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ABSTRACT

A temperature-sensitive mrel I— I mutation of Saccharomyces cerevisiae causes defects in meiotic recombi-
nation and DNA repair during vegetative growth at a restrictive temperature. We cloned the MRE!1]
gene and found that it encodes a 643-amino acid protein with a highly acidic region containing a heptad
repeat of Asp at its C-terminus and is located downstream of YMR44 near the RNAI locus on the right
arm of chromosome XIII. Transcripts of the MREI1I gene increased transiently and showed the same
kinetics as that of the RAD50 gene during meiosis. In a mrel 1 disruption mutant (mrel1:: hisG), meiosis-
specific doublestrand break (DSB) formation is abolished. A comparison of the properties of mrel1:: hisG
and a rad50 deletion mutant (rad50A) indicated that both mutants exhibited similar phenotypes in
both meiosis and mitosis. Characterization of two double mutants, mrel1:: hisG rad50A and mrell:: hisG
rad50S, showed that MREI1 and RAD50 belong to the same epistasis group with respect to meiotic DSB
formation and mitotic DNA repair. Using a two-hybrid system, we found that Mrell interacts with Rad50
and itself in vivo. These results suggest that Mrell and Rad50 proteins work in a complex in DSB
formation and DNA repair during vegetative growth.

A temperature-sensitive mrel I -1 mutant was isolated
as a meiotic recombination-defective strain of Sac-
charomyces cerevisiae by monitoring interchromosomal
recombination in both the his4 and leu2 loci using a
haploid strain that is disomic for chromosome II7 (AJL-
MURA ¢t al. 1993). During meiosis, the homozygous
mrel -1 strain is deficient in inter- and intragenic re-
combination and forms inviable spores at a restrictive
temperature. However, the spore viability of this mutant
can be rescued by a spol3 mutation that bypasses reduc-
tional division (meiosis I) and undergoes only equa-
tional division (meiosis II) (KLAPHOLZ and ESPOSITO
1980a,b). This property suggests that MRE]1 functions
during the early stage(s) of meiotic recombination. In
contrast, during vegetative growth, the mrel -1 mutant
is proficient in mitotic recombination and has a hyper-
Rec property in interchromosomal recombination. Fur-
thermore, the mrell-1 mutant is sensitive to methyl
methanesulfonate (MMS) at a restrictive temperature,
which indicates that MRE11 is required for DNA repair
during vegetative growth.

Another mutation in §. cerevisige that has been well
characterized and exhibits phenotypes similar to those
of mrell-1 involves the RAD50 gene. The mutant,
rad50, was first identified in a strain that exhibits severe
sensitivity to ionizing radiation (GAME and MORTIMER
1974). The rad50 deletion mutants (rad50A) exhibit a
hyper-Rec phenotype for both inter- and intrachromo-
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somal recombination (ALANI ¢f al. 1990; MALONE et al.
1990) during vegetative growth. Furthermore, meiotic
recombination is completely eliminated in the rad50A
mutant, resulting in inviable spore formation (GAME et
al, 1980; REsSNICK 1987; ALANI et al. 1990). However,
its spore viability can be rescued by a spol3 mutation
(MALONE and EsposiTo 1981). In addition, rad50A mu-
tant is completely deficient in the formation of meiosis-
specific double-strand breaks (DSBs), which is thought
to be an event that initiates meiotic recombination {NI-
COLAS et al. 1989; SUN et al. 1989; CaOo et al. 1990;
SCHULTES and SzOSTAK 1990; GOLDWAY & al. 1993).
Thus, the meiotic and mitotic properties of the rad50A
mutant are very similar to those of mrell-I mutant.
Interestingly, a mutant of a third gene, XRS2, which
was originally isolated in an X-ray-sensitive strain of S.
cerevisiae (SUSLOVA 1969 cited in IvaNOV e al. 1992),
exhibits similar properties to rad50A (IvANOV et al.
1992). It would appear that the MRE11, RAD50 and
XRS2 genes are involved similarly in DNA repair and
meiotic recombination.

A nonnull, recessive mutant of the RAD50 gene,
rad50S, exhibits some different phenotypes from the
rad50A mutant (ALANI et al. 1990). During vegetative
growth, the rad50§ mutant exhibits resistance to MMS
and its spontaneous recombination frequency is close
to that of the wild-type strain. Therefore, the mitotic
properties of the rad50S$ and wild-type strains are indis-
tinguishable. During meiosis, although the rad50S mu-
tant is capable of generating DSBs, it is deficient in DSB
processing. In a wild-type strain, DSBs are processed
immediately, by producing 3’-overhanging termini
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(SUN et al. 1991), which are repaired thereafter, whereas
in the rad50S mutant, discrete DSB signals accumulate.
Therefore, in the rad50S mutant, the progression
through the meiotic recombination pathway is blocked
immediately after DSBs formation. The properties of
rad50S mutant suggest that RAD50 functions at multiple
steps in the meiotic recombination pathway and that
mitotic DNA repair and meiotic functions can be sepa-
rated.

In this work, to gain information about the MRE11
gene and examine the relationship between MRE]1 and
RAD50, we isolated the MRE]] gene and constructed a
mrel 1 disruption mutant (mrell:: hisG) and two double
mutants, mrell:: hisG rad50A and mrel1:: hisG rad50S.
Comparative analyses using these two double mutants
indicated that the two genes are in the same epistasis
group with respect to both mitotic DNA repair and
meiotic recombination pathways. Additional observa-
tions provided evidence that the Mrell protein inter-
acts with the Radb0 protein as well as with itself in vivo.
These results suggest that Mrell and Rad50 proteins
work in a complex in the mitotic DNA repair and mei-
otic recombination pathways.

MATERIALS AND METHODS

Plasmids: The initial isolate of the mrell complementing
plasmid, pKJ1101, contains a genomic 4.3-kb BamHI fragment
inserted at the BamHI site of YRp7, and pKJ1102-pKJ1105 are
derivatives of pKJ1101 with deletions in their 4.3-kb BamHI
fragments (Figure 1). Plasmid pKJ1107 was constructed by
digestion at the Acd site, treatment of its ends with the Klenow
enzyme and selfligation, which resulted in a two-base inser-
tion at the Acd site. Plasmid pNKY51 contains the URA3 gene
flanked by direct repeats of the Salmonella hisG DNA (ALANI
et al. 1987). These hisG repeats allow the precise deletion of
the URA3 marker after transformation-mediated gene disrup-
tion. Plasmid pKJ1112-S contains a BamHI fragment that is
disrupted by the hisG-URA3-hisG fragment of pNKY51 at the
Stul site (Figure 1) and was used to construct the mrell:: hisG-
URA 3-hisG mutant strain. This disruption mutation is referred
to mrel1:: hisG. Plasmid pNKY291 (CAO et al. 1990) contains
a 1.5kb Ps-EcoRI fragment derived from the downstream
region of HIS4 and was used to detect DSBs. Plasmid pNKY396
contains the RAD50 gene with a site-directed mutation in the
first ATG creating a Ndel recognition sequence (provided by
W. RAYMOND and N. KLECKNER). Plasmid pBTM116 contains
a full-length Escherichia coli lexA coding sequence fused to
the ADHI promoter and the TRPI gene as a transformation
marker and pGAD10 contains a copy of the GAL4 acidic do-
main (amino acids 768-881) fused to the ADHI promoter
and the LEU2 gene as a transformation marker (both these
plasmids were provided by P. BARTEL and S. FIELDs). The
construction of each hybrid plasmid for the interaction assay
using a two-hybrid system is summarized in Figure 7. Plasmid
pLexA-RAD50ONN contains the Ndel-Nded fragment; it was pre-
pared using pNKY396 and end-filled using the Klenow en-
zyme at the Smal site of pPBTM116. Plasmid pLexA-RAD50BB
and pLexA-RAD50PB contain the Bglll-BamHI and Puvull-
BamHI fragments of pNKY396 at the BamHI and Smal-BamHI
sites of pBTM1186, respectively. Plasmid pGal4-RAD50BB con-
tains the Bgl/II-BamHI fragment of pNKY396 inserted at the
BamHI site of pGAD10. The Ndel-Nrul fragment-containing

pLexA-MREIINN was prepared using pKJT7-10 (a Ndd site
was introduced at the first ATG of the MREII gene by site-
directed mutagenesis) and end-filled by the Klenow enzyme
at the Smal site of pBTM116; pLexA-MRE11rev contains the
same fragment at the Smal site of pBTM116 but in the oppo-
site direction, as pLexA-MRE11NN. Plasmid pGal4-MRE11NN
contains the Ndel-Nrul fragment; it was prepared using
pKJT7-10 and end-filled by the Klenow enzyme at the BamHI
site (this site was also end-filled by the Klenow enzyme) of
pGADI10 and pGal4-MRE11SN contains the Stul-Nrul frag-
ment of pKJT7-10 inserted at the BglIl site (this site was also
endfilled by the Klenow enzyme) of pGAD10. The fusion
point of each plasmid constructed was confirmed by nucleo-
tide sequencing using the following primers: 5-CCTTCGTC-
AGCAGAGC-3’ for LexA fusions and 5'-CGATGATGAAGA-
TACCC-3' for Gal4 acidic fusions.

Yeast strains: The yeast strains used in this study are listed
in Table 1. The E8-1 strain was used to clone the MREII
gene and N8A/E8 was used in the subcloning experiments.
The NKY (provided by N. KLECKNER), SKY and KJC strains
are derivatives of the SKI strain that enters synchronously
into meijosis at a high frequency (FAsT 1973). The 140 (S. M.
HOLLENBER, R. STERNGLANZ and H. WEINTRAUB, unpublished
data) and KJ286-8a (described below) strains were used for
the two-hybrid analysis.

The mrell disruption strain (KJC288) was constructed as
follows. The diploid NKY278 strain was transformed with a
8.1-kb BamHI fragment prepared from pKJ1112-S. The Ura”
transformants were selected and the MREI1 gene disruption
was verified by Southern blotting. The selected diploid trans-
formant (KjC30) was sporulated, tetrad dissected and the
MATa Ura™ MMS® (KJC32) and MATa Ura® MMS® (KJC31)
haploid cells were selected and mated with NKY1238 and
NKY1240, respectively. The resulting diploid cells were sporu-
lated, tetrad dissected and KJC262 and KJC268 were obtained.

The rad50A mutant (KJC210) was constructed by the one-
step gene disruption methods (ROTHSTEIN 1983) using a
BgllI-EcoRI fragment of pNKY83 (ALANI et al. 1989) and
NKY278. The Ura™ haploid cells of both mating types were
obtained, the Ura™ cells were selected (SKY15 and SKY16) by
5-fluoro-orotic acid (5-FOA) (BOEKE ef al. 1984) and mated
to create KJC210.

The mrel1:: hisG rad50A double mutant (KJC312) was con-
structed as follows. The mrell disruption strain KJC31 was
mated with SKY15, the resulting diploid was sporulated, tetrad
dissected and the tetrads that exhibited 2:2 segregation of
Ura® MMS":Ura™ MMS" were selected. The mating types of
these tetrads were checked and both MATa Ura®™ MMS* and
MATa Ura™ MMS’® haploids were selected. The presence of
double mutations, mrel1:: hisG and rad50A, in these haploids
was verified by Southern blotting and the complementation
tests using SKY15, SKY16, KJC31 and KJC32. These haploid
cells were mated to obtain KJC312.

The mrel1:: hisG rad50S double mutant (KJC311) was con-
structed as follows. Two mrell haploid strains, KJC262 and
KJC268, were mated with two rad50S haploid strains, NKY1000
and 1003, respectively. The resulting diploid strains were spor-
ulated, tetrad dissected and two haploid strains, MATa leu2
his4X:: LEU2-URA3 arg4-nsp mrel 1:: hisG rad50KI81-URA 3 and
MATo leu2 his4B:: LEU2 arg4-bgl mrel 1:: hisG rad50KI81-URA3,
were selected and mated to obtain KJC311.

The KJ286-8a strain was constructed by mating 140 with
NKY274, sporulation and tetrad dissection; KJ286—8a was se-
lected for the following genetic markers: MATa Leu” Trp~
His™ Ura®™ Lys" (not checked, LYS2:: lexA-HIS3).

Media: All the media used in this study, except the MYPL,
presporulation and sporulation media, are described in AjJl-
MURA et al. (1993). The MYPL plates contained 1% yeast ex-
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TABLE 1

Yeast strains

Strain Genotype
NKY278  a lys2 ho::LYS2 ura3
a lys2 ho::LYS2 ura3
NKY274  « lys2 ho::LYS2 ura3
NKY1238 a lys2 ho::LYS2 leu2::hisG his4X::LUE2-URA3 ura3 arg4-nsp
NKY1240 a lys2 ho::LYS2 leu2::hisG his4B::LUE2 ura3 arg4-bgl
KJC190  NKY1238 X NKY1240
NKY641  a lys2 ho::LYS2 leu2::hisG his4X::LEU2 ura3
a lys2 ho::LYS2 leu2::hisG his4B::LEU2 ura3
E8-1 a trpl canl ura3 cyh2 ade6 mrell-1 ade2
N8A-2d  a leu2 his4 trp] mrell-1 met2 ade2
NSA/E8 NB8A-2d X E8-1
KJC30 a Iys2 ho::LYS2 wra3 mrell:hisG-URA3-hisG
a lys2 ho::LYS2 ura3 MRE11
KJC31 a lys2 ho::LYS2 ura3 mrel 1:hisG-URA3-hisG
KJC32 a lys2 ho::LYS2 ura3 mrel 1::hisG-URA3-hisG
KJC262  a lys2 ho::LYS2 leu2:hisG his4X::LEU2-URA3 ura3 arg#-nspy mrel 1:hisG-URA3-hisG
KJC268  a Iys2 ho::LYS2 leu2::hisG his4B::LEU2 ura3 argd-bgl mrel 1::hisG-URA3-hisG
KJjC288  KJC262 X KJC268
SKY15 « lys2 ho::LYS2 ura3 rad50::hisG
SKY16 a lys2 ho::LYS2 ura3 rad50::hisG
KJC210  SKYI5 X SKY16
KJC312 a lys2 ho::LYS2 ura3 mrell::hisG-URA3-hisG rad30::hisG
a lys2 ho::LYS2 ura3 mrel 1::hisG-URA3-hisG rad50::hisG
NKY1000 « lys2 ho::LYS2 ura3 rad50-KI81-URA3
NKY1003 a lys2 ho::LYS2 ura3 rad50-KI81-URA3
KJC211 a Iys2 ho::LYS2 leu2::hisG his4X::LEU2-URA3 ura3 argd-nsp rad50-KI81-URA3
a lys2 ho::LYS2 leu2::hisG his4B::LEU2 ura3 arg4-bgl rad50-KI81-URA3
KJC311  a lys2 ho:LYS2 leu2::hisG his4X::LEU2-URA3 ura3 arg4d-nsp mrell::hisG-URA3-hisG rad50-KI81-URA3
a lys2 ho::LYS2 leu2::hisG his4B::LEU2 ura3 arg4-bgl mrel 1::hisG-URA3-hisG rad50-KIS1-URA 3
L40 a LYS2::lexA-HIS3 leu2 trp] URA3::lexA-lacZ his3
KJj286-8a « LYS2 leu2 trpl URA3::lexA-lacZ his3

tract, 2% bacto peptone, 2% lactate and 1.5% agar (MYPL
was used to remove p~ cells), the presporulation medium
(pre-SPM) contained 1% yeast extract, 2% bacto peptone and
2% potassium acetate and the sporulation medium (SPM)
contained 1% potassium acetate and 0.03% raffinose.

Cloning the MREI1I gene: The MREII gene was cloned
from a genomic library (YRp7 based) (ADZUMA et al. 1984) by
complementation of the MMS sensitivity of a mrell—1 haploid
strain, E8—1, at 34°. The Trp* transformants were selected
on SD-Trp~ plates containing 0.01% (v/v) MMS at 34°.
Among 7.5 X 10° Trp* transformants, 2017 were also MMS".
After testing for cosegregation of both the MMS® and Trp*
phenotypes in 16 Trp* MMS' transformants, plasmid DNAs
were isolated from them. All the plasmid DNAs isolated had
an identical 4.3-kb BamHI DNA fragment cloned in the YRp7
vector (Figure 1). The candidate plasmids were introduced
into a homozygous mrell-1 mutant strain, N8A/E8, and
tested for their abilities to complement MMS sensitivity and
the meiotic recombination defect. One of these plasmids, the
properties of which were confirmed by retransformation into
yeast cells, was designated pKJ1101.

DNA Sequencing of the 4.3-kb BamHI fragment: The ran-
dom sonication method (DEININGER 1983) was used for DNA
fragmentation. The 4.3-kb BamHI fragment, at a high concen-
tration, was selfligated and the resulting DNAs were soni-
cated. These random fragments (average, 1 kb) were treated
with the Klenow enzyme and inserted into the Smal site of
M13mp19. The nucleotide sequences of these random clones

were determined by the dideoxy chain termination method
(SANGER ¢t al. 1977) using T7 DNA polymerase (Pharmacia)
and the M13 primer.

RNA purification and analysis: The total RNA from wild-
type KJC190 cells was prepared as described by ELDER et al.
(1983). Diethyl-pyrocarbonate was used as a ribonuclease in-
hibitor. The poly-(A) " RNA was prepared from the total RNA
using an oligo-dT column (Pharmacia) and used for S1-map-
ping. The total RNA from meiotic cells was purified by sporu-
lating the diploid NKY641 strain in SPM, and RNA was pre-
pared from cells harvested at various times after transfer to
SPM. In parallel, meiotic recombination between the his4X/
his4B heteroalleles was measured to monitor the progression
of meiosis by return-to-growth methods (Esposrro and Espo-
SITO 1974). These total RNA samples were used for Northern
blotting. The RNA samples were stored in 67% ethanol at
—20° until required for use.

The location and orientation of the MRE]1 transcripts were
determined using the Sl-mapping procedure described by
BERK and SHARP (1978). The ssDNA probes were constructed
with the full-length and various subfragments of the 4.3-kb
BamHI DNA by cloning into pUC118 and pUC119 (VIEIRA
and MESSING 1987). The ssDNA probe fragments used are
shown in Figure 4A. The ssDNA probes and poly-(A)* RNA
were hybridized at 47° for 3 hr. After S1 nuclease treatment,
the samples were suspended in 20 ml TE (10 mM Tris-Cl, pH
7.5,1 mM EDTA) solution, and aliquots (10 ml) of the samples
were electrophoresed in neutral and alkaline agarose gels.
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Each sample was blotted onto a nylon membrane (Millipore,
GVHP304f0) and subjected to hybridization with a *P-labeled
random-primed probe (FEINBERG and VOGELSTEIN 1984) pre-
pared from the 4.3-kb BamHI fragment.

To monitor the transcription of the MREII and RAD50
genes during meiosis, denatured total RNA samples were elec-
trophoresed in formaldehyde gel, transferred to a nylon mem-
brane, subjected to UV fixation and then hybridized with
MREI11 (Acd-Stul)- and RAD50 (Stul-Puull)-specific probes.
The amount of each transcript was determined using a FUJIX
Bio-image analyzer BAS2000 (FU]JI Photo Film Co., Ltd.), and
the ACT1 signals (GALLWITZ and SEIDEL 1980) were measured
in parallel to normalize the amounts of RNA in each lane.

Observation of meiosis-specific DSBs: Diploid cells (wild
type, KJC190; mrell:: hisG, KJC288; rad50S, KJC211; mrell::
hisG rad50S, KJC311) grown in YPD (2 ml) were transferred
into pre-SPM (200 ml) and incubated for 12 hr at 30°. Then,
the cells were harvested, washed twice with SPM, suspended
in SPM (200 ml) and incubated at 30°. Aliquots (15 mi) of
meiotic cultures were harvested at various times after transfer
to SPM and stored in 70% ethanol at —20°. The chromosomal
DNA was isolated using the procedure described by Cao et
al. (1990). Ten to 20% of the prepared DNA was digested
with Psl and separated on a 0.7% agarose gel using TAE
buffer (SAMBROOK et al. 1989). The DSBs were detected by
subjecting to Southern hybridization with a random-primed
probe (FEINBERG and VOGELSTEIN 1984) prepared from
pNKY291.

Two-hybrid analysis: The 140 and KJ]286-8a strains were
transformed with Gal4- and LexA-hybrid plasmids, respec-
tively. The L40 transformants were mated with appropriate
KJ286-8a transformants and the resulting diploid cells were
selected on SD-Trp~ Leu™ plates. The protein-protein interac-
tion was monitored by measuring the B-galactosidase activity
of each diploid as described by ROSE ¢t al. (1990).

RESULTS

Cloning and nucleotide sequence of the MREII
gene: The MRE]] gene was isolated from a S. cerevisiae
genomic library (ADZUMA ef al. 1984) by complementa-
tion of the MMS sensitivity of the temperature-sensitive
mrel I -1 mutant, E8-1, at 34°. All the MMS-resistant
transformants carried an identical plasmid with a 4.3-
kb BamHI genomic fragment cloned in the YRp7 vector.
A restriction map of the 4.3-kb fragment with the results
of the subcloning experiments is shown in Figure 1.

COMPLEMENTATION ~ PLASMID

FIGURE 1.—Restriction map of the 4.3kb
BamHI fragment containing the MRE11 gene and
complementation analysis of the subclones. The
shaded rectangle below the map denotes the re-
gion containing the MREI] gene. The fragments
indicated by the line were subcloned into the
YRp7 vector. The results of the complementation

pKJ1101 tests for MMS sensitivity and meiotic intergenic
pKJ1102 recombination between CANI and URA3, mea-

sured by return-to-growth methods (EsrosiTo
pKJ1103 and EsposITO 1974), in the mrel I -1 homozygous
pKJ1104 diploid strain (N8A/ES8) at 34° are shown on the
pKJ1105 right. The solid box at the Acd site of pKJ1107

represents a two base insertion created by end-
pKJ1107 filling using the Klenow fragment. In pKJ1112-S,
pKJ1112-S  the hisG-URA3-hisG (ALANI ef al. 1987) fragment

was inserted at the St site. B, BamHI; P, Pvull;
A, Acd; S, Stul; N, Nrul; E, EcoRV.

The subcloning experiments localized the mrell-1
complementing activity to the 3.0-kb BamHI-Nrul frag-
ment. The entire 4.3-kb fragment was sequenced. Fig-
ure 2 shows the nucleotide sequence of the 3.1-kb re-
gion containing the mrell—1 complementing activity.
A long open reading frame (ORF) consisting of 1932
bp (from 812 to 2743 bp) was found in the BamHI-
Nrul region of this fragment. All the phenotypes of the
disruption strain of this ORF were similar to those of
mrel1—1 (under restrictive conditions), and a comple-
mentation test with the mrel1-1 mutant verified that
this ORF was allelic to the MRE11 gene and not a domi-
nant Suppressor.

The deduced Mrell protein contained 643 amino
acid residues and its molecular weight was 72,350. The
DNA sequence analysis demonstrated two TATA-like
sequences in the upstream region of the MREII gene
(TAATATATAT, 599-608, and TAATATT, 551-557)
and two putative polyadenylation signals (TATAAA,
3032-3037, and AATAAA, 3103-3108) in its down-
stream region (Figure 2). A homology search of the
deduced Mrell protein sequence using NBRF and
Swiss-Prot indicated that Mrell is not homologous to
any known protein. However, we wish to emphasize the
presence of the highly acidic region containing the hep-
tad repeat of Asp at the C-terminal region of Mrell
(Figure 2).

The nucleotide sequence from 1 to 654 in the 3.1-
kb fragment was identical to that of YMR44, which en-
codes a mitochondrial ribosomal protein and is located
on either chromosome XIIT or XVI (MATSUSHITA et al.
1989). Southern blotting using the **P-labeled 4.3-kb
BamHI fragment by OFAGE (ROSE et al. 1990) indicated
that the MRE!1] gene was located on chromosome X//
(data not shown). Measurement of the genetic intervals
between MRE11, RAD52 and RNAI on chromosome
XII indicated that the MREI] gene was mapped near
RNA1 (data not shown).

Transcription of the MREII gene increases during
meiosis, as does the RAD50 gene: To determine
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SanM exon 1 of YMR44
GGATCCT CAAATAGAGGAT GAACAGAT GT GAAGAAGAAA CGAGCTTAATTATATCTTCGCCATGATAACTAAATACTTCAGTAAGGT AATTGTCAGGTTTAATCCCTTTGGCAAGGAAGG 120
M ITKYFSIKVIVRFNPTFSGKE

TATGTATTTTTTTTCGCTCTGTTATTCGTTCTCCTTACCTTTGGCCATCATGATT TAAAGATT TGGCTAAACTAGGCTGAGGTAGGCTCGAACCGATCTATCACAAATACTAACAGCAAA 240

oxon 2 of YMR44
TGATATGGTCATATCATTGATTTCAGCGAAAGTTGCTAGGTTAGTACTTGCTGCCATTCCACCAACGCAACGAAACATGGGCACGCAGATTCAATCGGAAATTATCTCAGATTACAATAA 360
A KV ARLVLAAIPPTQRNMGTAQIQSEITISDYNK

AGTCAAGCCTCTTGT GAAAGTAACCTACAAGGACAAAAAAGAAAT GGAAGTCGAT CCATCAAACATGAACTTTCAGGAATTAGCCAATCATTTCGACCGTCACTCGAAACAGCTGGATCT 480
VKPLVYKYTYKDIXKIKEMEVDPSNMNMFOQELANHTFDRHSIKOQLDL
C1-region
CAAACATATGTTGGAAAT GCATT GAGAAAAT AAAGGCAT CTACAAAT CTCATT GTAGGCATGCACGTTTCTAATATTCTAACAAMAA CAAAGTCAGAGTTCACAAGCAAGCCTGTAAATA
K HMLEMHBMK?®* TATA box

TATA box C2+egion
CGCTTGTAAGGAAGACAATGT GGAAACAACATTAAGAGAAT GCAGACAATT GACGCAAGTTGTACCTGCTCAGATCCGATAAAACTCGACTATGGACTATCCTGAT CCAGACACAATAAG
MDYPDPDTTIR
GATTTTAATTACTACAGATAATCATGTGGGTTACAAC GAAAATGATCCCATTACTGGCGATGATTCTTGGAAAACTTTCCAT GAAGT CAT GATGCT GG CCAAAAAT AACAAC GTAGACAT
I LI TTDNHY GYNENDPITOGDDSWKTFHEVMMLAKNNNYTDHM

600
ATATATAT GCAATTACACAAACGTATAGATAGATATACCCAACCAAACTGACTTAAGGTTTAAATAGTATGGCCAATCGAATAGAACCCAAACATTATAGCCATATTAAATTACTCTTTA 720
840
960

GGTTGTACAGTCCGGTGATCTTTTTCACGTGAATAAGCCTTCCAAGAAGTCACTCTACCAAGTACT GAAGACTT TGAGATTATGTTGCATGGGTGACAAGCCTTGCGAGTTAGAATTATT 1080
VVQSGEDLFHVNKPSKI K SLYQVLILKTI LRLCCMGD KPP CETLETLL

GAGCGATCCCTCACAAGTTTTTCACTACGATGAATTTACCAACGTTAACTATGAGGACCCCAACTTTAATATTT CTATTCCCGTATTCGGCATATCAGGTAATCATGATGATGCGTCGGG 1200
SDPSQVFHYDEFTNVNYEDPNFNISIPVYFGISGNUHDDASSEG

GGACTCACTGTTGTGTCCTATGGATATACTTCATGCGACTGGTCTAATAAATCATTTCGGGAAAGT CATCGAAT CTGATAAAATAAAAGT CGTGCCATTATTATTTCAGAAAGGGTCCAC 1320
D St L CPMDILHATGLISNUGHNFGKXKVYTIESDA KTIKVYVPLLFQKGS ST

TAAGTTAGCATTGTACGGATTAGCCGCTGTTCGTGAT GAAAGGTTATT TAGAACTTTTAAGGAT GGTGGTGT CACTTTTGAAGTACCGACTATGCGAGAAGGTGAATGGTTTAATTTAAT 1440
KL ALY GLAAVRDERLTFRTFIKDGGYTFEVPTMRETGEWTFNILM

GTGCGTCCATCAAAATCATACAGGTCACACGAATACT GCATTTTTACCTGAACAGTTCTTGCCAGATTTCCT GGATATGGTGATATGGGGTCATGAACATGAGT GTATTCCGAATCTCGT 1560
CVHQNHTGHTNTAFLPEQFULPDFLDMVYIWNWGHEWHETCIU®PNLY

ACACAATCCAATTAAAAATTTTGATGTATTACAACCAGGTTCATCTGTAGCTACTTCACTTTGT GAGGCTGAGG CACAACCCAAGTAT GTCTTTATCCTTGACATAAAGTAT GGAGAAGC 1680
HNPIKNFDOVLQPGSSVATSLCEAEAQPKYVYFILDTIKYGEA

ACCAAAAATGACACCTATTCCTCTTGAGACTATACGGACATT CAAAATGAAAT CCATTTCGTTACAAGATGT TCCCCATTTGAGGCCT CACGATAAAGATGCTACGTCTAAGTATCTTAT 1800
PKMTPIPLULETTIRTFKMKTSTISLQDVPHLRPHDIEKTDATSIKYLI

TGAACAAGTTGAAGAAAT GAT CCGCGACGCTAAT GAG GAAACTAAACAAAAAT TAGCGGACGAT GGTGAAGG TGACATGGTT GCGGAATTACCGAAACCATTGATCAGATTACGTGTTGA 1920
EQVEEMIARDANETETIKIQKTLADODGEGDMYAELPK®PLTIRILRVYD

TTATAGTGCACCCTCCAATACACAATCCCCAATAGATTACCAAGT TGAAAACCCGCGTAGATTTAGCAATCGATTTGTGGGACGTGTT GCTAACGGTAATAACGTTGTGCAGTTTTATAA 2040
YSAPSNTQSPIODYQVENPRRFSNRFYGRVYVYANGNNVYYVQFYK

AAAAAGGTCACCT GTAACTAGATCAAAAAAAT CCGGTATAAATGGAACAAGCATCAGTGATAGAGATGTTGAGAAACTTTTCAGCGAAAGTGGCGGTGAACTAGAAGTTCAAACTTTGGT 2160
KRSPVTRSKIKSGINGTSTISDRDVEIKTLTFSESGGEILEVQTTULV

TAATGATCTYCTTGAACAAAAT GCAACTAT CTTTATTACCAGAAGT TGGTTTGAATGAAGCAGTAAAGAAGTTTGTAGATAAA GATGAGAAAACAGCTCTTAAAGAATTTATTAGCCATGA 2280
N DLLNKMQLSLLPEVGGLNEAVKI KFVYDIKDEIKTALIKTETFTISHE

AATATCGAACGAAGTTGGAATATTATCTACGAAT GAAGAATTTCT GAGAACAGAT GATGCAGAGGAAAT GAAAGCGCTTATAAAACAGGT TAAGCGTGCTAACAGT GTTAGGCCGALTCC 2400
I S NEV GILSTNETEFTLRTDDAETEMKALTIKQVKRANSVYRPTTEP

CCCTAAAGAAAAT GATGAGACAAATTTCGCATTCAAT GGTAATGGGCTAGATT CCTTCCGGTCTAGTAATAGAGAAGTAAGAACTGGATCTCCAGACATTACCCAATCACATGTTGATAA 2520
P XKENDETNTFAFNGNGLDSFRSSNREVRTGSPDTITA QSHYTDN

TGAAT CAAGAATAACCCATATTAGT CAAGCGGAAAGCAGTAAGCCAACGAGCAAACCCAAACGAGT GCGAACTGCAACGAAAAAGAAAATTCCTGCTTTTTCAGACTCAACTGTCATATC 2640
ESRITHIS QAESSKPTSKPKRVYRTATIKXIKTIZPATFS S TvI1S

CGATGCAGAAAAT GAACTCGGTGATAATAACGATGCT CAAGATGATGTTGATATTGATGAGAAT GACATAATTATGGTCAGTACTGAC GAAGAGGACGCCTAGTTATGGTTTACTTAATG 2760
A ENETWLG N NDAQD vVDIDEN I T MV ST EED A *

GTCGAAAAACAAAAACAAAGACTCGTCCT GCTGCGAGCACCAAAACCGCTTCCAGAAGGGGAAAAGGAAGAGCATCAAGGACGCCAMMGACGGATATTCTTGGAAGTCTCCTTGCTAAGA 2880
AAAGAAAATAGTTGTACTTGATCCCTATATTATATTATATCCTATTTATAACCAAGGGCTT! GCCTTC'E.("GMCAACAAGT ATGCCATTTTGAGAGGAGCAAATTTGCATTCTAAATTCAT 3000
GATAATGATATGTTCTTTAATTATTACTATATATAAACTCACTTAGTTTTCCAGCCTTTGCTCTTTTGTTCGTATAGCAAGGAAT GAAAAAAAAAAAT CCTGAATAAACGTCATAGTAAT 3120

FIGURE 2.—Nucleotide sequence of a 3.1-kb region in the 4.3-kb BamHI fragment. The DNA and deduced amino acid
sequences of the MRE]] gene are shown. The DNA sequence data of the 4.3-kb BamHI fragment have been submitted to the
GenBank, EMBL and DDBJ data bases (accession number D11463). The numbers refer to the nucleotide sequence at +1, which
indicates the position of the BamHI site in the 4.3-kb fragment. The TATA-like sequences located upstream of the MRE11 ORF
are underlined, as are the putative polyadenylation signals downstream of it. The C1 and C2 regions represent the sequences
that are homologous with regions upstream of the RAD50 gene (see Figure 8). The circled amino acid residues indicate the
heptad repeat of Asp at the C-terminus of the Mrell protein. The amino acid sequence in an upstream region of the MREI1
coding region represents Ymr44 (MATSUSHITA ¢ al. 1989). Therefore, the MRE1! gene is located adjacent to the YMR44 gene.
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FIGURE 3.—Expression of MREI1 and RAD50 during meio-
sis. (A) Autoradiograph of Northern hybridization. The total
RNA was prepared from a wild-type diploid strain (NKY641)
at various times after incubation in SPM, and 10 ug total RNA
was loaded onto each lane. To detect the MRE11 RNA, a 0.94-
kb Acd-Stul fragment prepared from pKJ1101 was labeled
by the random-primer method (FEINBERG and VOGELSTEIN
1984). The Stul-Pvull fragment of pNKY74 (ALANI et al. 1989)
was used as a probe for RAD50 RNA. (B) Relative increase
of MRE11 and RAD50 transcripts during meiosis. The signal
intensity of each band was measured using a FUJIX Bio-image
analyzer BAS2000 (FU]JI Photo Film Co., Ltd.). The amount

of each RNA per lane was normalized by dividing by that of

ACTI RNA, which does not fluctuate during meiosis (GALL-
wiTZ and SEIDEL 1980). O, MREI1 RNA; @, RAD50 RNA.

whether expression of the MREII gene could be in-
duced during meiosis, the total RNA was isolated from
the wild-type diploid NKY641 strain and analyzed by
Northern hybridization. A 2.5-kb RNA was detected us-
ing the Acd-Stul DNA fragment containing the 5'-termi-
nal portion of the MREII gene as a probe (Figure 3).
The size of the RNA observed during mitosis was the
same as that during meiosis. The amount of the signal
in each lane was normalized using the amount of the
ACT]I signal, which remains constant during meiosis
(GaLLwiTz and SEIDEL 1980). Figure 3B shows the
MRE]11RNA level fluctuates during meiosis. After trans-
fer to SPM, the amount of MREI1 RNA increased,
reached a maximum (sevenfold increase) after 4 hr and
decreased thereafter.

The amount of RAD50 RNA has also been reported
to increase during meiosis (RAYMOND and KLECKNER
1993a). To compare MREII and RAD50 gene expres-
sion, the membrane was double-probed with RAD50-
and MRE] I-specific probes. A band of ~4.2 kb, corre-
sponding to the RAD50 transcript reported by RAYMOND
and KLECKNER (1993a), was detected during mitosis and
meiosis. The kinetics of MREII and RAD50 transcrip-
tion were similar (Figure 3B). These observations sug-
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FIGURE 4.—S1-Mapping of MREII transcripts. (A) The
MRE11 coding region is shown as an open box within the 4.3-
kb BamHI DNA fragment. The single-stranded DNAs used as
probes for S1 mapping are indicated by arrows: R1, R2, R3, R4
and R5 represent anti-sense- and L1 represents sense-strand
probes. The locations and orientations of the transcripts are
indicated by wavy lines, and the hatched boxes located down-
stream of the Nrul site indicate polyadenylation signals. B,
BamHI; P, Poull; A, Acd; S, Stul; N, Nrul; E, EcoRV. (B) South-
ern hybridization analysis of S1 mapping under neutral condi-
tions. The samples were electrophoresed on 0.8% neutral
agarose gel and subjected to Southern hybridization using
the 4.3-kb BamHI fragment as a probe. Lane M contains size-
marker DNAs prepared from the BamHI fragment.

gest that transcription of these two genes may be regu-
lated by a common mechanism.

Structure of the MREI I transcripts: The structure of
the MREI1RNA was analyzed by S1 mapping. The poly-
(A)" RNA was isolated from vegetative cells of a wild-
type diploid strain (KJC190), hybridized with several
ssDNA fragments prepared from the 4.3-kb BamHI frag-
ment (Figure 4) and digested with S1 nuclease. Figure
4B shows an autoradiograph of the fragments detected
by SI mapping under neutral conditions using the 4.3-
kb BamHI fragment as a probe. Two clear bands of
different lengths (1.25 and 1.35 kb) were detected using
the R5 anti-sense ssDNA probe, and two different-sized
bands (2.3 and 2.4 kb) were also detected using the
R3 (anti-sense full-length ssDNA) and R4 (anti-sense
ssDNA) probes (Figure 4B). However, when R1 anti-
sense ssDNA was used, only a 1.0-kb band was detected
(Figure 4B). These results indicate that two mRNAs of
different lengths, which originate in the same 5’-region



Interaction of Mrell and Rad50 1527

TABLE 2

Spontaneous mitotic recombination frequency
of the mrell::hisG

Strain Genotype his4X/his4B arg4-nsp/arg4-bgl
KJC190 MRE11 2.24 3.36
KJC288 mrel 1::hisG 20.4 39.9

Spontaneous mitotic interchromosomal recombination fre-
quency was assayed in two loci using strain KJC190 and KJC288
at 30°. Each frequency (X107°) represents the average mea-
sured by three independent experiments.

and terminate at two different sites located to the right
of the Nrul restriction site, were transcribed to the right
in the 4.3-kb BamHI region. Both RNAs covered the
entire predicted coding region of the MREII gene. It
should be noted, however, that although a single band
was observed with Northern blotting, two different-sized
RNAs were detected by the SI-mapping method. This
difference is probably attributable to the RNA length
differing only by 0.1 kb, which is too small to be sepa-
rated by the electrophoretic procedure used for North-
ern analysis. The presence of these two RNA species and
their similar expression kinetics during meiosis were
confirmed by the S1-mapping method using R5 ssDNA
(data not shown). The same analysis was performed
using alkaline agarose gel electrophoresis, which
yvielded the same patterns as those with neutral gel (data
not shown). Therefore, we concluded that there are
no introns in the MRE]] transcripts. No bands were
detected using the L1 ssDNA sense strand, which dem-
onstrated that no anti-sense transcript longer than 0.7
kb was present (data not shown).

Construction of a mrell disruption mutant: The
MRE11 gene was disrupted by transforming a diploid
strain with linearized pKJ1112-S (see MATERIALS AND
METHODS). The tetrads exhibited four viable; however,
two of them (Ura') formed smaller colonies than the
others (Ura™), indicating that MRE1] is not an essential
gene. However, the mrell::hisG mutants exhibited a
slow growth phenotype. The mrell:: hisG is recessive
and is not a conditional mutation.

During vegetative growth, the spontaneous interchro-
mosomal recombination frequency of the mrell:: hisG
mutant was 10-fold that of the wild-type strain (hyper-
Rec phenotype; Table 2). During meiosis, return-to-
growth experiments (EsposiTo and EsposiTO 1974)
showed that the mrel:: hisG mutant (KJC288) was com-
pletely deficient in induction of interchromosomal re-
combination (data not shown). Complete deficiency of
meiotic recombination in mrel I:: hisGwas also observed
between CENIIFMAT in mrell:: hisG spol3 dyads (AJr-
MURA ¢t al. 1993). These results indicate that the meiotic
and mitotic properties of the mrel1:: hisG mutants were
very similar to those of the rad50A mutants.

Analysis of meiosis-specific DSB formation in the
mrell mutant: Site-specific DSBs with processed ter-

mini occur transiently during meiosis (SUN et al. 1989,
1991; CAO et al. 1990; GOLDWAY et al. 1993) and are
physical landmarks of meiotic recombination. Such
DSBs are considered to be initial events in meiotic re-
combination (NICOLAS ef al. 1989; SCHULTES and Szos-
TAK 1990; Ca0 et al. 1990; SUN et al. 1991). Using South-
ern hybridization, we attempted to ascertain the role
of the MRE]1 gene in meiotic recombination by exam-
ining DSB formation at the HIS4-LEU2 hot-spot {(CaO
et al. 1990) during meiosis in a mrel I:: hisG mutant. As
shown in Figure 6, during meiosis, transient DSB signals
at the HIS4-LEUZ2 hot-spot were observed in the wild-
type strain, whereas no DSB signals were detected in
the mrel1:: hisGmutant. The same results were observed
at the ARG4locus (data not shown). These observations
indicate that the MRE11 gene is required for generating
DSB at hot-spots during meiotic recombination, as dem-
onstrated for RAD50, XRS2 and SPOI1 (ALANI et al.
1990; IvaNovV et al. 1992).

The MREI11 and RAD50 genes belong to the same
epistasis group: The phenotypes of the mrell:: hisG
mutant resembled those of the rad50A mutant in both
meiosis and mitosis. To establish the epistasis relation-
ship between them, we constructed mrel 1:: hisG rad50A
and mrel 1:: hisG rad50S double mutants and examined
their properties. Several different properties of the re-
cessive rad50S mutation from rad50A and mrell:: hisG
(see the Introduction) enable epistatic analysis to be
performed.

First, during vegetative growth, the MMS sensitivity
of the mrell:: hisG rad50A double mutant was com-
pared with that of each single mutant (Figure 5). The
MMS sensitivities of the mrell:: hisG and the rad50A
mutants were very similar. The mrel1:: hisG rad50A dou-
ble mutant also exhibited similar sensitivity to that of
each single mutant. Therefore, the MRE11 and RAD50
genes belong to the same epistasis group in the mitotic
DNA repair pathway.

Next, the epistasis relationship between DSB forma-
tion in recombination hot-spots in these two genes dur-
ing meiosis was examined. Figure 6 shows the DSB for-
mation at the HIS4LEU2 hotspot. In the wild-type
strain, transient broad DSBs reflecting the processing
of their termini were observed during the meiotic pro-
phase. In contrast, in the 7ad50S mutant, discrete DSB
signals were accumulated and the breaks were neither
processed nor repaired, even after 12 hr in SPM (Figure
6) (ALANI et al. 1990). In the mrel I:: hisG rad50S double
mutant, no DSB formation was detected at any time
during meiosis (Figure 6). These observations indicate
that mrell:: hisG is epistatic to rad50S with respect to
DSB formation. The sporulation frequencies were also
measured. The spore formation frequency of the
mrelI:: hisG mutant was reduced slightly (39% vs. 89%
in wild type), whereas it was reduced dramatically in
the rad50S mutant (to 0.7%). Interestingly, in the
mrel I:: hisG rad50S double mutant, the spore formation
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FIGURE 5.—Methyl methanesulfonate-sensitivities of wild-
type and mutant strains. Homozygous diploid strains were
grown to the stationary phase in liquid YPD medium at 30°.
The cell cultures were diluted and plated onto complete
(MYPD) plates containing various concentrations of MMS and
incubated for 72 hours at 30°. O, wild-type; A, mrell:: hisG;
®, rad50A; A, mrell:: hisG rad50A.

frequency recovered to the levels in the mrell:: hisG or
rad50A single mutants (40% and 39%, respectively).
The overall meiotic and mitotic characteristics suggest
that MRE11 acts at the same, or at an earlier, step as
the RAD50 gene in mitotic DNA repair and in meiotic
recombination pathways.

Physical interaction between Mrell and Rad50 pro-
teins: Asindicated above, the MRE1I and RAD50genes
are genetically interactive during meiotic recombina-
tion and mitotic DNA repair. This result led us to exam-
ine the physical interaction between Mrell and Rad50
proteins. We tested the in vivo interaction using a two-
hybrid system (FIELDS and SONG 1989; CHIEN ef al.
1991) in which one protein was fused to the LexA pro-
tein (full length) and the other to the Gal4 activation
domain (amino acids 768—881). The L40 and KJ286—
8a strains, which possess lexA-HIS3 and lexA-LacZ re-
porter genes, were transformed with the Gal4- and
LexA-fusion plasmids. The construction of each fusion
plasmid is outlined in Figure 7. Both pLexA-MRE11NN
and pGal4MRE1INN were able to complement the
MMS sensitivity of the mrell disruption mutant (data
not shown), which indicates that these fusion genes
encode proteins that function like the wild-type Mrell
protein.

First, the interaction between Mrell and Rad50 pro-
teins (Mrell-Rad50) was examined. Neither the pLexA-
RAD50BB nor the pLexA-RAD50PB hybrids could activate
transcription of LacZin the presence of pGal4-MRE11NN.

Furthermore, pLexA-RAD50NN, pLexA-RAD50BB and
pLexA-RAD50PB were unable to activate transcription of
LacZ in the presence of pGal4MRE11SN. However, spe-
cific B-galactosidase activity was observed using pLexA-
RAD50ONN and pGal4MRE11INN (Table 3). These results
indicate that the Mrell and Rad50 proteins interacted
physically in vivo.

Second, the interaction between Mrell proteins
(Mrell-Mrell) was also examined. Using the fulldength
Mrell fusion proteins, pGal4-MREI1INN and pLexA-
MREIINN, specific B-galactosidase activity was detected
(Table 3). In contrast, neither the combination LexA-
MREI1INN and Gal4MRE11SN nor the combination
LexA-MREllrev and Gal4-MRE11NN activated transcrip-
tion of the LacZ gene. These observations, together with
the complementing activity of two full-length Mrell fu-
sions, indicate that the Mrell protein also interacts phys-
ically with itself in vivo.

DISCUSSION

The MRE1I gene of S. cerevisiae was isolated by com-
plementation of the MMS sensitivity of the temperature-
sensitive mrel -1 mutant at 34°. The MREII gene is
located near the RNAI locus on chromosome XIII and
encodes a 643-amino acid protein with a highly acidic
region at its C-terminus. The level of MREII RNA in-
creases transiently during meiosis. A mrell:: hisG mu-
tant is sensitive to MMS and exhibits an interchromo-
somal hyper-Rec phenotype during vegetative growth.
During meiosis, the mrell:: hisG mutant is deficient in
DSB formation at recombination hot-spots. The mitotic
and meiotic properties of the mrell:: kisG mutant are
very similar to those of rad50A and xrs2 (IvVANOV et al.
1992, 1994) but differ from those of rad51, rad52
(HAYNES and KUNZ 1981; SHINOHARA ¢t al. 1992; OGawa
et al. 1994) and meiosis-specific Rec” mutants (reviewed
by PETES et al. 1991).

Regulation of MRE11 and RAD50 transcription: The
kinetics of MRE11 and RAD50 transcription during mei-
osis were similar (Figure 3). Furthermore, two homolo-
gous sequences, C1 and C2 (Figure 8), were observed
in the upstream regions of both genes and the C2 se-
quence was similar to the Rapl binding site consensus
sequence (ROTENBERG and WOOLFORD 1986; GRAHAM
and CHAMBERS 1994). The location of these and the
TATA sequences in both genes were found to be quite
similar (Figure 8). These results suggest that transcrip-
tion of these two genes may be controlled by a common
regulatory mechanism.

Formation of a Mrell/Rad50 protein complex dur-
ing DNA repair and meiotic recombination: The follow-
ing four observations, taken together, suggest strongly
that Mrell and Rad50 proteins function as a protein
complex in mitotic DNA repair and meiotic recombina-
tion pathways. First, the mrell:: hisG and rad50A mu-
tants exhibited quite similar properties during mitosis
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FIGURE 6.—Observation of DSBs at a meiotic recombination hotspot. (A) Physical map of the HIS4-LEU2 locus (CAO et al.
1990) on chromosome [II. The vertical arrows indicate the sites of DSBs (sites I and II). The hatched box below the map
represents the DNA fragment prepared from pNKY291 used as a probe and the horizontal lines below the map indicate the
DNA fragments detected by this probe after they had been digested with Psd. (B) Southern hybridization analysis of DSBs at
the HIS4-LEU2 locus in wild-type, mrell:: hisG, rad50S and mrel 1:: hisG rad50S strains. The times after transfer into SPM are
indicated at the top of each panel. Strains used: KJC190, wild-type; KJC288, mrel 1:: hisG; KJC211, rad50S; KJC311, mrel1:: hisG

rad50S.

and meiosis: they exhibited similar MMS sensitivity, the
spontaneous hyper-Rec phenotype, proficiency to carry
out UV-induced recombination during vegetative
growth and deficiency of DSB formation during meiotic
recombination. Second, during vegetative growth, a
mrel 1:: hisG rad50A double mutant exhibited MMS sen-
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sitivity similar to that of each single mutant (Figure 5),
which indicates both genes are involved in the same
recombinational repair pathway. Third, in the mrell::
hisG rad50S double mutant, no DSB signals were ob-
served (Figure 6) and the spore formation frequency
recovered to the same level as that in a mrell:: hisG

FIGURE 7.—Construction of the LexA- and
Gal4-fusions (see MATERIALS AND METHODS). In
pLexA-RAD50NN, the C-terminal 33 amino acids
of the Rad50 protein were deleted; pBTM116 was
used for LexA fusion and pGAD10 for Gal4 acidic
fusion.

Ndel BamH|
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TABLE 3

Interaction of Mrell and Rad50 proteins in vivo

Gal4 acidic fusion

LexA fusion pGal4 pGal4-MREIINN pGal4-MRE11SN pGal4-RAD50BB
pLexA 1.9 1.2 1.6 2.1
pLexA-MRE11INN 0.8 298 0.9 0.8
pLexA-MRE11rev 0.7 0.7 0.4 0.7
pLexA-RAD50NN 0.1 16.2 0.6 0.2
pLexA-RAD50BB 0.2 0.1 0.2 0.1
pLexA-RAD50PB 0.1 0.1 0.1 0.1

Specific activity of S-galactosidase expressed as nmol/min/mg protein is shown.

single mutant. These findings indicate that mrel I is epi-
static to rad50S with respect to meiotic DSB formation
and sporulation. Therefore, genetic analysis of the dou-
ble mutants indicated not only that the MREII and
RAD50 genes work in the same pathway but also that
MRE11 acts prior to RAD50 or they act simultaneously
during the mitotic and meiotic phases. Finally, the phys-
ical interaction between Mrell and Rad50 proteins in
vivo was detected using a two-hybrid system (Table 3).

We also identified a Mrell-Mrell interaction in vivo
(Table 3). Complementation of the MMS sensitivity of
a mrell mutant using two full-length Mrell fusions
(LexA-MREI1INN and Gal4-MRE11NN) indicated they
both encoded fusion proteins that functioned like the
wild-type Mrell protein. These results suggest that
Mrell exists in vivoas a dimer or multimer. The biologi-
cal significance of the Mrell-Mrell interaction could
be examined by isolating a dominant negative mutation
of the MREII gene. A similar self-interaction (Rad50-
Rad50) was observed in studies using Rad50 protein
purified from yeast (RAYMOND and KLECKNER 1993b).
The Rad50-Rad50 interaction is considered to be im-
portant for the function of Rad50 protein, because of
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FIGURE 8.—The upstream homologous regions of the
MREI1 and RAD50 genes. The hatched boxes (Cl and C2)
show the homologous regions of the MREII and RAD50
genes, the open boxes indicate the TATA sequences and the
numbers denote the distance (in base pair) from the corre-
sponding first ATG. The nucleotide sequence of the RAD50
gene is that reported by ALANI ¢t al. (1989). The C2 region was
homologous with the Rapl binding site consensus sequence
(ROTENBERG and WOOLFORD 1986; GRAHAM and CHAMBERS
1994).

its structural similarity to the myosin S-2 domain (ALANI
et al. 1989).

In the two-hybrid analysis, the deletions of N-terminal
half of the Mrell protein and of N-terminal one third
of the Rad50 protein failed to make the reporter genes
active (Table 3). Therefore, these regions are possible
to be required for protein-protein interactions. How-
ever, we do not know yet that these truncated fusion
proteins are stable or properly folded in the cells; this
possibility needs further study. In addition to this possi-
bility, we can speculate C-terminal region as one of
protein-protein interaction sites. As shown in Figure 2,
a highly acidic-rich region containing a heptad repeat
of Asp was observed in a C-terminus of the Mrell pro-
tein. The acidic-rich regions of yeast transcriptional acti-
vators and bacteriophage gp32 are required for protein-
protein interactions (LEWIN 1990; KRASSA et al. 1991).
Therefore, it is also possible that the acidic-rich region
of the Mrell protein is involved in interactions.

Other possible members of the complex: The mrell::
hisG and rad50A mutants exhibit complex and pleiotro-
pic phenotypes. The sensitivities of these mutants to
MMS and 7y-rays suggest that MREI1 and RAD50 are
required for DSB repair (after DSB damage has oc-
curred) during vegetative growth. Conversely, as no DSB
formation at recombination hot-spots was observed in
these mutants during meiosis, these genes would appear
to be required for DSB formation per se in the meiotic
recombination pathway (before DSB formation). The mei-
otic role of MREI1 and RAD50in DSB formation may be
attributable to interaction(s) with some meiosis-specific
protein(s). Several meiosis-specific genes, the mutants of
which are deficient in DSB formation, have been found
in S. cerevisiae (spoll, ALANI et al. 1990; mer2, T. NAKA-
GAWA and H. OcGAawA, unpublished data; recl14, S.-H.
LEEM, N. SATOH and H. OGAwA, unpublished data). In-
teraction(s) between such meiosis-specific factor(s) and
proteins of the Mrell/Rad50 complex may confer the
ability to form DSBs during meiosis. Further investiga-
tions into possible interactions with additional meiosis-
specific proteins may provide information that will help
to understand the mechanism of meiotic DSB formation
at recombination hot-spots.
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A product of a third gene, XRS2, may also interact
with the Mrell/Rad50 complex. The XRS2gene, which
is known to be required for recombinational repair in
S. cerevisiae, was also found to be required for DSB for-
mation during meiotic recombination (IVANOV et al.
1992), as observed with the mrell:: hisG and rad50A
mutants. In addition, XRS2 exhibits epistatic interac-
tions with RAD50with respect to meiotic DSB formation
and mitotic DNA repair. Therefore, the mrell, rad50
and xrs2 mutants exhibit similar phenotypes during
both meiosis and vegetative growth and the Xrs2 pro-
tein is, therefore, an obvious candidate for the complex.
Recently, to identify other members of the Mrell/
Radb0 complex, we tried to isolate proteins that can
bind to Mrell from a yeast genomic library using the
two-hybrid system and isolated Gal4-Xrs2 fusion pro-
teins (K. JoHZUKA and H. OGawa, unpublished data).

Model for the role of the Mrell/Rad50 complex:
Two significant observations of the involvement of the
chromatin structure in DSB formation and mitotic re-
combination frequency have been reported. First, the
sites of DSB formation are hypersensitive to DNasel or
micrococcal nuclease (MNase) during not only meiosis
but also vegetative growth (WU and LICHTEN 1994;
OHTA et al. 1995), which indicates that meiotic recombi-
nation hot-spot loci are exposed sites in chromatin dur-
ing both phases. Second, a sir3 mutant exhibits the
hyper-Rec phenotype during vegetative growth (PAL-
LADINO et al. 1993). The SIR3 gene is known to be re-
quired for the repression of two silent loci, HMR and
HML (RINE and HERskOWITZ 1987), and the transcrip-
tional repression mediated by SIR3 requires interaction
with a nucleosome component, histone H4 (JOHNSON
et al. 1990). This interaction is thought to cause a chro-
matin structure change, thus preventing access of the
transcriptional machinery to the region. Therefore, the
characteristics of sir3 suggest that exposed sites in the
chromatin are more recombinogenic than other re-
gions that are masked by the histone octamer.

Considering the hyper-Rec properties of the mrell::
hisG and rad50A mutants from the point of view of
chromatin structure, the role of the Mrell/Radb0 com-
plex may be as follows. The function of the complex is
to bind the DNA at exposed sites in the chromatin and
change it into some unknown structure. This might
lead to repression of the production of spontaneous
recombinogenic lesions, which may occur everywhere
in the genome. If this is the case, the hyper-Rec proper-
ties of the mrell:: hisG and rad50A mutants can be un-
derstood easily, as discussed above for the sir3 mutant.
During meiosis, as discussed above, the complexes bind
to the exposed sites of chromatin and then recruit some
meiosis-specific protein (e.g., nuclease) to produce
DSBs. The doublestranded DNA binding activities of
purified Rad50 (RAYMOND and KLECKNER 1993b) and
Mrell (K. JoHZUKA and H. OGAwA, unpublished data)
proteins provide support for this hypothesis.
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