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Initiation of meiotic recombination in the yeast Saccharomyces cerevisiae requires at least 10 gene products.
The initiation event creates double-strand breaks, which are then processed by other recombination enzymes.
A variety of classical observations, such as the existence of recombination nodules, have suggested that the
proteins catalyzing recombination form a complex. A variety of lines of evidence indicate that Rad50p, Mrellp,
and Xrs2p interact, and genetic data suggesting interactions between Recl02p and Recl104p have been
reported. It has recently been shown that Spollp coimmunoprecipitates with Rec102p in meiosis as well. In
this paper, we provide genetic and biochemical evidence that the meiosis-specific proteins Rec102p, Rec104p,
and Spollp all interact with each other in meiosis. Furthermore, we demonstrate that the interaction between
Rec102p and Spollp does not require Rec104p. Likewise, the interaction between Rec104p and Rec102p does
not require Spollp, although Spollp may stabilize that association. The interactions suggest that Spollp,
Rec102p, and Recl104p may form a trimeric complex during the initiation of recombination.

For most sexually reproducing organisms, a high level of
meiotic recombination is required for the proper segregation
of homologous chromosomes to produce viable gametes. The
single-celled eucaryote Saccharomyces cerevisiae has served as
a model system with which to study meiosis and meiotic re-
combination (15, 37); its chromosomes undergo the typical
sequence of premeiotic DNA synthesis, meiotic recombina-
tion, reductional division, equational division, and packaging
(into spores). Accumulated evidence indicates that most, if not
all, of the meiotic recombination events in S. cerevisiae are
initiated with double-strand breaks (DSBs) (e.g., see refer-
ences 15 and 30). At least 12 genes (see Table 1), which have
been called early recombination genes (26), are required for
the initiation of meiotic recombination (e.g., see references 18,
20, and 28). Five of the early recombination genes (RADS50,
XRS2, MRE11, MRE2, and RECI103) are expressed during mi-
tosis and meiosis. Two genes (MERI and MRE?2) are meiosis-
specific splicing factors required for the proper splicing of
MER2 mRNA (34, 35) and seem unlikely to play a direct role
in recombination initiation. The gene products of six early
recombination genes (SPOI1I1, MEI4, MER2, RECI02,
REC104, and REC114) are present only in meiotic cells and
may therefore be considered meiosis specific. Except for MERI
and MRE?2, null mutations of early recombination genes confer
similar meiotic phenotypes, including a reduced sporulation
rate, very low spore viability, complete elimination of intrach-
romosomal and interchromosomal meiotic recombination, and
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a failure to create meiotic DSBs (e.g., see references 17, 20,
and 38).

In other DNA metabolic processes, protein complexes carry
out many of the reactions involved. For example, the DNA
replication initiation complex is highly conserved in eucaryotes
ranging from yeast to metazoans (7, 46). Likewise, complexes
of proteins are involved in the recognition and repair of dam-
aged DNA (such as pyrimidine dimers) (3, 39). Large struc-
tures, called recombination nodules, are associated with mei-
otic recombination and have been visualized along meiotic
chromosomes by electron microscopy studies of Drosophila
melanogaster and many other organisms (8, 10, 19, 50). It has
been hypothesized that recombination nodules contain mul-
tienzyme complexes catalyzing meiotic recombination (2, 9, 10,
19). Since there is a clear precedent for protein complexes
acting in DNA metabolism, since at least 10 S. cerevisiae genes
are required to create DSBs to initiate meiotic recombination,
and since null mutations in all early recombination genes con-
fer similar meiotic phenotypes, it is not surprising that physical
and genetic interactions have been found among some of the
early recombination gene products (Table 1).

Mrellp, Rad50p, and Xrs2p can form a complex, with
Mrellp serving as the binding core (22, 49). These three genes
are also expressed during mitosis, and they are required for
mitotic DNA recombination-repair (13). Mrellp and Rad50p
have amino acid sequences that have homology to the regions
of the SbcC and SbeD proteins of Escherichia coli (44). Mrellp
has been reported to have DNA nuclease, DNA binding,
strand dissociation, and strand-annealing activities (16, 47, 49).
Rad50p has ATP binding motifs at its amino- and carboxy-
terminal ends, and purified Rad50p exhibits ATP-dependent
double-strand DNA binding activity (40). Special mutant al-
leles of RAD50 and MREI1 (e.g., rad50S) (1, 16, 49) indicate
that Rad50p and Mrellp are required for both the formation
and subsequent processing of meiotic DSBs.

During the preparation of this report, Kee and Keeney
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TABLE 1. Summary of known interactions among early exchange genes

Gene Interaction(s) Method (reference) Expression
MREI11 Mrellp-Mrellp, Mrellp-Rad50p, Two-hybrid analysis (22), coimmunoprecipitation (47) Mitotic/meiotic
Mrellp-Xrs2p
RADS0 Rad50p-Mrellp Two-hybrid analysis (22), coimmunoprecipitation (47) Mitotic/meiotic
XRS2 Xrs2p-Mrellp, Xrs2p-Rad50p Two-hybrid analysis (22), coimmunoprecipitation (47) Mitotic/meiotic
RECI103 Rec103p-Spollp Two-hybrid analysis (48) Mitotic/meiotic
MER2/RECI107 Unknown Meiotic/meiotic
MERI Unknown Meiotic
MRE2/NAMS Unknown Mitotic/meiotic
RECI102 Spollp-Recl02p, REC104-REC102 Coimmunoprecipitation (23), high-copy-number-suppression (42) Meiotic
MEI14 Unknown Meiotic
RECI104 REC104-REC102 High-copy-number suppression (42) Meiotic
RECI114 Unknown Meiotic
SPO11 Spollp-Rec102p, Spollp-Recl03p Coimmunoprecipitation (23), two-hybrid analysis (48) Meiotic

(23) reported that a diploid cell containing an epitope-tagged
version of both SPOI1 and RECI02 displays a synthetic cold-
sensitive meiotic Rec™ phenotype, indicating a genetic in-
teraction between the two genes. They also reported that
immunoprecipitation of Recl02p coprecipitated Spollp
(23). SPO11 is a central meiosis-specific early recombination
gene whose product shows moderate homology to the topo-
isomerase type VIA subunit of an archaebacterium (5).
Spollp is covalently linked with the 5" ends of meiotic DSBs in
rad508S cells (24). Thus, it has been proposed that SPO11 en-
codes the catalytic subunit for the formation of meiotic DSBs
(5, 24). SPO11 homologs have been identified in complex eu-
caryotes, including D. melanogaster, Caenorhabditis elegans,
and mice (14, 25, 31, 41), suggesting that the basic process for
the initiation of meiotic recombination is evolutionarily con-
served.

RECI02 is one of the meiosis-specific early recombination
genes in S. cerevisiae (6, 12, 27). Sequence analysis has not re-
vealed any significant homologs in species other than S. cerevi-
siae (21) or functional motifs except for a potential leucine
zipper domain (12). The first reported interaction between the
RECI02 gene and other meiotic recombination functions was
the observation that overexpression of REC102 suppresses spe-
cific conditional alleles of REC104 (42). This genetic interac-
tion observed between REC102 and REC104 led us to propose
that the products of these two meiosis-specific early recombi-
nation genes would physically associate with each other, as well
as with other recombination initiation functions (42). In this
report, we describe genetic and physical interactions among
three meiosis-specific genes, REC102, SPO11, and RECI104.
Our studies provide support for the hypothesis (42) that the
products of these genes function in a multiprotein complex
whose roles include catalysis of the initiation of meiotic recom-
bination by the formation of DSBs.

MATERIALS AND METHODS

Yeast strains and genetic techniques. The yeast strains used in this study are
listed in Table 2. Haploids used to generate the diploids JK9-1 and LS7-1 were
transformed with a 5.9-kb rec102A::LYS2 Nsil-Bgll fragment from pJK27. Trans-
formants were examined by both PCR and Southern analysis to confirm the
rec102A::LYS2 deletion. The JK9-4 diploid was made by transforming the hap-
loid parents with pJK55 digested with Kpnl, thus integrating the rec102-18 allele by
two-step gene replacement. Strains JK5-1-5D (recI02A:LYS2/rec102A::LYS?2),
JK12-4 (spollA:kan/spollA:kan™ rec102A:LYS2/rec102A::LYS2), and 1.S8-1-8B
(spollA:kan®/spollA:kan™ rec102A:LYS2/rec102A::LYS2 rec104AI::URA/rec104A
1::URA3) are derivatives of K65-3D (17) and were used for coimmunoprecipitation
assays.

Plasmid construction. A description of the plasmids used in this research is
given in Table 2. The REC102 gene from pCM212 (12) was cloned into pRS426
(11), a high-copy-number vector, to obtain pJK22. pJK21 was a derivative of
pCM212 in which the Clal site within the polylinker region was disrupted by
partial digestion, blunting, and self-ligation. The Clal site in the coding region of
REC102 (bp +9 relative to the start codon) is thus unique. The 1.2-kb BspEI/
Bbul fragment (blunted by Klenow fragment) of pJK22 containing RECI02 was
then removed and replaced with the 4.8-kb EcoRI/Pst] fragment containing the
LYS2 gene from the YDp-K plasmid (4) to obtain pJK27. The deletion starts at
bp —605 and ends at bp +609 of RECI02 relative to the start codon. pJKS5
contains a 3.7-kb EcoR1I/Spel fragment of yeast DNA (from bp —591 to bp +2.5
kb relative to the start codon of REC102) containing the rec/02-18 mutation in
the integration vector pRS306 (45) and was used to integrate the rec102-18 allele
into the yeast genome. To obtain pJK74, an in vivo subcloning approach was
used. The three-hemagglutinin (HA) tag from pMPY-3xHA (43) was PCR am-
plified with the primers HA up (5'-CAATTCAGAATTTTCAAATTTTTTCCT
TACCGGCTGTAACGTACAATAAGGGTGGATACCCATACGATGTTCC
T-3") and HA down (5'-TTACTAAAAAATTTTAATTGCCCAAAAGTATTT
GATTAAATTATATTTTATCTATCACTGAGCAGCGTAATCTGG-3"). The
first 50 nucleotides of the HA up primer correspond to the last 50 bp of the
RECI02 coding region, followed by two glycine codons. The last 18 nucleotides
of HA up and HA down correspond to the HA epitope sequence. The first 50 bp
of the HA down primer correspond to the 50 bp immediately downstream of
RECI02, followed by two stop codons. The PCR product generated from these
primers was cotransformed with a gapped vector (pJK61 digested with Nsi),
generating plasmid pJK74. The construct containing RECI02, the two-glycine
linker region, and the three HA repeats will be referred to as REC102-HA in this
paper. The RECI02-HA fusion from pJK74 was cloned into pRS426 (high-copy-
number vector with URA3 as the selective marker) or pJK81 (high-copy-number
vector with TYRI as the selective marker) to obtain pJK75 or pJK108, respec-
tively. pJK72 is one of the original clones that suppress rec102-18. The 1.9-kb
Bglll/Spel fragment containing SPOI1 as the only intact open reading frame
from pJK72 was cloned into pRS316 or pRS426 to obtain pJK63 or pJK64,
respectively. pJK113 was generated by PCR amplification of the SPO11 gene
with the primers SPOI1gl (5'-AATTCTAGACATGGCTTTGGAGGGATTG-
3") and SPO11g2 (5'-TCATTATCAAAGCTTTCAATTTATA-3"). The SPO11gl
primer contains an Xbal site at its end, and the SPO11g2 primer generates a HindIII
site, facilitating subcloning into the Xbal-HindIII sites of pEG(KG). pLS37 was
constructed by PCR of RECI04 with primer 294 (5'-CTTACCAGTAGATCTTG
GGTGGTGGAATGTCCATCGAGGAGG-3') and primer 295 (5'-CATCAGGG
ACTCTAAATCAAACCTCGAGGGTTCGGAGG-3') and cloned into the Bg/II
and SstI sites used for subcloning into pESC-URA (Stratagene). Plasmids pLS37,
pJK74, and pJK113 encode fully functional FLAG-Rec104p, Rec102-HAp, and
GST-Spollp fusion proteins, as assayed by sporulation efficiency, meiotic recombi-
nation, and spore viability.

PCR mutagenesis of REC102. Random PCR mutagenesis was performed as
described previously (33, 42). Plasmid pJK21 was constructed for use as a gapped
vector by digestion with Clal (+9 of the REC102 coding region) and BseRI (440
bp downstream of REC102). The PCR-mutagenized REC102 fragment was am-
plified with primers REC102A (5'-CCCATGCTAGAACACAGC-3'; located at
bp 536) and RECI02B (5'-TTGGAGGGTACAAGCGAG-3'; located at bp
+1220 relative to +1 of REC102). The PCR conditions used included 0.1 ng of
pCM212 template DNA, 0.5 mM deoxynucleoside triphosphates, 2.5 U of Taq
DNA polymerase (BRL), 2.5 uM primers, and 1X PCR buffer. The MnCl,
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TABLE 2. Yeast strains and plasmids used in this study

MoL. CELL. BIOL.

Name Description or relevant properties ?gfl:: l;cef;ég
Strains
LS1-9 LS1-4-26B MAT« rec102A1::ura3-52 ade5 CYH2® metl3d trp5d leul-12 CANI® ura3-52 ade2-1 This study
LS1-4-74C MAT« rec102A1::ura3-52 ADES cyh2" metl3c tip5c leul-c - canl® ura3-52 ade2-1
1.S2-8 L.S2-3-23D MAT« lys2-1 tyrl-1 his7-1 ADES metl3c cyh2" trp5Sc leul-c CANI® ura3-13 ade2-1 42
LS2-3-37A MATa lys2-1 tyrl-1 his7-2 ade5 met13d CYH2® trp5d leu 1-12 canl™ wura3-13 ade2-1
LS7-1 LS2-3-4B1-1 MATa recl104A-1 rec102A2::LYS2 lys2-1 tyrl-1 his7-1 ADES5 metl3d cyh2"  trpSd leul-12 canl®™ ura3-13 ade2-1 This study
LS2-3-20D1-1 MAT« rec104A-1 rec102A2::LYS?2 lys2-1 tyrl-1 his7-2  ade5 metl3c CYH2® trpSc leul-c  CANI® ura3-13 ade2-1
JKO9-1 Isogenic to LS2-8; homozygous recl02A2::LYS2 This study
JK9-4 Isogenic to LS2-8; homozygous rec102-18 This study
LS5-1 Isogenic to LS2-8; hemizygous rec104-8/rec104A-1 42
K65-3D HO MAT« lys2-1 tyrl-1 his7-2 canl” ura3-13 ade5 metl3-d trp5-2 leul-12 ade2 18
HO MATw lys2-1 tyrl-1 his7-2 canl” ura3-13 ade5 metl3-d trp5-2 leul-12 ade2
JK5-1-5D Same as K65-3D except rec102-A2::LYS2/rec102-A2::LYS2 This study
JK12-4 Same as JK5-1-5D except spollA::kan"/spollA::kan” This study
LS8-1-8B Same as JK12-4 except rec104A1::URA/rec104A1::URA3 This study
LS8-1-3B Same as K65-3D except spoll::kan'/spoll::kan® rec104A1::URA3/rec104A1::URA3 This study
Plasmids
pCM212 RECI02 in pRS316 12
pEG(KG) GST fusion protein expression vector; 2um origin URA3 32
pESC-URA FLAG and MYC expression vector Stratagene
pIK21 Clal site in polylinker region of pCM212 disrupted This study
pJK22 RECI102 in pRS426 This study
pIK27 rec102A2::LYS2 in pRS426 This study
pIK46 rec102-18 allele in pRS316 This study
pJK55 rec102-18 allele in pRS306 This study
pIK61 REC102 in modified pRS316 with NsiI site disrupted This study
pJK63 SPO11 from pJK72 cloned in pRS316 This study
pIK64 SPO11 from pJK72 cloned in pRS426 This study
pIK72 Original clone of high-copy-number suppressor of rec102-18 This study
pJK73 Another original clone of high-copy-number suppressor of rec102-18 This study
pIK74 3-HA tag fused with REC102 in pRS316 This study
pIK75 3-HA tag fused with REC102 in pRS426 This study
pJKS81 2um origin 7YRI This study
pIK108 RECI102-3-HA tag in pJK81 This study
pIK113 GST-SPO11 fusion construct in pEG(KG) This study
pLS37 RECI104 cloned into pESC-URA This study
pLS741 pJK74 with REC102-48 mutation This study
pMHI1 REC104 cloned into pJK81 This study
pMPY-3xHA Yeast 3-HA epitope tagging vector 42
pRS306 Integration vector; URA3 45
pRS316 CEN6 ARSH4 URA3 45
pRS426 2um origin URA3 11
YDp-K Integration vector; LYS2 4

concentrations were 0.1, 0.3, and 0.5 mM in three independent reaction mixtures,
which were combined with MgCl, concentrations of 5.9, 5.7, and 5.5 mM, re-
spectively, to generate a total concentration (Mn plus Mg) of 6 mM.

Screen for REC102 mutants that suppress rec104-8. PCR mutagenesis was
performed on REC102 as described above. PCR-mutagenized REC102 DNA and
a gapped vector were transformed into LS7-1 (rec104-8/rec104-Al recl02A::
LYS2/rec102A::LYS2). One thousand four hundred twenty-five transformants
were analyzed for meiotic recombination at 35°C by sporulating cells for 5 days
and replica plating to media diagnostic for recombination. Yeast DNAs of 11
candidates were made and electroporated into E. coli to recover the REC102
mutant. Both REC102-35 and REC102-48 were recovered in this screen.

Screen for high-copy-number suppressors of rec102-18. The screen for high-
copy-number suppressors of REC102-18 was performed as described by Salem et
al. (42). Five thousand three hundred fifty-five transformants were tested for
meiotic recombination. Five plasmids that met the criteria of the screen were
retransformed into JK9-4 and tested for sporulation frequency and meiotic
recombination. Of these five candidates, four were further analyzed by restriction
enzyme digestion, PCR, and sequencing.

Assays for recombination. Replica plating assays were done by analyzing at
least two, and often three, patches of each diploid. Wild-type and (where ap-
propriate) nonsuppressed controls were also on the plate. After 5 days on
sporulation medium, the plates were replica plated to at least three and usually
four media diagnostic for recombination. Quantitative plating assays were done
as described by Salem et al. (42).

Coimmunoprecipitation assays. Meiotic protein extracts were prepared from
cells at 6 h in sporulation medium. Protein was extracted from 25 ml of cells by
standard yeast procedures. Cells were lysed with 0.5 ml of lysis buffer (0.01 M

Tris [pH 7.5], 0.1 M NaCl, 2 mM EDTA, 0.5% Triton X-100) rather than the
traditional sorbitol breaking buffer. A 0.1-ml volume of 100 mM phenylmethyl-
sulfonyl fluoride and one tablet of protease inhibitor cocktail (Boehringer Mann-
heim) were added per 10 ml of lysis buffer. One milligram of protein in a total
of 100 pl of dilution buffer (lysis buffer plus bovine serum albumin to a final
concentration of 0.05%) was used in each immunoprecipitation. Protein A beads
(Amersham Pharmacia Biotech) and protein G beads (Novagen) were prepared
by adding 10 mg of beads (per precipitation) to 100 .l of incubation buffer (lysis
buffer plus bovine serum albumin to a final concentration of 2%). Five milligrams
of beads (resuspended in incubation buffer) was added to each protein extract,
and the mixture was incubated for 1 to 3 h. The beads were removed, and the
appropriate antibody for immunoprecipitation was added to the precleared pro-
tein extract, and the mixture was incubated at 4°C for 1 h. Five milligrams of
protein A or protein G beads was added, and samples were incubated at 4°C for
2 h. Precipitates binding to the beads were collected by centrifugation. Potential
complexes were eluted from the beads by placement at 100°C for 5 min. Anti-HA
(HA.11; Babco), goat anti-glutathione S-transferase (GST; Molecular Probes),
and anti-FLAG (Stratagene) antibodies were used for coimmunoprecipitation
and Western analysis.

RESULTS

High-copy-number REC104 suppresses specific mutations
in REC102. Our previous work (42) demonstrated that a high-
copy-number (hc) plasmid containing REC102 suppressed sev-
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TABLE 3. Mutant rec102 alleles and their locations

Allele no. Phenotype Altered amino acid(s)?
recl102-5 Ts? R4Q, E29D, F62V, E95K, Q166L
rec102-6 Ts D56N, K65E, F1128
recl102-7 Ts S48G, R67K, F122L
rec102-8 Ts F1228, S129T
rec102-10 Ts N109L
rec102-14 Ts Q36H, S118F
recl102-17 Ts E110G, Q119L
rec102-18 Ts Q175L
rec102-19 Ts Y111C
rec102-21 Partial D167G
rec102-27 Null 124F, R180G
rec102-29 Null V117M, W138R, A149S
rec102-39 Null S114F
rec102-45 Null E11G, H72R, S113F

“ PCR mutagenesis of RECI02 was carried out as described in Materials and
Methods, and mutants were isolated as described in the text. Mutations in bold
occur in amino acids conserved among S. cerevisiae, S. paradoxus, and S. pasto-
rianus (21).

b Ts, temperature sensitivity.

eral rec104 alleles, leading us to propose that the two meiotic
early recombination genes produce interacting proteins. To
further examine interactions between these two genes, we per-
formed the reciprocal experiment to determine if hcRECI04
can suppress specific alleles of RECI02. Random PCR mu-

V  hel04 V hecl04 V hel04
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tagenesis of REC102 generated nine temperature-sensitive (¢s)
alleles, although no cold-sensitive alleles were discovered in
1,425 independent transformants (Table 3). Suppression of
several mutant alleles was first assayed by replica plating and
then by a quantitative plating assay. The data in Fig. 1 and
Table 4 indicate that hcREC104 can suppress the meiotic re-
combination defect caused by the s mutant alleles rec102-10
and recl102-17. Since hcRECI04 could not suppress mutant
allele rec102-5, rec102-8, rec102-18, or rec1024A, it is not bypass
suppression (Table 4). The suppression of specific rec/02 mu-
tations by hcREC104 supports the hypothesis proposed by Sa-
lem et al. (42) that Rec102p and Rec104p interact.

Specific alleles of REC102 suppress the rec104-8 ts allele. To
further test the Rec102p-Recl04p interaction hypothesis, we
looked for evidence of allele-specific suppression. The pool of
random mutations generated in RECI02 were transformed
into the LS7-1 diploid containing the rec104-8 ts allele. Almost
1,500 transformants were tested for the level of meiotic recom-
bination at several loci, and two RECI02 mutants with alter-
ations in the coding region that could suppress rec104-8 were
identified (Fig. 2 and Table 5). The plasmids containing these
mutations were transformed into a rec/02A strain (JK9-1) and
were capable of fully complementing the Rec™ phenotype
(data not shown). We named these two alleles REC102-35 and
REC102-48; sequence analysis revealed that the REC102-35

V hel04 V hcl04 V  hcl04

" " %
- ) - -
o 3

recl02-A recl02-8 recl02-10

recl02-17 recl02-18 recl02-19

FIG. 1. Replica plating assay for suppression of various rec/02 alleles by high-copy-number REC104. The assay detected TRPS5 recombinants
after sporulation at a nonpermissive temperature. V, high-copy-number vector; hc104, high-copy-number RECI04.

TABLE 4. Quantitative assay for suppression of various rec102 alleles by high-copy-number REC104"

RF (10%)

Plasmid 1 Plasmid 2 Sporulation No. of surviving Avg fold

(genotype)® (genotype)® % asci/total® Can® Leu* Trp* increase®
pIK33 (rec102-5) pJK81 (vector) 21 0/30 4.0 0.010 0.006 1
pIK33 (rec102-5) pMHI1 (hcRECI104) 19 0/30 6.4 (1.6) 0.007 (0.7) 0.004 (0.7) 0.92
pIK36 (rec102-8) pJK81 (vector) 28 5/30 6 0.031 0.021 1
pIK36 (rec102-8) pMHI1 (hcRECI104) 25 4/30 28 (1.1) 0.042 (1.3) 0.014 (0.7) 1.1
pJK38 (rec102-10) pJK81 (vector) 25 3/30 22 0.034 0.05 1
pIK38 (rec102-10) pMHI1 (hcRECI104) 51 21/30 111 (5.0) 0.41 (12) 0.48 (9.5) 8.3
pJK45 (rec102-17) pJK81 (vector) 28 8/30 17 0.05 .05 1
pIK45 (rec102-17) pMHI1 (hcRECI104) 37 18/30 58 (3.4) 0.11 (2.2) 0.41 (8.2) 4.6
pIK46 (rec102-18) pJK81 (vector) 28 1/30 9.0 0.011 0.009 1
pIK46 (rec102-18) pMHI1 (hcRECI104) 27 1/30 12 (1.3) 0.008 (0.7) 0.011 (1.2) 1.1

“ All measurements were made in the JK9-1 (rec102A) diploid. JK9-1 cells were cotransformed with two plasmids. The first contained different alleles of REC102
on a CEN plasmid with URA3 as the selective marker. The second plasmid was either the control high-copy-number vector (pJK81) or pMH1 (REC104 in pJK81); both
of these have TYRI as a selective marker. Results of a plating assay for recombination are shown. Three independent transformants were examined at a nonpermissive
temperature. The values shown are averages of the three cultures.

b Relevant genotypes of genes on plasmids are shown in parentheses.

¢ The viability of meiotic products was monitored by examining 30 asci to determine the fraction that could make a viable colony. At least one spore must be alive
for an ascus to make a colony.

4 Recombination frequency (RF) is the number of recombinants divided by the total number of cells plated. The data shown are averages of three independent
cultures. The values in parentheses are increases relative to the vector pJK81. Can" colonies are an indirect measure of crossing over, since recombination is required
for haploidization and viability.

¢ The average increase is the average, over all three loci, of the relative amount of recombination compared to the cells containing the vector for the same rec102
allele.
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allele contained the amino acid changes F32L and S39R, while
the RECI102-48 allele contained the single amino acid change
E123K. Further analysis revealed that REC102-35 could sup-
press both rec104-8 and rec104-12, while the suppression by the
REC102-48 allele was specific to rec104-8 (data not shown).
The allele-specific suppression of rec104-8 by REC102-48 is
consistent with a protein-protein interaction model.

One less interesting explanation for the specific suppression
of rec104-8 by REC102-48 is that the change created by the
RECI102-48 mutation results in a higher level of Rec102p in
meiosis. This phenotype would mimic the high-copy-number
suppression of rec104-8 previously reported (42). We com-
pared the protein levels of the REC102-48 allele and the wild-
type RECI102 allele after tagging both with the HA epitope
(43). These constructs fully complemented a rec102A strain for
sporulation, spore viability, and recombination frequency. The
data in Fig. 3 demonstrate that no more protein was detected
in meiosis in REC102-48 mutant cells than in REC102 mutant
cells. As expected, when REC102 was present on a high-copy-
number plasmid, about 30 times as much protein was present
as when it was located on a low-copy-number CEN plasmid.
The data suggest that Rec102-48p interacts more effectively
than wild-type Rec102p with mutant Rec104-8p.

Rec102p is coprecipitated with Rec104p in meiotic cells. To
further test the possibility that Rec102p and Rec104p associate
in meiosis, we asked whether they are coimmunoprecipitated
in meiotic extracts. We used the REC102-HA construct (pJK108)

RECI102-35

RECI102-48 VECTOR HC-RECI02

FIG. 2. Replica plating assay for suppression of rec104-8 by specific
alleles of REC102. Meiotic recombination was measured by replica
plating the LS5-1 diploid containing various forms of REC102 on Trp
dropout medium. All other diagnostic media showed similar responses.
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% 3 hours 6 hours
v h 48 ¢ v h 48 ¢
»
Rec102-HAp—> - ' —~—
B.
Plasmid 3 hours 6 hours Average
CEN-Rec102- HA 1.0 1.0 1.0
(PIKT4)
CEN-Rec102-48-HA 0.61 117 0.89
(pLS741)
HC-Recl102-HA 27.12 36.53 31.83
(pJK75)

FIG. 3. Specific point mutations in REC102 suppress the rec104-8
mutation. (A) Western blot assay measuring the amount of Rec102-
HA (v, vector alone (pRS316); h, high-copy-number Rec102-HA; 48,
Rec102-48-HA [in the CEN vector pRS316]; ¢, CEN Rec102-HA [in
the vector pRS316]). (B) Amounts of CEN-Rec102-48-HA relative to
CEN-Rec102-HA. Quantitation was done with ImageQuant software
on a Molecular Dynamics Phosphorimager.

and a REC104 gene tagged with the FLAG epitope (pLS37).
Both the REC102-HA and FLAG-REC104 constructs comple-
ment null mutations (data not shown). When antibodies to
the FLAG epitope were added to protein extracts made from
meiotic cells, the REC102-HA protein was also precipitated
(Fig. 4). This result is consistent with the hypothesis that
Rec102p and Recl04p interact. Experiments attempting to
precipitate Rec/02-HA and detect FLAG-REC104 were un-
successful (see Discussion).

Genetic interactions between SPO11 and REC102. Having
shown that hcREC104 can suppress specific defects in Rec102p,
we investigated whether any other genes could suppress rec102
conditional mutants. We screened a high-copy-number geno-
mic library for suppressors of the rec102-18 ts allele. The
rec102-18 allele is not suppressible by hcREC104, and high-

TABLE 5. Quantitative plating assay for suppression of rec104-8 by specific alleles of REC102¢

Relevant Sporulation No. of survivin RF (10%) Avg fold
Strain e Plasmid” po o 0. OF surviving AVE 101¢
genotype % asci/total Met* Leu* Trp* increase’
LS5-1 rec104-8 pRS426 (vector) 27 2/30 0.22 0.040 0.009
rec104-A1
LS5-1 rec104-8 pJK22 (heREC102) 28 11/30 2.3 (10) 0.21 (5.3) 0.17 (18) 11.5
rec104-Al1
LS5-1 recl104-8 pLS27 (REC102-35) 41 13/30 2.9 (13) 0.30 (7.5) 0.20 (22) 14.2
rec104-A1
LS5-1 rec104-8 pLS30 (REC102-48) 78 22/30 8.9 (40) 4.1 (102) 1.2 (133) 92.1
rec104-Al1

“ Quantitative plating assay for recombination. The LS5-1 diploid was transformed with the indicated plasmid, and transformants were sporulated at the nonper-
missive temperature (35°C). Sporulated cells were plated on media diagnostic for recombination, as well as complete media, to determine the frequency of
recombination. All experiments were done on the same day. The results shown are averages of three independent cultures.

® The relevant gene contained in the plasmid is in parentheses. The plasmids containing REC102-35 and REC102-48 were CEN plasmids.

¢ The viability of meiotic products was monitored by examining 30 asci to determine how many could make a viable colony. At least one spore must be alive for an

ascus to make a colony.

4 Recombination frequency (RF) is calculated as the number of recombinants divided by the total number of cells plated. The values in parentheses are fold increases
relative to the vector control (pRS426). Can' colonies are an indirect measure of crossing over, since recombination is required for haploidization and viability.
¢ The average increase is the average, over all three loci, of the relative amount of recombination compared to the cells containing the vector.



VoL. 23, 2003

Lane 1 2 3 4 5
FLAG-REC104 - + + - +
REC102-HA + + + + +
IPAb a-HA a-FLG a-HA a-FLG 1]

a—HA Ab S - - -

FIG. 4. Coimmunoprecipitation (IP) of Recl02-HAp and FLAG-
Rec104p. All proteins were isolated from an LS8-1 (rec104-Al/rec104-A1
rec102A/rec102A) diploid containing pLS37 (FLAG-Rec104p) and/or
pJK108 (RECI02-HA) after 6 h in sporulation medium. The antibody
(AD) used in the Western blot assay was anti-HA (a-HA). Lane 5 indi-
cates the position of Rec102-HAp in a total protein (0) extract (100 ng
loaded). Lane 2 demonstrates that Rec102-HAp can be coprecipitated by
antibody to FLAG-Rec104p (a-FLG).

copy-number suppressors of this allele should define recombi-
nation functions other than RECI104. We used 33°C; since
some recombination occurs at this temperature, we infer that
some functional Rec102 protein is present. This enhanced the
isolation of interacting proteins, rather than bypass suppres-
SOrS.

A rec102-18/rec102-18 diploid (JK9-4) was transformed with
a high-copy-number genomic library (42), and 2,500 transfor-
mants were screened for meiotic recombination at several loci
at 33°C. Two of the suppressor plasmids contained REC102
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(data not shown). Sequence analysis demonstrated that the
other two plasmids (pJK72 and pJK73) contained a region of
chromosome VIII encompassing the SPO11 gene. The SPOI11
gene in pJK72 was subcloned into a low-copy-number CEN
plasmid and a high-copy-number 2pm plasmid to form pJK63
and pJK64, respectively (see Materials and Methods). All four
plasmids (pJK72, pJK73, pJK63, and pJK64) fully comple-
mented spolIA (data not shown). The pJK64 plasmid was used
to examine the suppression of several rec102 alleles by replica
plating (Fig. 5); weak suppression was observed for rec102-10
and rec102-17. A quantitative plating assay confirmed suppres-
sion of rec102-18 (12-fold), rec102-17 (5-fold), and rec102-10
(2-fold) (Table 6). No suppression was detected by either assay
for the rec102-5, rec102-8, or rec102-19 allele. Finally, we asked
if one extra copy of SPOII could suppress recl102-18. The
pJK63 (CEN) plasmid showed 5-fold suppression, compared to
the 13-fold increase in recombination conferred by the JK64
(2pum) plasmid (Table 7). In comparison, hcREC102 increased
meiotic recombination 53-fold in this experiment. This sug-
gests that the suppression is quite sensitive to the amount of
Spollp present. hcSPO11 does not suppress a deletion of
REC102 (data not shown), indicating that some Rec102p must
be present for suppression to occur.

High-copy-number SPO11 suppresses the meiotic recombi-
nation defect conferred by some recl04 mutations. Since

V hecll V hcell V  hcll V  hecll V hell V hell V hell
i X
. L

recl02-5 recl02-8  recl02-10 recl02-17 recl02-19 recl02-18 recl02-A

FIG. 5. Replica plating assay for suppression of recI02 alleles by SPO11. Meiotic recombination was measured by replica plating on Trp
dropout medium in JK9-1 diploids (rec/02A) containing a plasmid with various mutant alleles of REC102 (shown below the replica) and either a
vector (V) (pRS426) or a high-copy-number plasmid containing SPO11 (hcll) (pJK64). Tests were cone at the nonpermissive temperature. Four
other media diagnostic for recombination showed similar responses.

TABLE 6. Quantitative plating assay for recombination”

Plasmid 1 Plasmid 2 Sporulation No. of asci RF (10%) Avg fold

(genotype) (genotype) % surviving/total® Can® Leu* Trp* increase®
pIK33 (rec102-5) pJKS81 (vector) 21 0/30 4.0 0.010 0.006 1
pIK33 (rec102-5) pJK82 (heSPOI1) 15 0/30 5.0(1.3) 0.005 (0.5) 0.005 (0.9) 0.84
pIK36 (rec102-8) pJKS81 (vector) 28 5/30 26 0.031 0.031 1
pIK36 (rec102-8) pJK82 (heSPOI11) 32 5/30 32(1.2) 0.016 (0.5) 0.025 (1.2) 0.9
pIK38 (rec102-10) pJK81 (vector) 25 3/30 22 0.034 0.005 1
pJK38 (rec102-10) pJK82 (heSPOI11) 38 8/30 62 (2.9) 0.047 (1.4) 0.011 (2.2) 2.1
pIK45 (rec102-17) pJKS81 (vector) 28 8/30 17 0.05 0.05 1
pJK45 (rec102-17) pJK82 (heSPOI11) 42 15/30 66 (3.9) 0.16 (3.2) 0.036 (7.2) 4.8
pIK46 (rec102-18) pJK81 (vector) 28 1/30 9.0 0.011 0.009 1
pJK46 (rec102-18) pJK82 (heSPOI11) 58 26/30 126 (13) 0.15 (14) 0.082 (9.1) 12

“ Quantitative plating assay for meiotic recombination. The JK9-1 diploid was transformed with two plasmids, and three independent cotransformants were
sporulated at the nonpermissive temperature. Sporulated cells were plated on media diagnostic for recombination, as well as complete media, to determine the
frequency of recombination. All experiments were done on the same day. The results shown are averages of the three independent cultures. Sporulation was determined
by counting at least 200 cells from each culture and was averaged from three independent cultures.

®All measurements were made in the rec/02A diploid JK9-1 at the nonpermissive or seminonpermissive temperature. hc, high-copy-number 2pm plasmid; CEN,
low-copy-number centromere plasmid.

¢ The viability of meiotic products was monitored by examining 30 asci to determine how many could make a viable colony. At least one spore must be alive for an
ascus to make a colony.

4 Recombination frequency (RF) is calculated as the number of recombinants divided by the total number of cells plated. The values in parentheses are increases
relative to the vector control (pRS426). Can' colonies are an indirect measure of crossing over, since recombination is required for haploidization and viability.

¢ The average increase is the average, over all three loci, of the relative amount of recombination compared to the cells containing the vector.
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TABLE 7. Suppression analysis by quantitative plating experiment
with a rec102-18 homozygous diploid*

Plasmid Sporu-  Spore RF (10 Avg
(relevant gene) fation viability : value
% (%)” Can" Trp" His"
pJK22 (hcRECI102) 61 88 (58/64) 270 33 0.27 53
pJK64 (hcSPOI1I) 44 63 (38/60) 120 028 0.103 13
pJK63 (CENSPOI1) 39 21 (13/60) 52 012 0.043 5.1
pRS426 (vector) 32 0.6 (1/160) 9 0.023 0.008 1.0

¢ Quantitative plating assay in diploid JK9-4 containing chromosomal copies
of the rec102-18 allele. hc, high-copy-number 2um plasmid; CEN, low-copy-
number centromere plasmid.

® Spore viability was calculated as the number of viable spores divided by the
number of spores dissected. At least 15 asci were dissected for all diploids. Forty
asci were examined for the pRS426-containing diploid, and only one colony
grew; spore viability was calculated as 1/160.

¢ Recombination frequency (RF) is the number of recombinants divided by the
total number of cells plated. Data were averaged from three independent cul-
tures. All cultures were grown at the semipermissive temperature of 33°C. Can"
colonies are an indirect measure of crossing over, since crossing over is required
for haploidization and viability.

4 The average value represents the average of the relative values of recombi-
nation (plasmid/pRS426) for all three of the loci examined. The values are
relative to that observed in cells containing pRS426.

Rec102p and Recl04p interact and an increased SPO11 dos-
age suppresses defects in REC102, we asked if increasing the
dosage of SPOI1 might also suppress mutant alleles of
RECI04. A series of isogenic diploids containing various

V hell V  hell V  hell

recl04-21

recl04-8 recl04-12
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rec104 mutations were transformed with a high-copy-num-
ber plasmid (pJK64) containing SPOI1. We assayed meiotic
recombination by replica plating and then by a quantitative
plating assay (Fig. 6 and Table 8). The data indicate that
increased amounts of SPOII suppress meiotic defects in
diploids containing either the rec104-12 or the rec104-21
allele but not rec104-20 or the rec104-11 allele. There is very
weak suppression of the rec104-8 allele; this explains why
SPOI11 was not detected in the previous screen for high-
copy-number suppressors of rec104-8 (42). Increased dosage
of SPO11 cannot suppress a null deletion of REC104, indi-
cating that the suppression is not bypass suppression and that
some Recl04p must be present for the suppression to occur.

Coimmunoprecipitation of Spollp and Recl02p. Kee and
Keeney (23) recently demonstrated that Spollp coimmuno-
precipitates with epitope-tagged Rec102p from meiotic protein
extracts. The high-copy-number suppression by SPOI11 of spe-
cific rec102 alleles shown in this work supports their conclusion
that these two proteins associate. To confirm that Spollp and
Rec102p associate in our strain background, and to also dem-
onstrate that the Rec102 protein coimmunoprecipitates with
Spollp, we first labeled each protein with epitope tags other
than those used by Kee and Keeney. We used Recl102-HAp
(discussed above), and to follow Spollp, the GST epitope was
added to the amino terminus. The resulting construct (GST-

V  hell

V  hcll V  hcll

recl04-20 recl04-11

recl04-Al

FIG. 6. Replica plating assay for suppression of various rec104 alleles by high-copy-number SPO!11. Meiotic recombination was measured by
replica plating on Trp dropout medium in diploids homozygous for various mutant alleles of REC104 and either a vector (V) (pRS426) or a
high-copy-number plasmid containing SPO11 (hcll) (pJK22). Four other media diagnostic for recombination showed similar responses.

TABLE 8. Quantitative plating assay for suppression of various rec104 alleles by high-copy-number SPO11¢

Strain® Relevant . Sporulation No. of asci RF (10%) Avg fold
train Plasmid ps L. (, .
genotype %o surviving/total Can® Leu* Trp* increase
NWS5-1 rec104-11 pRS426 24 3/20 2.1 0.037 0.019 1.0
NWS5-1 rec104-11 pJK22 22 4/20 3.0(1.4) 0.026 (0.7) 0.011 (0.6) 0.89
NW4-1 rec104-20 pRS426 34 6/20 3.5 0.042 0.031 1.0
NW4-1 rec104-20 pJK22 37 5/20 4.6 (1.3) 0.036 (0.86) 0.045 (1.5) 1.2
LS5-1 recl104-8 pRS426 21 3/20 3.6 0.089 0.012 1.0
rec104-Al1
LS5-1 recl104-8 pJK22 28 5/20 4.7(1.3) 0.12 (1.3) 0.029 (2.4) 1.7
rec104-Al1
NW2-1 rec104-21 pRS426 39 4/20 4.3 0.033 0.073 1.0
NW2-1 rec104-21 pJK22 58 13/20 479 (11) 0.573 (17) 1.10 (15) 14.5
NW3-1 rec104-12 pRS426 23 4/20 1.7 0.029 0.077 1.0
NW3-1 rec104-12 pJK22 47 10/20 29.9 (17.6) 0.86 (29.6) 1.6 (20.1) 224

“ Quantitative plating assay for meiotic recombination. The indicated diploid was transformed with the appropriate plasmid, and three independent transformants
were sporulated at the nonpermissive temperature. Sporulated cells were plated on media diagnostic for recombination, as well as complete media, to determine the
frequency of recombination. All experiments were done on the same day. The results shown are averages of the three independent cultures.

b Each yeast diploid strain was homozygous for the rec104 mutant allele indicated.

¢ The viability of meiotic products was monitored by examining 20 asci to determine the fraction that could make a viable colony. At least one spore must be alive
for an ascus to make a colony.

4 Recombination frequency (RF) is the number of recombinants divided by the total number of cells plated. The data shown are averages of three independent
cultures. The values in parentheses are increases relative to the vector control (pRS426). Can” colonies are an indirect measure of crossing over, since crosing over is
required for haploidization and viability.
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FIG. 7. Spollp interacts with Rec102p during meiosis. All proteins
were isolated from diploid JK12-4 (rec102A/rec102A spollA/spollA)
after 6 h in sporulation medium. The number 0 refers to total yeast
protein with no immunoprecipitation (IP). The plus and minus signs
above the lanes indicate which components were present. (A) Lanes 1,
3, and 5 are protein from cells containing plasmids pJK108 (REC102-
HA) and pEG-KG (a GST expression vector [31]). Lanes 2, 4, and 6
are from cells containing plasmids pJK108 and pJK113 (a GST-SPO11
expression plasmid). Lanes 5 and 6 demonstrate that Rec102-HA
coimmunoprecipitates with Gst-Spollp. Lanes 3 and 4 demonstrate
that Rec102-HA copurifies with Gst-Spollp on a glutathione column.
(B) Reciprocal coimmunoprecipitation between Rec102p and Spollp.
All proteins were isolated from diploid JK12-4. Lane 1 contains total
protein and shows both Rec102-HAp and GST-Spollp. Lane 2 dem-
onstrates that GST-Spollp coimmunoprecipitates with Rec102-HAp.
Lane 3 is total protein with only GST present. Lane 4 demonstrates
that precipitation of Rec102-Hap does not coprecipitate GST. Lane 5
demonstrates that no protein is precipitated if Recl02-HA is not
present. Ab, antibody; IgG, immunoglobulin G.

SPOI11) complemented an spollA null mutation (data not
shown). This method of tagging SPO11 also allowed us to use
the GST moiety alone as a control for specific precipitation.
Finally, since the GST moiety binds to a column matrix con-
taining glutathione, it provided an alternative method by which
to determine whether Recl02p was associated with Spollp.
The data in Fig. 7A (lanes 5 and 6) demonstrate that when
GST-Spollp was precipitated by an antibody to GST, Rec102-
HAp was coprecipitated. When the meiotic protein extract was
applied to a glutathione column, GST-Spollp was isolated
(Fig. 7A, lane 4) and Rec102-HAp was also recovered from the
column. The recovery of protein by this method was low. A
coimmunoprecipitation experiment with the GST tag alone
resulted in the isolation of GST (data not shown) but no
Recl102-HAp (Fig. 7A, lane 3). A reciprocal immunoprecipi-
tation experiment was done by first immunoprecipitating

RECOMBINATION INITIATION IN MEIOSIS 5935

Rec102-HAp and then determining if GST-Spollp was copre-
cipitated (Fig. 7B, lanes 2 and 4). The data indicate that GST-
Spollp was coprecipitated with antibodies to Rec102-Hap,
similar to the observation of Kee and Keeney (23). The anti-
body to Recl02-Hap did not coprecipitate the GST moiety
(Fig. 7B, lane 4).

Rec102p-Spollp association does not require Recl04p;
Rec102p-Recl04p association does not require Spollp. All of
the experiments described above are consistent with interac-
tions among all three proteins (Recl02p, Recl0O4p, and
Spollp). To determine if it is possible for some of these pair-
wise interactions to occur in the absence of the third protein,
we first investigated whether immunoprecipitation of GST-
Spollp can still coprecipitate Rec102-HAp in the absence of
Rec104p. The experiments were done with a rec104-Al mutant
strain. Figure 8A demonstrates that Rec102-HAp coprecipi-
tated with Gst-Spollp equally well whether Recl04p was
present or not.

An analogous experiment was performed to determine
whether Rec102p and Rec104p can interact in the absence of
Spollp (Fig. 8B). A comparison of lanes 4 and 5 indicates that
Rec102-HAp was coprecipitated with FLAG-Rec104p whether
Spollp was present or absent. However, we noted that the
amount of Rec102-HAp that was precipitated in the absence of
SPO11 was somewhat less than that observed in its presence
(see Discussion). This was not because there is less Rec102-
HA protein in a spolIA mutant cell (Fig. 8C).

DISCUSSION

Interactions between REC102 and REC104. Our previous
work demonstrated that overexpression of REC102 suppresses
specific conditional alleles of REC104, providing the first evi-
dence for a possible interaction between two meiosis-specific
early recombination genes and supporting the idea that
Rec102p and Recl04p associate in a recombination initiation
complex (42). Two alternative models, that excess REC102 can
bypass the need for RECI104 protein or that excess RECI102
increases the expression of RECI04, were excluded in that
work (42). In this paper, we further characterize the interac-
tion between the RECI02 and RECI104 genes by both genetic
and biochemical approaches. Several lines of new evidence
support the hypothesis that the products of these two early
recombination genes interact in meiosis. First, hcREC104
can suppress specific mutant alleles of REC102. Second, two
RECI102 alleles (REC102-35 and REC102-48) can suppress a ts
allele of REC104 (rec104-8). The suppression of rec104-8 by
the REC102-48 allele is not due to an increased concentration
of Rec102-48p, which indicates that the mechanism is different
from high-copy-number suppression. The fact that REC102-48
can suppress only the rec104-8 allele is also consistent with a
protein-protein interaction. Third, Rec102-HAp was coimmu-
noprecipitated along with FLAG-Rec104p. (We could not de-
tect the reciprocal coimmunoprecipitation. This type of asym-
metry has been seen before among recombination proteins.
For example, Kee and Keeney [23] reported that they could
not detect the precipitation of Rec102p by Spol1lp.) However,
we believe that the high-copy-number suppression, the allele-
specific suppression, and the coimmunoprecipitation observed
all support the hypothesis that Rec104p and Rec102p interact
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FIG. 8. Recl04p is not required for Rec102p-Spollp association,
and Spollp is not required for Recl02p-Recl04p association. All
protein was isolated from cells after 6 h in sporulation medium. The
specific antibody (Ab) used to develop the Western blot is shown at the
left of the lanes. The plus and minus signs above the lanes indicate
which components were present. The number 0 refers to total yeast
protein with no immunoprecipitation (IP). (A) Protein was isolated
from isogenic recl02A spollA RECI04 (LS8-1-1A) and recl02A
spollA recl104-Al (LS8-1-8B) diploids. The REC102-HA gene was
carried on plasmid pJK108 and was present in all lanes. The GST-
SPO11 construct was carried on plasmid pJK113, and the control GST
expression vector was pEG-KG. Total protein (80 pg) was present in
lanes 1 to 4 as controls. (B) Protein was isolated from isogenic rec102A
rec104-A1 SPO11 (JK12-4) and rec102A rec104-Al spoll1A (LS8-1-8B)
diploids. Lane 1 is total protein from JK12-4. The RECI102-HA gene
was carried on plasmid pJK108. The FLAG-REC104 gene was carried
on pLS37. See Fig. 2 for some controls. (C) The amount of Rec102-
HAp present in meiosis is the same in diploid cells that are SPO11
(LS2-8) or spol1A (JK12-4) mutants. Lanes: 1, LS2-8; 2, JK12-4. Sam-
ples were taken at 6 h, and equal amounts of protein were loaded.
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in a meiotic recombination initiation complex. We note with
interest that the interactions between these proteins was not
detected in an extensive search (in mitotic and meiotic cells)
for two-hybrid interactions carried out in our laboratory (29).
Likewise, the genomic two-hybrid analysis for Rec102p and
Recl04p described in reference 48 lists no interactions be-
tween these two proteins. If proteins are present and active
only in a relatively brief period during meiosis, perhaps other
approaches are more sensitive than two-hybrid assays.

The patterns of suppression and interaction suggest possible
regions where the two proteins might interact. We note that
the REC102-48 allele consists of the change E123K and that it
specifically suppresses the rec104-8 allele, which consists of two
changes (G32W and T70K) located in the amino half of the
protein. Thus, the middle portion of the 200-amino-acid
Rec102p protein may interact with the amino-terminal por-
tion of Rec104p. Consistent with this is the high-copy-num-
ber suppression of rec102-17 (E110G, Q119L) and rec102-10
(N109L), both with alterations in the middle of the protein,
by hcREC104 (Table 9). Likewise, hcREC102 suppresses the
rec104-8 allele, which, as mentioned above, is located in the
amino-terminal half of the protein. It is not possible to infer
regions of interaction from the suppression of rec104 alleles by
hcREC102 because the ts alleles of rec104 that were suppressed
(except for rec104-8) contained at least four substitutions. We
argue that these data suggest possible regions of interaction to
be pursued in future studies.

Interactions between REC102 and SPO11. To discover other
recombination functions that interact with REC102, we used a
missense fs allele (rec102-18) that could not be suppressed by
hcREC104. The only gene (other than RECI102 itself) isolated
as a high-copy-number suppressor after examination of 2,500
transformants (or ~2.1 genomes) was SPO11. hcSPO11 could
not suppress a recl02 deletion mutation, indicating that it
could not functionally substitute for RECI102. Likewise, it
could only suppress certain alleles of rec102. Our finding that
untagged SPOI1 can, when present at a high copy number,
suppress specific alleles of untagged RECI02 supports the re-
cent work by Kee and Keeney (23) demonstrating coimmuno-
precipitation of Spo11-HA3His6p by Rec102-Myc9p. These au-
thors also demonstrated that a diploid containing both tagged
alleles (Rec102-Myc9p and Spol1-HA3His6p) displayed a syn-
thetic cold sensitivity for meiotic recombination. Our suppres-
sion data led us to the same conclusion as that of Kee and
Keeney, i.e., that Rec102p and Spollp associate with each
other in meiotic recombination.

We were motivated, in part, to examine the coimmunopre-

TABLE 9. Alleles showing different responses to high-copy-number suppression”

Mutant allele Phenotype Amino acid change(s) High-copy-number suppression
recl104-12 Ts" T371, F46K, G90ON, 1120V +++ (hcSPOI11), + (hcRECI102)
rec104-8 Ts G32W, T70K — (hcSPOI11), +++ (hcRECI02)
recl02-18 Ts Q175L +++ (hcSPOI11), 0 (hcRECI104)
rec102-10 Ts N109L — (hcSPO11), ++ (hcRECI104)

“ Comparison of the alleles that were suppressed by increased copies of one gene but not the other. he, high copy number. The degree of suppression is depicted
qualitatively as the relative increase in recombination. The following scale was used: <1.5X, 0; 1.5 to 2X, —; 2 to 4X, *; 4 to 8X, +; 8 to 12X, ++; >12X, +++.

Data for hcREC102 suppression of rec104 alleles come from Salem et al. (42).
b Ts, temperature sensitivity.
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cipitation between Spollp and Recl02p because our strains
derive from S288C and are different from the SK1 background
used by Kee and Keeney (23). The work reported here sub-
stantiates and extends the association between Spollp and
Recl102p. First, by using proteins with epitope tags different
from those used by Kee and Keeney (23), we also detected
coimmunoprecipitation in our strains. Second, we were able to
observe association between these two proteins in a novel way
by using a glutathione column that was not dependent on the
use of precipitating antibodies. Third, we note that Kee and
Keeney (23) reported that they were not able to immunopre-
cipitate native Spoll; this precluded them from determining
whether Recl02p was coprecipitated with Spollp. (They
found that Spollp was coprecipitated with two different tagged
forms of Rec102, but not the converse.) Because we were able
to precipitate Spo11-GSTp, as well as isolate the tagged form
on a glutathione column, we were able to show that Rec102p
coimmunoprecipitates with Spollp. We note that the amounts
of Rec102p associated with Spoll seems to differ in these two
approaches. With immunoprecipitation, the ratio of Spollp to
Rec102p appears higher than with the column; this may be due
to the difference in technique. Given the central importance of
Spollp as the potential source of DSBs, our genetic and bio-
chemical data provide even more support for an interaction
between Spollp and Recl02p in meiotic recombination. In
passing, we note that neither our own extensive search for
two-hybrid interactions for REC102 (29) nor those currently
described in the genomic two-hybrid search (48) detected in-
teractions between Rec102p and Spollp.

Three-way protein interactions. The observations made in
this paper and those made by Kee and Keeney (23) and Salem
et al. (42) all argue that the SPO11, REC102, and REC104 gene
products interact in a complex for the initiation of recombina-
tion. Figure 9 summarizes the known interactions among these
three proteins and raises the question of how the three pro-
teins interact in the recombination complex. Of the known
interactions, it is obvious from Fig. 9 that the least data exist
for the Spollp-Recl04p interaction. To begin to address how
these proteins interact, we examined the coimmunoprecipita-
tion of two of the proteins in the absence of the third. The data
in this paper clearly show that Rec102p and Spollp can coim-
munoprecipitate in the absence of Rec104p. Not only does this
indicate that Recl04p is not required for the interaction, it
demonstrates that neither genetic recombination per se nor
the ability to form DSBs is required for the association. Like-
wise, Rec102p and Recl04p interact in a strain without any
Spollp, indicating that Spollp is not absolutely necessary for
this association. The tagged Recl04p protein, however, ap-
peared to coprecipitate somewhat less Rec102p in the spoll
deletion strain than in the SPOI1 mutant strain. If this is true,
it suggests that Spollp stabilizes the interaction between
Rec104p and Rec102p.

We believe that our data provide support for two types of
interaction. In one, Rec102p and Spollp interact and Rec102p
and Rec104p interact but Spollp and Recl04p do not directly
interact (Fig. 9C). Another model supposes that all three pro-
teins interact but that the interactions between any two are not
dependent on the presence of the third (Fig. 9C). We feel that
the fact that hcSPOI11 suppresses a different set of recl04
alleles than hcREC102 (Table 9) and the difference between
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FIG. 9. Interactions among Rec102p, Recl04p, and Spollp. (A)
Summary of all known interactions among Rec102p, Rec104p, and
Spollp. ColIP, coimmunoprecipitation; ALS.S, allele-specific suppres-
sor; H.C.S., high-copy-number suppressor. The interaction for which
there is the least evidence is that between Rec104p and Spollp. The
data are consistent with the notion that either all three proteins inter-
act together (B) or Recl02p acts as a bridge between Recl104p and
Spollp (C). See the text for a discussion.

the amounts of Rec102p that coprecipitate in the SPO11 versus
the spoll mutant strain together suggest that Spollp directly
interacts with Rec104p (Fig. 9B). Future experiments will de-
termine which model is correct and, of course, incorporate the
other recombination initiation genes. Homologs of RECI02
and REC104 have been found in other Saccharomyces species
(21, 36), although no clear homologs of these genes have been
discovered in other genera. Given the conservation and impor-
tance of SPOI11, we hypothesize that genes do exist in other
eucaryotes that carry out a function analogous to that of both
Rec102p and Recl04p.

Other factors in the initiation complex. There are at least 10
genes coding for proteins that are required for meiotic DSB
formation. It is certainly conceivable that all of them are
present in the initiation complex, at least at some time before
the formation of DSBs. Usui et al. (49) reported that three
proteins (40, 24, and 22 kDa) from a meiotic extract bind to
GST fused with the C-terminal fragment of Mrellp; none of
these bands was observed in the extract from mitotic cells. On
the basis of size alone, these authors suggested that the two
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small proteins are Rec102p and Rec104p. If either Rec102p or
Rec104p actually does interact with Mrel1p, this indicates that
at least six of the early recombination gene products (Rec102p,
Rec104p, Spollp, Rad50p, Mrellp, and Xrs2p) are present in
the recombination initiation complex. Given the potential dan-
ger of making 150 DSBs in chromosomes during meiosis, it
would not be surprising to find that a large complex of proteins
controls and catalyzes the events.
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