Simchen, unpub.
38 pGS346: 1.5 kb Sphl-EcoRlI fragment, hybridizes near centromere of YAC21.4 G. Simchen, unpub.
39 pGS342: 1.0 kb Sphl-EcoRlI fragment, hybridizes near non-centromeric end of YAC21.4 G. Simchen, unpub.
40 YCFT4: 1 kb Bglll-Pstl fragment containing Subtelomeric sequences Goldway et al. (1993)
Chrl | . 4230 kb

im0
Chr VI | . L 1275 kb

* * 41 LN * Cl* +|ﬂl|ﬂ MH Fig. 6. Maps of the preferred

meiotic DSB sites on native and
Chr 111 A . — . . . . 4340 kb artificial yeast chromosomes. The
YV WA} [ W 4 A arrowsshow the meiotic DSB
sites, theboxed arrowshow the
strong DSB sitessolid lines
YAC12 i ! 1 1 L L L 1370 kb indicate yeast DNAhollow lines
Iﬂ ) A "I A indicate human-derived DNA.
YAC12 contains DNA from human
YAC21 .41 . 4 230Kb chromosome 2 and YAC21.4

I I I tains DNA fi h
m * 444 H ——50 - gﬁ?o?r:rc])i‘ome 2'r!om Hman

rived) and strains NKY278 and NKY560 (SK1 derived), is 370 kb long and contains DNA from human chromo-
as described in Materials and methods. Left-end fragsome 2 (Pavan et al. 1990; Sears et al. 1994). Nine meiot-
ments extended from the left telomere inwardCRC24 ic DSB sites on YAC12 were identified using probes
(fragments of ~70 kb) or tdFUN31 (fragments of 36-37 (Table 3). YAC21.4 is 230 kb long and contains
~125 kb). Right-end fragments extended from the righDNA from human chromosome 21 (McCormick et al.
telomere inward, t&\DE1 (fragments of 75-80 kb). 1989; Sears et al. 1994). Seven meiotic DSB sites on
Following PFGE and Southern blotting, DNA from YAC21.4 were identified using probes 38-39 (Table 3).
strains with the chromosome fragments was hybridized’he maps of the DSB sites on the YACs were similar to
sequentially with probes 32—-35, which had been mappethose of the native chromosomes (Fig. 6): all the YACs we
to the left end of chromosome | in strain AB972 (Fig. 5,examined had strong and weak DSBs; no DSBs were de-
Table 2). In strain JD1, all of these probes hybridized tdected near the telomeres; and there was approximately
left-end fragments, as expected. (Probe 34 also gawene DSB-prone region per 30—40 kb of DNA.
weak signals with the right-end fragments and chromo-
some VIIL) In strains NKY278 and NKY560, probe 34 -
hybridized)to left-end fragments, but probes 22 and 3§|0 meiotic DSBs near the telomeres
hybridized to right-end fragments (Fig. 5). Hence,No preferred meiotic DSB sites were found near the
probes 32 and 33, which are on the left end of the chraelomeres in any of th8. cerevisiaehromosomes, na-
mosome in strain S288C, are on the right end in SK1-deive and artificial, in which meiotic DSBs were mapped.
rived strains. One endpoint of the rearrangement befo test the generality of this finding, meiotic chromo-
tween the two strains appears to be in the ~7 kb regiosomal preparations were electrophoresed briefly, so as to
between probes 32 and 34 in strain S288C. This regioretain the smallest meiotic fragments on the gel. We hy-
encompasses BLO1-like pseudogene and the'\Wub-  bridized several chromosomal blots with the subtelomer-

telomeric repeat sequences (Bussey et al. 1995). ic Y' sequence (probe 40; Table 3). This probe hybrid-
ized to most NKY1002 chromosomes (data not shown).
Meiotic DSBs on YACS No hybridization was detected below 15 kb, even after

extensive overexposure (Fig. 7). Above 15 kb, a smear

We also examined meiotic double-strand breakage iwas obtained. Within the smear, stronger signals were
YACs carrying human DNA. To date we have analyzedapparent with a periodicity of 25-30 kb (at 15-30 kb,
over 20 YACs, with inserts ranging in size from 100 to50-60 kb, and 80-90 kb; Fig. 7), suggesting that the av-
1250 kb, from several different locations on the humarerage spacing of one preferred meiotic DSB site per
genome. 25 kb that we found on the three smallest yeast chromo-

All of the YACs had specific, preferred meiotic DSB- somes may also be true of the larger chromosomes. The
prone regions, the locations of which depended on the habsence of any signal below 15 kb confirmed that there
man-derived DNA (Klein et al. 1996). The meiotic DSBswere no preferred meiotic DSB sites that generated frag-
on YAC12 and YAC21.4 were mapped using unigue huments containing Ysequences within 15 kb of tHg.
man DNA from either end of each YAC as probes. YAC1Zerevisiagelomeres.
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Lichten 1993; Schwacha and Kleckner 1994; Collins and
R Newlon 1994; Storlazzi et al. 1995).

What determines the positions of the preferred meiot-
ic DSB sites? There is no obvious primary sequence mo-
tif common to the known DSB sites. Numerous factors
appear to be involved in determining both the positions
} of the DSB sites and the extents of breakage at those

(Chr I 230 kb
194.0

1455 sites. These may includgs-acting elements, local posi-

tion effects and competition for limiting factors (de
Massy and Nicolas 1993; Wu and Lichten 1995; V. Dror,
MSc Thesis, Hebrew University of Jerusalem 1994).

4

N

)« Several meiotic DSB sites are known to coincide with
s

97.0

48.5
231

nuclease-sensitive regions in chromatin (Wu and Lichten
1994; Ohta et al. 1994; Fan and Petes 1996), suggesting
94 that an “open” chromatin structure is required to allow
Fia. 7. Hvbridizat v subtel _ ot otic DNA access of the DSB machinery. At tARG4DSB site,

9. 7. Fybridization ot ¥ SUbt€lomeric repeats o meiotic - micrococcal nuclease sensitivity increased during meio-
Left panelMeiotic DNA was prepared from strain NKY1002, as sis (Ohta et al. 1994), and at tHES4DSB site, DNase |

in Fig. 2, and hybridized to probe 40. Mitotic DNA is shown in ; | | i
the left lane, and meiotic DNA in the right lane. No fragments of (PUt not micrococcal nuclease) sensitivity increased dur-

<15 kb were detected, even after prolonged overexposure. (CHEWFJ meiosis (Fan and Petes 1996). Hence, conformatio-
electrophoresis conditions: 200 V, 2-26 s pulses, 13 h; 1% agaraial changes in chromatin structure may be required for
se in 0.5XTBE.)Right panelScanning densitometry on the auto- induction of meiotic double-strand breakage, at least at
radiogram shown in left panel, showing periodicity in the pattemgsome sites. Transcription factors also have been shown
fge"‘sﬂ]oat;fgstrizlr‘%%e' Therrows indicate peaks that correspond 10 1 p)ay 5 role in modulating the extent of DSB breakage
at some sites (Fan et al. 1995; White et al. 1993). Most
of the meiotic DSB sites that had been carefully ana-
Discussion lyzed to date were '5to transcribed sequences. The
strong DSB at the '3end of HIS2 (Fig. 3 and R.E.
We present here the maps of the meiotic DSBS.ater-  Malone, personal communication) is therefore an inter-
evisiae chromosomes | and VI. The preferred meioticesting exception. This site mapped to within 100 bp of
DSBs on the three smalleSt cerevisiaehromosomes the 3 end of HIS2 transcription, and the nearest tran-
have now been mapped. On chromosomal blots, wecriptional start site i£600 bases downstream of this
identified 10 meiotic DSB-prone regions on chromo-DSB site (Malone et al. 1992; Murakami et al. 1995). It
some | (~230 kb), 12 on chromosome VI (~275 kb), andvould be interesting to look at the nuclease sensitivity
12 on chromosome Il (~340 kb; Zenvirth et al. 1992).pattern around thellS2 DSB site. There is no apparent
Thus, there is one preferred meiotic DSB-prone regiomlifference in transcription througHIS2 during meiosis
per 25 kb of chromosomal DNA, on average, althoughand mitosis (R.E. Malone, pers. commun.).
each chromosome had a unique, nonrandom distribution We found no meiotic preferred DSB sites within
of DSB sites. Similar frequencies of DSB-prone regionsl5 kb of the telomeres (Figs. 6, 7 and S. Klein unpub-
were found on YACs. On both the native and artificiallished data), although our data do not rule out the exis-
chromosomes the DSBs range in characteristic intensitience of preferred DSB sites between thedbtelomer-
from weak (representing breakage of ~1% of chromoic sequences and the chromosome ends. In most cases,
somes) to strongg(l0% breakage). no DSB sites were seen within 25 kb of the telomeres.
Every known hot spot for meiotic recombination on The subtelomeric regions 8. cerevisia@ppear to un-
these three chromosomes was associated with a meiotiergo much lower levels of homologous recombination
DSB site, accounting for a quarter of the DSB sites identhan the rest of the chromosome (Steensma et al. 1989;
tified. Although it is not yet known how many of the oth- Su, Barton and Kaback, unpublished results), consistent
er DSB sites are also hot spots for recombination, it isvith the absence of preferred meiotic DSB sites, al-
clear that there is an association between meiotic reconthkough meiotic rearrangements of the subtelomeric
bination at hot spots and meiotically induced doublezones have been reported (Horowitz et al. 1984). We are
strand breakage. Several years ago, it was shown that twestigating whether transcriptional silencing is in-
initiation site for meiotic gene conversion at tARG4  volved in repressing recombination near the telomeres in
hot spot, as defined by the polarity of gene conversion &. cerevisiae Recombination is likewise reduced near
that locus, coincided with a meiotically induced DSB sitethe chromosome ends iDrosophila melanogaster
(Nicolas et al. 1989; Sun et al. 1989). Since then, a larggHawley et al. 1993), but is enhanced near the ends of
body of evidence has accumulated showing that meiotimany human chromosomes (Murray et al. 1994). Rare
recombination at hot spots initiates at DSBs (reviewed imecombination events in the subtelomeric zone appear to
Klein et al. 1994). The DSBs are rapidly resected at theiprovide a mechanism for telomeric repair in mitotic cells
5 ends, to yield 3single-stranded tails (Alani et al. (reviewed in Zakian 1995; Louis 1995). Some form of
1990). The DSBs can then apparently be converted inttecombination between the "Wsubtelomeric repeats
double Holliday junction recombination intermediates,(Bussey et al. 1995) may well be responsible for the ho-
and thence to mature recombinant molecules (Goyon andology between the right ends of chromosomes | and
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VIl (Steensma et al. 1989), as well as for the polymor-al Science Foundation (BSF), the Israel Academy of Sciences, the

ph|c differences we discovered on the left and nght end§ati0na| Science Foundation and the NIH-National Center _fOIj

of the chromosome | from diferent sirains B o B P aociorel oot
We have demonstrated that YACs carrying huma :

DNA are subject to double-strand breakage during yeast

meiosis. The distribution of preferred DSB sites is simi-

lar to that on the nativé&S. cerevisiaechromosomes. References

YACs carrying DNA from the planArabidopsis thali- ) _ _

ana are also sublect (0 doublestrand breakage duringry & Fadrore %, Keckoer ) 09%0) hnayss of b ine

yeast meiosis (M.' Stammers, pers. commun.). HQmOIO' between meiotic chromosome synapsis and recombination.
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