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ABSTRACT 
We have designed  a  screen to isolate mutants defective during a specific part of meiotic prophase I 

of the yeast Saccharomyces  cereuisiae. Genes required  for  the  repair of meiotic double-strand breaks or  for 
the separation of recombined chromosomes are targets of this mutant  hunt.  The specificity is achieved 
by selecting for  mutants  that  produce viable spores  when  recombination and reductional  segregation 
are prevented by mutations  in SPOlI and SP013 genes, but fail to yield viable spores during a normal 
Rec+ meiosis. We  have identified and characterized  a mutation c o d - I ,  which blocks processing of 
meiotic double-strand breaks and which interferes with synaptonemal  complex formation, homologous 
pairing and, as a consequence,  spore viability after  induction of meiotic recombination. The COMI/ 
SAE2 gene was cloned by complementation,  and  the  deletion  mutant has a phenotype similar to coml- 
1.  coml/sae2 mutants closely resemble the  phenotype of radSUS, as assayed by phase-contrast microscopy 
for  spore  formation, physical and genetic analysis  of recombination, fluorescence in situ hybridization 
to quantify homologous pairing and immunofluorescence and  electron microscopy to  determine  the 
capability to synapse axial elements. 

I N order to allow repeated conjugation and thus ex- 
change of genetic material between different indi- 

viduals, an organism needs  to  be able to separate again 
the two complete  genomes  that  contributed to the dip- 
loid. Eukaryotes generally use a process called meiosis, 
which  consists  of two subsequent cell  divisions preceded 
by only a single round of DNA replication to generate 
haploid cells for sexual reproduction. Both  divisions 
resemble mitosis in many aspects, but  during  the first 
(reductional) division  typically homologous parental 
chromosomes are recognized, paired and  recombined 
and parental  centromeres  are segregated to opposite 
poles, whereas the sister centromeres do  not come apart 
before the second (equational) meiotic division. 

Thus  the  reductional division seems to encompass 
the newly acquired meiosis-specific functions for chrc- 
mosome sorting  and genetic recombination and ac- 
cordingly has been  the focus of many  investigations. 
The yeast Saccharomyces cereuisiae has  served  as a remark- 
able model organism, helping to dissect meiotic mecha- 
nisms through  the use  of genetic screens combined with 
biochemical and cytological methods. Genetic screens 
have become more and  more specific, concentrating 
on defined aspects of the meiotic process, e.g., recom- 
bination or homologue  interaction (ESPOSITO and E s  
POSITO 1974; ROCKMILL and ROEDER 1988; HOL 
LINGSWORTH and BYERS 1989; AJIMURA et al. 1993; 
HOLLINCSWORTH et al. 1995). 
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In yeast meiotic recombination and synapsis are initi- 
ated by meiosis-specific DNA double-strand breaks 
(DSBs) (NICOLAS et al. 1989; SUN et al. 1989; CAO et al. 
1990). These breaks are  central  to meiosis and all genes 
acting before DSB formation can be regarded as  early 
prophase I genes. A class  of mutations that eliminate 
DSBs have been characterized by a genetic screen, se- 
lecting for suppressors of spore lethality caused by unre- 
paired DSBs in sporulating haploid rad52, spol3  double 
mutants (MALONE et al. 1991). Such mutants are  gener- 
ally deficient for  the initiation of meiotic recombination 
and thus can be rescued by relieving the  requirement 
for reductional segregation in spol3.  Other mutations, 
like hop1 (HOLLINGSWORTH and BYERS 1989) and red1 
( ROCKMILL and ROEDER 1990), can also be rescued by 
spol3,  although some DSBs are  formed  (ROCKMILL and 
ROEDER 1990; SCHWACHA and KLECKNER 1994). This 
suggests that DSBs can be fully repaired in these mu- 
tants without ensuring  correct reductional segregation. 

A number of mutations that  cannot be rescued by 
spol3  have been characterized and some of these inter- 
fere with processing of the DSBs.  A class  of nonnull 
alleles  of rad50 designated rad50S are defective at the 
earliest stage of DSB repair, namely  in the processing 
of 5' ends  at  the initiation site to form the 3'  single- 
stranded  ends  required  for  strand invasion (ALANI et al. 
1990). This is different from the phenotype of the 
rad50null  mutant, which does  not initiate meiotic re- 
combination and therefore is rescued by spol3,  demon- 
strating the  important role of RADS0 both  for  the initia- 
tion and processing of meiotic DSBs. Recently, covalent 
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attachment of an unidentified  protein  to the  unre- 
sected 5’ ends  in rad50S mutants has been  demon- 
strated (DE MASSY et al. 1995; KEENEY and KLECKNER 
1995; LIU et al. 1995).  These  attachments  are very  likely 
to prevent efficient repair of DSBs during meiosis, caus- 
ing  a block or at least a delay before  the first meiotic 
division. The  unrepaired lesions, rather  than  absence 
of recombination, may be the reason for lethality of 
the diploid spores produced by spol3, rad5OS double 
mutants. 

Dmclp,  Rad5lp, Rad55p and Rad57p all  show ho- 
mology  to the bacterial recombination  protein recA. 
Consequently their  function is implicated in  the  strand 
invasion step of  DSB repair, which is supported by their 
phenotypes. dmcl,  rad51,  rad55,  rad57,  rad52 and sepl- 
null mutants accumulate DSBs at least transiently, but, 
in contrast to rad50S, produce 3‘ single-stranded tails 
even longer  than wild  type  (reviewed in  SHINOHARA  and 
OGAWA 1995; TISHKOFF et al. 1995). According to results 
obtained by SUGAWARA et al. (1995)  the role of RAD51, 
RAD55 and RAD57 is rather  indirect, namely to provide 
access for other recombination enzymes to the homolo- 
gous donor copy. A recently characterized member of 
the  group of genes  required  for DSB repair is RAD58 
(XRS4) (CHEPURNAYA et al. 1995). 

Some of these mutants (e.g., dmcl,  rad51 and sepl) 
have been shown to cause an arrest or delay in pachy- 
tene  in  addition to a  strong ascospore formation defect. 
Inactivation of SP013 can neither alleviate this block 
nor restore  spore viability, at least in the SK1 strain 
background (TISHKOFF et al. 1991; BISHOP et al. 1992). 
In  contrast, by blocking meiotic recombination (e.g., in 
a spol 1 mutant), the  arrest or delay of dmcl or rad51 
cells can be abolished. However in  a strain background 
where dmcl does not arrest,  restoration of  wild-type  lev- 
els of spore viability after inactivation of SPO13 alone 
has been  reported (ROCKMILL et al. 1995). The role of 
the SEPl gene is less clear. I n  vitro DNA strand  exchange 
activity (KOLODNER et al. 1987), as  well  as in vitro micro- 
tubule polymerizing activity  (INTERTHAL et al. 1995), 
has been  reported  for  the  Sepl  protein, stimulating 
diverse interpretations  for  the role of this important 
factor. However since the defects of sepl mutants are 
not suppressed by rad50,  spol3 (TISHKOFF et al. 1991), 
it can be concluded  that  a pathway not related to DSB- 
induced  recombination is affected. The list  of genes 
known to date to be involved in repair of meiotic DSBs 
is certainly not complete. 

Mutations in ZIP1,  TOP2 and ME15 are  not believed 
to directly impede processing of meiotic DSBs,  yet they 
cause the cells to arrest or delay in pachytene indepen- 
dently of the SP013 function. Ziplp (SYM et al. 1993; 
SYM and ROEDER 1994) is a  component of the synapto- 
nemal complex (SC) required  for  complete synapsis. 
Separation of recombined  homologues  during meiosis 
I was shown to be dependent  on topoisomerase I1 with 
the use  of a cold-sensitive allele of TOP2 (ROSE et al. 
1990a). IMEI5, a recently isolated meiosis-specific gene, 

is probably required  for disassembly of the SC since 
mei5 mutant strains arrest  at pachytene with complete 
SCs (M. MODESTI and C. GIROUX, personal communica- 
tion). However, the meiotic arrest of a mei5 mutant 
strain is relieved in  the  presence of a spol l  mutation, 
which eliminates DSB formation and synapsis (GIROUX 
et al. 1993).  These  mutants affect processes subsequent 
to but  dependent  on meiotic recombination, as in each 
case the elimination of recombination eliminates also 
the  mutant  phenotype.  It is likely that this interesting 
class  of mutations will expand as more genes involved 
in SC formation and chromosome  separation  are identi- 
fied. 

Mutations in genes exerting meiotic cell  cycle control 
also are  not  expected to be  influenced by spo13. cdc28, 
cdc34 and cdc39 cells arrest (or delay) in the pachytene 
stage of meiotic prophase,  although they block at Start 
during  the vegetative  cell  cycle (SHUSTER and BYERS 
1989). NLlT80 (XU et al. 1995) is a meiosis-specific gene 
required  for  exit from meiotic pachytene, but in con- 
trast to mei5, ndt80 cells arrest even in a spol l ,   spol3 
background.  Thus ATIT80 is required  for processes in- 
dependent of meiotic recombination, possibly being in- 
volved in meiotic cell cycle control. 

In this article we introduce  a genetic screen  that per- 
mits the identification of mutations  that prevent the 
formation of  viable spores in  a spol3 background,  but 
that  permit successful sporulation in spol l ,  sf1013 
strains. We describe the identification and characteriza- 
tion of a new gene COMl/SAE2 that is required  for  the 
processing and  the repair of meiotic DSBs. 

MATERIALS AND METHODS 

Media, growth and sporulation  conditions: Cells were 
grown in YPD or synthetic complete medium  supplemented 
with appropriate  amino acids (ROSE et al. 1990b). Selection 
of G418 resistant transformants was performed on YPD plates 
containing 200 mg/liter of G418 (geneticin; GIBCO BRL, 
Gaithersburg,  MD).  Sporulation  conditions as well  as sphero- 
plasting were as described previously (LOIDL et al. 1991). Spor- 
ulation of strains Y164 and Y219 on solid medium was per- 
formed  on SPM+ (0.25% yeast extract, 0.1% glucose, 1.5% 
potassium acetate plus 1/5 of amino acid or base supplement 
of a  regular synthetic complete medium). 

Plasmid constructions: To construct plasmid p21 the 
SPOl? gene was cloned as a 2.2-kilobase (kb) BamHI-NruI 
fragment derived from  pTWl5  (a gift from R.  E. ESPOSITO) 
into pRS316 (SIKORSKY and HIETER  1989) cut with HindIII, 
blunted  and  cut with  BamHI. For the construction of p155 
the SalI-SmaI fragment of  YCp50, containing URA?, was de- 
leted.  Into  the BamHI site of the resulting vector the ADE2 
gene was cloned as a BamHI cassette. SPOlI was introduced 
as a ClaI fragment derived from pGB429 (a gift from C. N. 
GIROUX). Plasmid p259, which can be easily lost due  to  an 
unstable centromere EN?,  was obtained by first subcloning 
SPOl? as a 2.2-kb  BamHI-NmI fragment  into pIC19H from 
which it was inserted into pNC161. The original plasmid com- 
plementing coml-1 containing  an  -6kb insert, was isolated 
from a yeast genomic library (the shuttle vector M111 carrying 
the TRPl gene  and CEN?, containing partial  Sau3AIdigested 
genomic yeast DNA inserted into its BamHI site; a gift from 
G. AMMERER) as described below and was designated p260. 



Isolation of COMl 783 

TABLE 1 

Sacchuromyces cerevisiae strains used in this study 

Strain Genotype Source 

SK1 
Y47 
NKY1238 
NKYl240 
Y164 

Y219 

Y235 

E 3 6  

Y248 
Y278 

Y319 

Y322 

Y329 

Y340 

Y355 

Y356 
Y359 
Y361 
NKYl303 

MATa/a HO 
NKY1238 X NKY1240 
MATa ho::LYS2 lys2  leu2::hisG his4X::LEUZ-URA3 ura3 arg4-Nsp 
MATO ho::LYS2 lys2 leu2::hisG  his4B::LEU2 ura3 arg4-Bgl 
MATa/a HO spoll::URA3 spol3::hisG leu2 ade2::hisG trpl  ura3 coml-1 

MATa/a HO  spoll::URA3 spol3::hisG leu2 ade2::hisG trpl  ura3 +p155 

MATa ho::LYS2 lys2 leu2::hisG  his4X ura3  coml::tn3/l@LEU2 
MATa ho::LYSP  lys2  leu2::hisG his4B ura3 coml::tn3/10-LEU2 
MATa ho::LYS2  lys2  leu2::hisG  his4X ura3 coml::tn3/2@LEU2 
MATa ho::LYS2 lys2 leu2::hisG his4B ura3 coml::tn3/20-LEU2 
MATa/a HO leu2 coml-1 
MATa ho::LYS2 arg4-Nsp  leu2::hisG ura3 ade2::hisG his4X-LEU2- 

MluI::BamHI-URA3 
MATa ho::LYSP h 2 R  TRPl his4X  rad50S::URAjr coml-1 
MATa ho::LYS2 leu2R trpl  HIS4 rad5OS::URA3 coml-1 
MATa ho::LYS2 leu2 trpl ade2 HIS4  spoll::URA3 spol3::hisG coml-1 
MATa ho::LYS2 leu2 trpl ADEZ his4 spoll::URA3 spol3::hisG coml-1 
MATa ho::LYS2 lys2 his4B-LEUZ-MluI leu2 ura3 arg4-Bgl or arg4A10 

MATa ho::LYSP  lys2 hs4X-LEUZ-MluI::BamHI-URA3 leu2 ura3 arg4-Nsp or 

MATa ho::LYSZ LEU2 trp1::hisG ura3 ade2 spol3::hisG coml-l 
MATa ho::LYSZ leu2 TRPl URA3 ADE2 spol3::hisG coml-1 
MATa ho::LYS2 lys2 leu2 ura3 coml-l arg4-Bgl his4BLEUZ-MluI TRPl ade2 
MATa ho::LYS2 lys2 leu2 ura3  coml-I arg4-Nsp his4X-LEUZ-MluI::BamHI- 

MATa ho::LYS2 lys2 leu2::hisG  his4X ura3 coml::KanMX4 
MATa/a HO leu2::hisG ura3 his4X coml::KanMX4 
NKYl303 X 278 
MATa ho::LYS2 lys2 ar~4-Bgl leu2::hisG ura3 ADE2 his4-BLEU2-Mld 

+p155 (YCpSPOIl-ADEL') 

(YCpSPOlI-ADE2) p259 (YCpSPOl3-TRPl) 

radSOS::URA3 

arg4AlO rad50S::URA3 

URA3 trpl ADE2 

KANE  AND ROTH (1974) 

N. KLECKNER~ 
N. KLECKNER" 
This study 

This study 

This study 

This study 

This study 
This study 

This study 

This study 

This laboratoryb 

This study 

This study 

This study 
This study 

N. KLECKNER' 

a This strain was provided by  D. BISHOP. 
'This strain was provided K NAIRZ. 
'This strain was provided by L. XU. 

Tn3-LEU2 transposon mutagenesis was performed on p190 
according to SEIFERT et al. (1986). p190  was obtained by sub- 
cloning a 4kb EcoRI-BgZII fragment  containing COMl from 
p260 into the EcoRI and BamHI sites of  pHSS6 (SEIFERT et al. 
1986). Plasmids carrying insertions were cut with Not1 to re- 
lease the insert, which  was used to replace one of the mutated 
coml-1 copies in strain Yl64, to test for complementation. The 
insertions were mapped by restriction analysis  with a cluster 
of six noncomplementing insertions outlining the position of 
the open reading frame (OW) of COMI. coml :: tn3/10 maps 
-600  base pairs (bp) downstream of the ATG, whereas coml 
: : tn3/20 was localized to the very 3' end. Plasmid  p188 was 
obtained by cloning the COMI gene on a 1545 bp ApaI-SalI 
fragment into pRS315 (SIKORSIW and HIETER 1989). 

Strains: All strains used  in  this  study are isogenic  derivatives 
of  SKI ( W E  and ROTH 1974) (Table 1). All markers were 
introduced into this background by genetic transformation 
only. Transformation followed the protocol of GIETZ et al. 
(1992). Disruptions were confirmed by Southern analysis. 
One-step gene  replacement (ROTHSTEIN 1983) was used for 
integration. SPOll was disrupted in a haploid parent strain 
of  Y164 and Y219, using a HindIII-BglII fragment of 
p(spo11)35 from R. E. ESPOSITO carrying the URA3 gene in- 
serted at  the EcoRI site of SPOlI. To construct strains Y235 

and Y236 haploid parents were transformed separately with 
transposon tagged inserts as described above, mated and zy- 
gotes were isolated by micromanipulation. The coml-null  al- 
lele was constructed by  PCR targeting using KanMX4 as a 
dominant resistance marker (WACH et al. 1994). We designed 
oligonucleotides COM  L5 (5'-cctgcatttccatccatgctgtagccatta- 
ggtgtttgtatgtgagatgGTACGCTGCAGGTCG ACGGATCC  CC- 
3') and COM  L6 (5'gtatttgaagtaatgaataaagaatgatgatcgctggc- 
gtttaacatcTATCATCGATGAATTCG AGCTCGS') containing 
-50 bp of homology to sequences at the 5' or 3' end of COMI 
(lowercase letters) as  well  as  -25 bp of KanMX4 sequence at 
the 3' end (capital letters) to amplify the resistance marker. 
The resulting disruption cassette was used to construct Y356 
by one-step gene replacement, thereby deleting all  bases from 
position +6 to +lo29 representing 99% of  the ORF of COMl. 
Y359 is a G418-resistant  derivative of a cross  of Y356 to wild- 
type homothallic SKI. 

Genetic  methods:  mutagenesis: Strain Y219  was sporulated 
on SPM+, digested with  zymolyase [ l  mg/ml in 10 mM dithio- 
treitol ( D m )  for  1 hr at 30"], sonicated on ice to obtain 
single spores and incubated at 30" with  MNNG (Nmethyl-N- 
nitro-Nnitroso-guanidine; Sigma) at a final concentration of 
20 ng/ml. After 30 min the assay  was diluted 100-fold  in 15% 
glycerol and stored at -80". After determination of spore 
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viability (25%)  appropriate dilutions were plated out  on S G  
ade  and  the  screening was carried out as described  in the 
RESULTS section. 

Return to growth experiments: The  experiments followed 
methods described previously (SHERMAN and ROMAN 1963; 
ESPOSITO and ESPOSITO 1974). Cultures were grown from  a 
single colony on  WD, diluted in WA, grown overnight to -2 
X lo7 cells/ml and transferred to sporulation medium (4 X 
10' cells/ml).  To  reduce cell aggregation, cells were sonicated 
immediately after  transfer to SPM. Onset of meiosis was fol- 
lowed by staining of ethanol-fixed samples with 4'6diamidino- 
2-phenylindole (DAPI). At the specified time after  transfer to 
SPM aliquots were taken,  diluted appropriately and plated on 
WD, SC-his and SC-arg, where  colonies were counted after 
3-5 days. 

Patch  assay for spore viability: Cells were grown in single 
colonies or  patched  out  on vegetative medium. After 2-3 days 
cells were replica  plated to SPM or SPM+. After 3 days  of 
sporulation  a replica on vegetative medium was produced 
and subjected to  ether  treatment to kill unsporulated cells 
selectively. The following variation of the protocol of  ROCK- 
MILI. and ROEDER (1988) was used for  ether killing. A large 
plastic box was filled with diethyl ether  (in  the  hood)  up to 
1  cm. Plates containing spores were placed for 30 min on a 
metal grid as close as possible to  the  ether in an inverted 
position and  the box was closed with a lid. The plates then 
were removed and left open  for  the  ether  to evaporate for 1 
hr before incubation at 30". The diethyl ether can be  reused. 
If melting of the plastic petri dishes is a problem, glass petri 
dishes can be used. We found vegetative cells  2000-fold more 
sensitive to this treatment  than spores. 

y-Irradiation  assay: Single colonies were grown overnight 
in W D  to stationary phase.  Cultures were diluted in 1 mM 
KPi to a densitiy of -1 X lo4 cells/ml. One milliliter ali uots 
were irradiated at a dose of 50, 100 and 200 Cy using a'"Co- 
source ( y-cell 220; Nordion  International Inc., Canada). Irra- 
diated  and  nonirradiated  control samples were diluted 1:10 
in water and plated out in triplicate on  WD. Colonies were 
counted after 3-4 days of incubation at 30". 

Cytological  methods: Chromosome spreads were prepared 
as described previously (LOIDL et al. 1991).  In brief, cells were 
pelleted and digested in 1:10 volume of SPM with 140 pg/ 
ml  zymolyase l00T (Seikagaku Kogio), 10 mM DTT at 37" 
until  spheroplasts lysed to -90% upon addition of an equal 
volume of 2% sodium lauryl sarcosyl on a test slide. The digest 
was stopped by adding ice-cold solution I1 [0.1 M morpholino 
ethane sulfonate  (MES),  1 M sorbitol, 1 mM EDTA, 0.5 mM 
MgC1.J and pelleting the spheroplasts  at low speed  (4  min, 
2000 rpm). Spheroplasts were resuspended  in 1:10 of the 
original volume and  spread by pipetting 20 p1 spheroplasts, 
40 p1 fixative (4% w/v paraformaldehyde, 3.6% sucrose), 80 
p1 1% lipsol and 80 pl of  fixative on a  clean glass slide. The 
suspension was evenly distributed by moving a glass rod care- 
fully back and  forth  and  the slide was air dried. For immuno- 
staining,  after  2 hr of drying slides were immersed into PBS 
for 10 min,  incubated in blocking buffer (PBS, 0.5% gelatine, 
2% BSA) for 10  min and  incubated overnight at 4" with the 
primary antibody diluted 1:50 in blocking buffer  in  a humid 
box. Before adding  the  appropriate secondary  antibody, slides 
were washed again for 10 min  in PBS. Before analysis prepara- 
tions were mounted in  antibleach medium (Vectashield; Vec- 
tor Laboratories,  Burlingame, CA) supplemented with 0.5 
pg/ml DAPI for staining the  chromatin.  To  demonstrate syn- 
apsis mouse-anti-Ziplp  antibody (a  generous gift from P. B. 
MOENS) was used in  combination with a CY3-conjugated goat- 
anti-mouse  antibody (Dianova) or with FITC-conjugated goat- 
anti-mouse antibody  (Sigma). For electron microscopy, cells 
were spread  and stained with  silver nitrate (1 g AgNOs plus 
2 ml distilled water) following the protocol of LOIDI. et al. 
(1991). 

Fluorescence in situ hybridization (FISH): One to two mi- 
crograms of chromosome I probe (cosmid 9218, ATCC 70893, 
32.9 kb,  left arm) were labeled with  Cy3-dUTP (Amersham 
Life Science) and  1-2  pg of chromosome IV (cosmid 9665, 
ATCC 71003, 31.4 kb, left arm) were labeled with  Cy5-dUTP 
(Amersham Life Science) by nick translation. The labeled 
probe was separated from  free nucleotides using a sephadex 
G50 column,  and  1/10 of the labeled probe was used for 
FISH, 20 pg  carrier DNA  was added  and DNA  was precipitated 
with  1:10 volume 3 M LiCl and 2.5 volume ethanol  for at least 
30 min  at -80". After centrifugation the pellet was resus- 
pended in 5 pl 100% formamide,  an  equal volume of hybrid- 
ization buffer (20%  dextran sulfate, 4X SSC) was added  and 
the  probe was denatured  for 5 min at 95", put  on ice for  2 
min and  then  added to the  denatured slide. Slides with spread 
yeast nuclei were incubated with 50 pl RNase A  (100 pg/ml) 
under a coverslip for 30 min at 37" in  a moist chamber,  and 
then  put  for 2 hr in 4X SSC/O.l% Tween at 37". Slides were 
denatured for 2 min  in formamide  at 60" and  put directly 
into cold 70, 80 and 96% ethanol ( 5  min each)  and briefly 
air  dried.  Denatured  probe was added to the slide, the slide 
was covered with a coverslip and  the coverslip was sealed with 
rubber cement. The slide and  the  probe were then co-dena- 
tured  for 10 min at 95" in  a  thermocycler  capable of holding 
slides (HYBAID; OmniGene)  and hybridized for  at least 12 
hr at 37". After hybridization the  rubber  cement was removed 
and  the slide was placed into  the first wash solution (50% 
formamide in 2X  SSC) at 37" for 5 min. Slides were then 
transferred to 2X  SSC at 37" for 5 min and finally to 1X 
SSC at room temperature again for 5 min. Finally slides were 
mounted in  antibleach  medium as described above. For the 
experiment  reported  the products of meiotic divisions arising 
at  the late time points were excluded  from  distance analysis 
by virtue of their smaller DNA content. 

Detection and quantification of DSBs: DNA extraction and 
Southern blot hybridization were done as described (DF. 
MAssvand NICOLA~ 1993).  To study the THR4 hotspot  (GOLD- 
WAY et al. 1993) BgAI digested DNA  was probed with a "P- 
labeled 888-bp Hind111 fragment derived from pMJ338 
(kindly provided by M. LICHTEN). Direct quantification was 
done using a  Phosphoimager and evaluated using Im- 
ageQuant  (both Molecular Dynamics). For each  lane an in- 
tensity profile was generated. Peaks corresponding  to  the 
bands were identified,  separated  from the background and 
integrated. 

RESULTS 

A mutant screen to identify  new  genes  required  dur- 
ing late events  in  prophase I: To identify new genes 
required after initiation of meiotic recombination we 
designed a  mutant  screen  that took advantage of  the 
fact that spol3,  spol I double  mutants  undergo  a  trun- 
cated meiosis, consisting of only a single cell  division 
in which chromosomes do  not recombine and segre- 
gate in an equational  manner, as  has been shown for 
reclO4 (GALBRAITH and MALONE 1992) and hop1 (HoL.- 
LINGSWORTH and BYERS 1989). As a result two viable, 
diploid spores are  formed. Because  cells do  not initiate 
meiotic recombination and probably as a consequence 
do  not  undergo reductional division, genes required 
specifically for these processes may be dispensable dur- 
ing  the spo l l ,   spo l3  meiosis. In  other words we pre- 
dicted  a class  of meiotic lethal  mutations to be bypassed 
by the spo l l ,   spo l3  double  mutation. Such mutations 
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WT carries "unstable" SP013 on  one  plasmid, 
ADE?, SP077 are coupled on a  second  plasmid. 

Sporulation of WT. 

Make single, haploid spores  and 
mutagenize with MNNG. 

WT mutant 

Plate  mutagenized  spores  and  allow for 
HO mediated  selfing, to make 
mutation x homozygous. 
Lose SP013 plasmid, but select for ADE2-SPO7 7 
before going through some nonselective divisions 
on YPD. 

I I kill vegetative cells  with ether 

replica plate to rich medium 

A low level of ADESSPO71 plasmid 
loss occurs, but colony  appears  white. 

WT: both, 
"+" cells (SPO11, white)  and "-" cells (spoil, red) 
sporulate  successfully. 

mutant: "+" cells initiate recombination, 
require gene X and 
fail in meiosis. "-" cells do not initiate recombi- 
nation, do not require gene X 
and thus yield viable spores. 

FIGURE 1 .  -Schematic 
representation of the mu- 
tant screen.  The  mutant 
screen is presented, illus- 
trating the crucial steps 
in mutagenesis. Vegetative 
cells containing two CEN 
plasmids (p259,  p155) 
are  sporulated  and  single 
spores  are  mutagenized. 
On vegetative medium 
they germinate, switch 
mating type and  form 
diploid colonies that carry 
homozygous mutations. 
+, cells carry ADEZ and 
SPOlI on the same plas- 
mid p155; -, loss of the 
plasmid. A mutation x is 
desired, which will derail 
meiosis only if meiotic re- 
combination is initiated 
(in + cells). The - cells 
carrying mutation x will 
produce viable spores be- 
cause recombination is 
not initiated and spol3  
rescues viability in a Rec-. 
Due to the loss of the 
ADE2 gene, these surviv- 
ing cells will ultimately 
form red  colonies  in  con- 
trast to  the predominantly 
white colonies produced 
from wild-type cells. 

mainly white colony red colony 

could affect completion of meiotic recombination, SC mid (p259).  It is thus able to produce  haploid, viable 
degradation or chiasma resolution. spores that  can be mutagenized. A colony originating 

To identify such  mutations,  a  screen based on a plas- from such  a  spore will be  a homozygous diploid due to 
mid loss  assay (Figure 1) was used. The wild-type strain HO and will harbor some cells that have lost both plas- 
(Y219) is HO auk2 spoll spol? and carries the SPOll mids, thereby potentially forming  red sectors. For a col- 
gene  linked  to  a color marker (ADE2) on one plasmid ony comprised of cells carrying the desired mutation 
(p155)  and  the SPO13 gene  on  another unstable plas- only  cells lacking SPOll as  well  as SPOI? can survive 
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meiosis. After meiosis these  colonies wil l  give rise to 
patches  strongly enriched for  such  red  sectors or  wil l  
be  completely  red. 

Identification of recombination-dependent meiosis- 
defective mutants: The haploid  spores of' strain Y2 19 
e re re tnutagenized with MNNG and plated  out  on me- 
dium  lacking  adenine (X -ade) .  During growth  haploid 
cells switched mating type, resulting in the  formation 
o f  homozygous  diploid cells. Colonies  were  then  trans- 
ferrcd to complete  medium (YPD) for 12 hr  antl  then 
t o  sporulation  inducing  medium (SI"+). After 3 days 
spore  patches were  replica  plated onto YPD plates and 
treated with ether to eliminate  nonsporulaterl  diploid 
cells. Thew cells would othenvise  interfere with the 
mutant  hunt by forming white or  weakly sectored  colo- 
nies  even if carning  the desired  mutation.  Spore 
patches giving rise to red  colonies  were  selected as possi- 
ble mutant  candidates. 

After  mutagenixing 75,000 colonies,  56  mutant  candi- 
dates were  isolated and  rescreened  to  confirm  their 
phenotype. An ob\ious class of false positives was mu- 
tants  defective in mitotic  plasmid maintenance, which 
we could  sort  out easily by virtue of their mitotically 
enhanced  red  sectoring. Meiosis-specific plasmid loss 
mutmts were rare  and  could  be  distinguished  from  the 
desired  mutants by their  high  spore viability after meio- 
sis. Ten  mutants passed the  rescreening  procedure  and 
were  analyzed further. One of these  mutants,  strain 
Y164, fulfilled the  criteria of the  screen most strikingly 
and  thus was chosen to be investigated further. 

Molecular cloning and  transposon  mutagenesis: We 
used the fact that Y 164 could  not  produce viable spores 
in a recombination  proficient spol?, as well as in a 
S1'013 background,  to  clone  the wild-type copy of the 
gene by complementation. A  potential  problem  for se- 
lection were Rec- mutations, which could arise during 
transformation  antl would suppress  spore lethality in 
some  rare sp013 colonies,  thereby  mimicking successful 
complementation of the  mutation.  Therefore  the selec- 
tion was performed using SPOI? cells that  require  both 
Reci functions and  the  desired  gene. Y164 was trans- 
formed with a  stable SI-'OI? plasmid (p21)  and  then 
with a CEN -based genomic library (see 411\TERIAI.S ASI) 
\lI<T1IOI)S). The resulting  transformants  were  subjected 
t o  a procedure  similar to the  mutant  screen.  The colo- 
nies  were  sporrllated and subsequently  replica  plated 
to SC-leu-trp plates  to  select  for p21 as well as the library 
plasmid and  ether  treated.  Spore  patches giving rise to 
colonies were picked as possible candidates  and reex- 
amined  for  sporulation in the  presence of SPOI?. The 
library  plasmid was isolated  from  each candidate,  ampli- 
fied i n  f khpn ' ch in  coli and  reintroduced  into  strain Y164. 
Plasmid p260 containing  an -&kb insert was obtained 
that  reproducibly  complemented  both  the  spore  forma- 
tion and  the  spore viability defect  (Figure  2).  The com- 
plementing  fragment was localized to the left arm of 
chromosome VI1 using the p260 insert to probe a blot 
of S/iI and "WI-tligested yeast chromosomes  separated 

1 

j f -  -:I I '. 

11y pulsed-field gel electrophoresis (PFGE; data  not 
shown).  Transposon  mutagenesis  according  to SEIFEKT 
P/ ( / I .  (1986) was used to localize the  complementing 
DNA sequence within a subcloned 4-kb fragment  de- 
rived from  p260  (see VATERIAI.S XSD SIETI-IOI)S). Delet- 
ing a 45&bp Sm-I-SncI restriction fragment from this 
insert  destroyed its ability to complement  the  mutation. 
Sequence analysis of this fragment provided the infor- 
mation to idcntify the  corresponding ORF i n  the data- 
base  GenBank  using BLAST (AI.Ts(:HL'I. rf crl. 1990). It 
represented  an ORF of unknown  function,  designated 
G1639, that  had  been  seqrlenced by COGI.II~\WA r /  nl. 
(199.5) in the  course of the yeast sequencing project. 

Because the  phenotype suggested that G1639 mu- 
tants are  unable to complete essential  meiotic processes 
after  initiation  of  recombination we refer  to  this  gene 
as COMl for  completion of  meiotic  recombination,  an 
interpretation  that proved  compatible with a11 subse- 
quent results obtained.  The  same  gene was identified 
simultaneously by others (M(:KEF. and KI.E(:KSEK 1997) 
by complementing  their snr2 mutation. corn1 and snr2 
are allelic,  because the DNA sequences  that  comple- 
ment  each  mutation  are  identical. We wil l  therefore use 
the  double  acronym COMI/SAE2 to  indicate  this fact. 
COMI/SAI.:2 encodes a 34.5- amino-acid protein with a 
predicted  molecular weight of 40 kD. I t  exhibits no 
significant  homology to other known proteins. The pro- 
tein is rich i n  charged  amino acids,  including  both posi- 
tively (6.4% arginine  and 9% lysine) and negatively 
(6.7% aspartic  acid and 9.6%  glutamic  acid)  charged 
amino acids.  In a Northern analysis of total yeast RSA 
the COIMI/SAl<2 message was below the level of detec- 
tion (data not shown).  Therefore we assume that  the 
protein is required in small quantities. N o  regnlaton 
sequences  common to many early  meiotic genes,  such 
as a URSl site and UASII or  T.& sites, were forlnd in 
the  upstream  region of COA4l/.SAl.,'2 (Mrr(:wm, 1994; 
PKISZ r /  nl. 199.5; GAII.L'S-D~VWER r /  m/.  1996). A plasmid 
(p188)  containing COA41/SAK2with only 2.56 bp of the 
upstream  region is still able to complement  the  spore 
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lethality phenotype of the coml-1 mutant, suggesting 
that all regulatory elements for meiotic expression are 
contained within this region. 

As spore viability  of strain Y164  is restored by transfor- 
mation with  p260, we were able to backcross coml-1 to 
wild  type. These crosses  showed that  the coml-1 muta- 
tion is recessive and that  the  sporulation  defect segre- 
gates 2:2. When homozygous  coml-I, sf013 diploids 
were constructed, they  were unable to produce viable 
spores as expected.  In  contrast  the homozygous coml- 
I, spoll, $1013 triple mutant is meiosis proficient ac- 
cording to our patch assay for spore viability, thus con- 
firming the premise of our screen. 

Several disruptions of  COMI/SAE2 were obtained by 
transposon mutagenesis (see above). Insertions of Tn3- 
LEU2 into COMI/SAE2 were generated in E. coli and 
introduced  into SK1 strains. The resulting diploids were 
sporulated and showed reduced  spore formation and  a 
spore viability defect similar to coml-I. We constructed 
a coml/sae2-null allele by PCR targeting using KunMX4 
as a  dominant resistance marker (WACH et ul. 1994), 
removing 99% of the  coding  sequence from COMI/ 
SAE2. Neither  the homozygous coml : : KunMX4-null mu- 
tant (Y359) nor  the heterozygous coml ::KunMX4/coml- 
I construct  produced viable spores, thus confirming 
that we had  indeed  cloned COMI/SAE2. 

In  the following investigations the phenotypes of the 
coml-1 allele, the coml-Tn3 disruptions and  the coml :: 
KunMX4-null mutant were indistinguishable when com- 
pared,  except  that  the level  of accumulated DSBs in the 
null mutant  and in the  disruption of  COMI/SAE2  was 
noticeably higher  than in coml-I. 

Both meiotic  divisions  are  delayed  and spore forma- 
tion is reduced in coml/saeZ mutants: coml-l muta- 
tions confer  a  strong  reduction in spore formation 
when present in an otherwise wild-type  SK1 background 
(Figure 2a). However, on close examination using 
phase-contrast microscopy spores aberrant in shape and 
number can be  detected in many  cells. Their frequency 
varied from 12 to 42% and  depended  on  culture condi- 
tions. The frequency of tetrads with  wild-type morphol- 
ogy was invariably smaller than 0.5%. The same results 
were obtained with the coml/sue2A mutant. The defect 
in spore  formation was alleviated  only  slightly in the 
spol3, coml-1 double  mutant. Whereas the level  of un- 
sporulated cells remained unaffected by spol3  the fre- 
quency of morphologically normal asci (dyads) climbed 
to 7% in the coml/saeZ, spol3 cells.  However, when 10 
dyads  of these 7% were dissected, none gave rise to a 
visible colony. 

Meiotic progression in a liquid culture was followed 
by  DAPI staining of aliquots of ethanol-fixed cells. coml- 
I (Y248,  Y355)  as well as  coml/sae2A strains (Y359) 
reached  the  50% level  of mononucleate cells  2-8 hr 
later  than wild-type  SK1 (Figures 3 and 5a). In  addition 
to this retardation of the first meiotic division a mini- 
mum delay of 2 hr was found for the second division, 
separating  both divisions by at least 2.5-3 hr instead of 
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FIGURE 3.-coml-l, coml/sa.e2A and rad5OSmutations cause 
a similar retardation of meiotic divisions. Percentages of binu- 
cleate plus tetranucleate (completed meiosis I)  and tetranu- 
cleate cells (completed meiosis 11) are shown for each  strain 
[wild  type (SKl), coml-l (Y248),  coml/sae2A (Y359), rad5OS 
(Y329)], documenting  the rates at which these  strains pro- 
gressed through  both meiotic divisions. Except forY329, every 
data  point represents the average of three  independent cul- 
tures of the same strain.  Whereas for wild  type 50% of the 
cells had  completed meiosis I at  the 7-hr time point  and  had 
after  one  additional  hour also passed meiosis 11, the  three 
mutants  reached  50% meiosis I  completion only after  15 hr 
(8 hr  later  than wild type). Meiosis I1 occurred 3 (rarely up 
to 4.5) hr later than meiosis I, which represents  a meiosis I1 
delay of at least 2 hr relative to wild type. 

<1 hr as in wild  type. The same holds true for rad50S 
(Y329) in  which a delay  in the first as well as the second 
meiotic division similar to coml/sue2 mutants was ob- 
served. In other strain backgrounds (s288c) rud50S 
causes a tight block before the first meiotic division (B. 
DE MASSY, personal communication). 

coml/sae2 mutants  accumulate  unresected DSBs dur- 
ing meiotic  prophase: DSBs in the coml/sue2 mutants 
were examined at a  hotspot  near THR4 because genes 
involved in the repair of meiotic DSBs are potential 
targets of our screen. Figure 4 demonstrates that coml/ 
sue2 mutants accumulate a single species of  DNA frag- 
ments, indicative of largely unresected breaks similar 
to rud50S. In addition to the  prominent DSB-I band 
two additional bands corresponding to weaker hotspots 
were  also detected by our probe. Only for the coml :: 
KunMX4-null mutant did the labeling intensity of the 
DSB-I fragment  reached  a level of - 15% of the  parental 
band (18% 6  hr, 15% 10 hr, 14.8% 14 hr). The  other 
mutants arrived at a plateau at  the &hr time point with 
-10% of the  parental signal (coml-I: 7.5% 6 hr,  9% 10 
hr; rud50S: 10.4% 6  hr, 11.1% 10 hr; coml-I, rud50S 
double  mutant: 7.9% 6  hr, 8.8% 10 hr). We also used 
the THR4 probe to hybridize a blot from chromosome- 
sized DNA separated by  PFGE. Because  several bands 
accumulated just as  in the rud50S mutant (ARBEL et ul. 
1992;  GAME 1992), we conclude that DSBs accumulate 
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coml-l/ 
M wt coml-1 com 1 ::KA N rad5OS rad5OS 

0 4 6 1 0  0 4 6 10 0 4 6 1 0 1 4  0 4 6 1 0  0 4 6 10 hrs 

par 

DSB I l l  
DSB II 

DSB I 

FIGURE  4.-mmI/sn~2 mutanLs accumtllatr IXBs. DNA was isolated from cells at the indicatrtl  times after transfer to SPM and 
digested with BgflI. par, parental 10.5-kh BgflI restriction fragment. The  appearance  of sharp h n d s  corresponding to unprocessed 
DSBs at three sites (.5 to 7.5 kb upstream of THR4) designated DSB I, 11 and 111 was ohsened. M, size marker obtained by 
digesting  genomic DNA with I M ,  resulting in a  4.9-kh  fragment highlighted by the  probe.  The Faint band (DSRI) expected for 
the 4-hr lane  of wild type (SKI) was below the level of  detcction in this experiment. For all mutant strains howrver (Y!!48, Y3.59, 
YB19 and Y329), DSR I is visible as a prominent -5-kh band even after 10 or 14 hr in SPM. Two other, weaker double-strand 
breaks (DSR I1 and Il l )  share the  same characteristics as DSB I. The weak signal at the 0-hr time  point of md50.Y (seen only in 
this experiment)  most likelv reflects  premature entrv of some  cells  into  meiosis  during presporulation, a phenomenon known 
to occur  sometimes for SKI strains. 

in comI/snp2 mutants  at many, if not all meiotic  hotspots 
(data  not  shown). 

coml-1 cells are able to induce meiotic gene conver- 
sion 40-fold in  return to growth experiments: S. cprpLli- 
s i a ~  cells that have entered meiotic prophase  are never- 
theless  able  to  resume vegetative growth  when returned 
to rich medium such as YPD (SHERMAN and ROMAN 
1963; ESPOSITO and ESPOSITO 1974).  Since coml-1 cells 
cannot  repair DSBs during meiosis, we asked whether 
the  recombination  intermediates would also constitute 
a problem  for vegetative cells. Furthermore, would 
these  intermediates  be  suited  to  commit cells to  meiotic 
recombination?  Figure 5a demonstrates  that c o d - 1  
cells lose viability at least 5 hr  before they undergo  the 
first meiotic division. A drop in  colony-forming ability 
down to 30% at only 4 hr  in SPM suggests that  the 
lethal  events take place during zygotene or very early 
pachytene.  According to our own observations  (Figure 
4) and in agreement with the  published  timing of mei- 
otic  events in SKI strains, the lethal  events correspond 
well with the  formation of meiotic DSBs (PADMORE and 
KLECKNER 1991; GOYON and LICHTEN 1993). We postu- 
late that loss of colony-forming ability is due to the 
failure of cells to cope with the  recombination  interme- 
diates  accumulating in the  absence of Coml/Sae2p in 
meiotic as well as in mitotic cells and  not to failure of 
chromosome  pairing or  malsegregation. 

Among  the surviving cells gene conversion was in- 
duced -40-fold at two different sites (HIS4, A R M ) ,  
indicating a pathway capable of processing the recombi- 
nation  intermediates  in  the  absence of ComI/Sae2p 
(Figure lib). The  true meiotic induction of recombina- 
tion may actually be  higher  than this for  the following 
reasons. First, because of the low viability at  the  later 
time  points, the  suniving  population will be strongly 
enriched  for  nonmeiotic cells, reducing  the possible 
fraction of recombinants. Also, cells will lose viability 
due to a secondary  lethal  event  (when  entering meiosis 

I division), so that  accumulation of recombinants as in 
wild  type  is not possible. The early time  points  are least 
affected by these  obscuring processes. M'e found a steep 
increase at  the first time  point analyzed, most  strongly 
pronounced  for  the HIS4 heteroallele,  where  induction 
was almost  similar  to wild type. M'e interpret this  to 
mean  that  the meiotic lesions of a coml-1 strain  commit 
the cells to  meiotic  recombination  during  return  to 
growth,  but that many cells die  prior to repairing all 
the  damage. Figure 5c shows that coml-1 does  not inter- 
fere with mitotic levels  of recombination within the lim- 
i t s  of this method  and  that  there is only transient, if 
any net increase of Arg' and His' prototrophs. md50.S 
was previously reported  not  to  induce  recombination 
in a return  to growth experiment  (AIANI PI (11. 1990). 
To clarifj  whether  the residual recombination  compe- 
tence of coml-l cells during  return to growth repre- 
sented a true  difference  from md50.7, we compared 
both strains  in the  same  experiment. In our  hands  there 
is no difference; md50S as well as coml-I cells show a 
similar 30- to 40-fold induction of gene conversion per 
viable cells (data  not shown; K. NAIRZ and F. KLEIS, 
unpublished  results). In addition, we observed a sig- 
nificant loss of viability in md50S cells with progression 
into meiosis just as ohsenled in coml/sn~2 cells (data 
not  shown). 

coml/sae2 mutants are not hypersensitive to ionizing 
radiation: To test whether CO1bII/SM2  is required  for 
repair of DNA damage caused by y-rays, stationary cul- 
tures of coml-l (Y248) and coml::KmMX4null mutant 
(Y359) were exposed to various doses  delivered by a 

Co-source and  their  sunival  rate was compared  to  that 
of wild type. Results shown in Figure 6 demonstrate  that 
radiation  resistance in coml/snp2 mutants was similar  to 
wild type at all doses  tested (up to 200 Gy, 70% viabiliv). 
We conclude  that  Coml/Sae2p is not  required for re- 
combinational  repair of radiation-induced DSBs. 

However a role of COMI/SAE2 during vegetative 

fill 
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FIGURE 5.-Time course analysis  of  cell  viability and com- 
mitment to  meiotic recombination. Cells  of strainY355 (coml- 
I) were  analyzed for meiotic  progression  using DAPI staining 
of ethanol fixed  cells, for colony-forming  ability on YPD and 
for induction of gene conversion on SGarg and SGhis selec- 
tive plates. (a) Loss of  viability precedes meiosis I by at least 
5 hr.  The decreasing fraction of colony-forming  cells (in per- 
cent) is compared with the decrease of mononucleate cells 
(in percent) as a result of  cells entering meiosis I division. 
Kinetics of tetranucleate and binucleate plus tetranucleate 
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FIGURE 6.-coml-I and coml/sae2A mutants can repair y- 
ray-induced DSBs. Wild  type (SKl), coml-1 (Y248) and c o d /  
sae2A (Y359) were  subjected  to  ionizing radiation and tested 
for colony-forming  ability  as described in MATERIALS AND 
METHODS. Every data point represents the average number of 
colonies obtained on three plates. 

growth cannot  be completely excluded, although we 
did  not observe  any alteration of the growth rate of 
coml/sae2 mutants compared to wild  type as judged by 
colony size on YF'D plates at 15, 30 and 37". 

Synapsis of axial elements is strongly reduced in 
coml/sae2 Synapsis  is  severely reduced in coml-1 
(Y248) as  well  as in the coml/sae2 disruption mutants 
Y235 and Y236. Whereas in wild  type we can demon- 
strate by transmission electron microscopy of silver- 
stained spread  preparations  the  formation of tripartite 
SC during pachytene stage (Figure 7a and  b),  no nuclei 
with completely synapsed  sets  of chromosomes were 
found in the coml/sae2 mutants. Instead nuclei with 
long or short axial element fragments but lacking any 
synapsis appear frequently (Figure 7e). They are ex- 
tremely rare in wild  type.  However, in many nuclei some 
synapsis is initiated and may proceed  to involve a con- 
siderable part of the chromosome complement (Figure 
7c). The typical tripartite SC structure is also formed 
during this partial synapsis (Figure 7d). 

The anti-Ziplp antibody binds strongly  only to syn- 
apsed regions of meiotic chromosomes (SYM et al. 

cells are also  shown. (b) Induction of meiotic gene conversion 
is reduced to -40-fold in the coml-1 mutant compared to 
800-fold in wild  type.  Levels  of  Arg+ and His+ cells per colony- 
forming cells  resulting  from gene conversion  between hetero- 
alleles are represented relative  to their levels at t = 0. (c) 
Yield  of Arg+ and His+  cells defined as prototrophs per 4 X 
lo6 plated  cells. There is no strong net increase of Arg+ or 
His+ prototrophs, because induction seems  to  be compen- 
sated by early  loss  of  colony-forming  ability.  Mitotic ( t  = 0) 
prototroph levels in coml-1 are equal or even  slightly  lower 
than in wild  type,  suggesting that the mitotic gene conversion 
rate is not increased in coml-I. 
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FIGURE 'I.-Synapsis  of axial elements is initiated but not completed in comlJsae2 mutants.  Nuclei  from  cells that were 4 or 
6 hr in SPM  were spread and analyzed by transmission electron microscopy after ,silver staining.  Negative  representation of silver 
staining was chosen  to  optimize  contrast. (a) Wild-type SKl. (b) Enlargement of a wild-type  SC fragment  from  panel  a  demonstra- 
ting its tripartite  structure. (c) Partial  synapsis in st ra in  Y236 (coml-tn3/20). (d) Tripartite  structure of  synapsed mutant  chromo- 
somes. (e) Nucleus  with long axial elements, but devoid  of  any  synapsis in Y236. Arrows point at sites  of  synapsis,  where tripartite 
structures  are visible; n, nucleolus;  uae,  unsynapsed axial elements. 

1993).  Therefore t h i s  antibody was used  in order to coml-tn3/10 (Y235) and in the homozygous coml/sae2 
monitor synapsis in the mutant. This analysis  confirmed null  mutant 01359). Three selected  nuclei  are  shown 
that partial but not  complete  synapsis  occurs  in  the in  Figure 8 and compared  to wild  type.  Due  to  excess 
c m l - 1  point  mutant (Y248), in the disruption  mutant Zip1 protein  not  accommodated  within the SCs, bright 

FIGURE 8.-Demonstration  of partial synapsis in coml/sae2 mutants  using  synapsis-specific anti-Ziplp  antibody. Nuclei from 
cells that were 4 or 6 hr in SPM  were spread  and analyzed  by indirect immunofluorescence,  using  FITCconjugated  anti-rabbit 
antibody to detect the rabbit-anti-Ziplp  antibody. (a-c)  Nucleus  of st ra in  Y248 (coml-I) with  axial  elements, but devoid  of  any 
synapsis. (a) DAPI, (b) overlay  of  DAPI (blue) and FITC (red),  (c) FITC. The  bright signal represents  a ziplp aggregate  typical 
for a defective  meiosis. (d-f) Nucleus  of strain Y248 (coml-1) with partial  synapsis. (d) DAPI, (e) overlay  of  DAPI and FITC, (0 
FITC,  showing a  bright Ziplp aggregate as in c. (g-i) Extensive  synapsis in a  nucleus of strain E35 (coml-tn3/10). (g) DAPI, 
(h) overlay  of  DAPI and FITC, (i) FITC. u-1) Complete SC in nucleus of strain Y219 (COMI/SAE2). (j) DAPI, (k) overlay  of 
DAPI and FITC, (1) FITC. 
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FIGURE 9.-Distance distributions of homologous  sequences in coml-1 vs. wild type during pachytene. Results of  FISH  analysis, 
performed as described  in the MATERIALS AND METHODS section.  Strain Y361  is  wild type; strain Y359  is coml/sae2-null. Distances 
between  homologous signals (filled symbols) and heterologous signals (open symbols) were measured using a CCD camera 
(Photometrics)  and  appropriate software (IPLab Spectrum, from Signal Analytics). Presentation was chosen similar to that of 
WEINER and KLECKNER (1994). Distances are given in  pm  and every data  point represents  a single measurement. Data are 
presented  in ascending order. Fifty nuclei were analyzed for  homologous signals, resulting in 50  measurements for homologous 
signals, but up to 200 for nonhomologous signals. To  compare distributions with different  sample sizes the sum of samples was 
set to 1, making the x-axes the fraction of nuclei analyzed. The distribution of random distances is quite superimposable between 
the  different panels except  for wild-type 7 hr, where  distances are a  factor of 1.2 smaller than all the  others, most likely because 
of a slightly lower degree of spreading.  The  random distances of wild-type  5.5 hr  are superimposed on wild-type 7 hr  to illustrate 
this fact. The factor of 1.2 was used to  correct all measured distances of  wild type at 7 hr  in Figure 10. The location of the 
probes  on  the two chromosomes is illustrated in  one panel. The  dashed  line marks 0.7 pm,  the distance under which signals 
are assumed to  be synapsed. 

Ziplp aggregates not associated with chromatin can be 
frequently observed in the mutant.  Up to 30% of the 
mutant nuclei contained SC fragments (compare Fig- 
ure 10). 

We do  not know whether synapsed homologous chro- 
mosomes are joined  or whether  there is random synap 
sis  of axial elements, as can be observed in haploid 
meiosis (LOIDL et al. 1991). To investigate whether 
there is some pairing of homologous chromosomes in 
a coml/sm2 mutant, we performed quantitative FISH 
analysis on spread meiotic nuclei. 

Associations  between  homologous DNA sequences at 
a  time  corresponding to wild-type  pachytene  are  re- 
duced in coml/sue2 mutants: The results of  FISH  analy- 
sis show a  strong shift toward a  random distribution of 
signal distances between homologues in the c o m l / s u 2 A  
strain (Y359)  as compared  to  the wild  type (Y361) (Fig- 
ure 9). However complete randomization of homolo- 
gous sequences was not observed in coml/sae2A. Twenty 

percent of  signals  were found closely paired (<0.7 pm) 
for chromosome I and chromosome IV (see also  Figure 
10). Apart from this the distributions of  signals from 
the two chromosomes differed for distances > 0.7 pm 
in two respects. First, a distinct gap in the distribution of 
distances caused by the  underrepresention of distances 
between 0.55 and  1.35  pm (p,2 < 0.01) was observed 
for chromosome I, most strongly pronounced  at  the 
5.5-hr time point for the  mutant,  but was not found  for 
chromosome IV signals. Second, signals > 0.7 pm from 
chromosome IV exhibited a concave deviation from the 
expected  random,  linear distribution at 5.5 hr for the 
mutant, indicating the presence of long distance associ- 
ations. This deviation was not observed for chromo- 
some I signal distances > 1.35 pm, which  were distrib 
uted essentially at  random. Neither the gap nor  the 
concave deviation from linearity were seen at any time 
for  the  nonhomologous signals. 

The gap in the  chromosome I distribution may un- 
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FIGURE 10.-Close homologous pairing is reduced to 25% 
of wild-type levels in the coml/sm2-null mutant. Percent of 
nuclei with synapsed signals (distance < 0.7 pm) are repre- 
sented as  bars. Groups of bars are labeled I, rV or rd according 
to the probes used to measure the distances. Distances be- 
tween the chromosome I probes yield nearly identical values 
as those between chromosome IV probes for all experiments. 
rd (random) indicates that distances between nonhomolo- 
gous signals ( i .e. ,  between a chromosome I and a chromosome 
IV signal) were measured. It represents the internal control 
for close random chromosomal associations. Up to 20% of 
homologous signals are synapsed in the coml/smZ-null mutant 
Y359, while only 6% of nonhomologous signals are closer 
than 0.7 pm.  The right group of bars represent the  number 
of nuclei containing partial  synapsis in the mutant, as  assayed 
by the synapsis-specific anti-Ziplp antibody (staining was  car- 
ried out  on the same preparation, but prior to FISH). The 
fraction of cells containing SCs parallels the fraction of ho- 
mologous associations, suggesting a causal relation between 
them in the mutant. 

cover a critical distance, under which closer pairing 
occurs very rapidly. Only the smallest chromosomes 
may be pulled together completely, thus causing under- 
representation of homologous signals within the critical 
distance. For longer  chromosomes  the  gap may be ob- 
scured because the signals may sit  within a variable dis- 
tance from the paired region. As an alternative to  the 
rapid pairing model one may assume that  homologous 
sequences may be excluded from the critical distance. If 
DNA sequences within the critical distance were under 
some sort of tension,  the release of one  component 
of the forces during  spreading  could result in their 
snapping back to  a  larger distance. This  model would 
be compatible with a  more  pronounced  gap  for very 
small chromosomes as well. Others have observed a very 
similar gap in the distribution of homologous signals 
for rad5OS cells (B. WEINER and N. KLECKNER, personal 
communication). 

A possible explanation  for  the  long distance associa- 
tions is that homologous chromosome IV signals some- 
times are held  together by partial synapsis or  other close 
associations of sequences  not encompassing the site of 
the signal. The 10-fold shorter  chromosome I on the 
other  hand can only be completely paired or  not  at all. 

Our data show a  decrease of long distance associations 
at  the 7- and 9-hr time points relative to 5.5 hr in the 
mutant.  This  could reflect a slight decrease in conden- 
sation of the  chromosomal linkers that  connect  the 
chromosome IV signals or a  reduction of the  number 
of close associations per nucleus. 

Figure 10  demonstrates  that  the coml/sm2A mutant 
has the capacity to closely pair (<0.7 pm)  and possibly 
synapse a given pair of homologous  sequences in -20% 
of the nuclei, which is clearly above background (6%). 
The percentage of nuclei with  closely paired signals 
is identical for  both  chromosomes and similar to  the 
observed percentage of nuclei containing partial SCs 
(on average 25% for the  three time points  taken).  In 
addition the kinetics of nuclei exhibiting  paired se- 
quences parallels the kinetics of nuclei containing SC 
fragments, as  assayed by anti-Ziplp antibody staining. 

DISCUSSION 

We have developed a  screen allowing the identifica- 
tion of mutations in essential meiotic genes  required 
after initiation of meiotic recombination by formation 
of  meiosis-specific DSBs. When applied in the  absence 
of SP013, as  in the work described here, mutations are 
recognized that have an essential role in meiosis apart 
from just  ensuring  a  reductional  mode of segregation. 
However, the  screen  can  be easily broadened to charac- 
terize all meiotic lethal mutations involved in recombi- 
nation as  well as reductional segregation by carrying 
SP013,  SPOll and ADE2 on the same plasmid. Our 
search was complicated by the fact that heterozygous 
chromosomal  mutations  apparently also fulfill the re- 
quirements of the  screen, since they cause recombina- 
tiondependent meiotic lethality. Due to these compli- 
cations, we have not yet saturated  the  screen and have 
not yet identified alleles of radSOS, dmcl, rad58 or m.5. 
We have, however, discovered an allele of mrell that 
causes a novel, md50Slike meiotic phenotype (K. NAIRZ 
and F. KLEIN, unpublished results). 

Applying the described screen,  a  mutation in a new 
gene called COMI/SAE2 was identified. We  will refer 
to mutations as coml/sae2 when no major  differences 
between our different alleles were observed or other- 
wise specify the allele. The COMI/SAE2 gene was cloned 
and  encodes  a small, hydrophilic protein with a pre- 
dicted molecular weight of 40 kD. Coml/Sae2p is thus 
small enough to enter  the nucleus without a  nuclear 
localization signal. It exhibits no significant homology 
to other proteins and  does  not contain informative se- 
quence motifs. The COMI/SAE2 message seems to be 
transcribed at a very  low level, suggesting that  the  pro- 
tein is required in small amounts. No regulatory sites 
known to govern other early meiotic genes  could be 
recognized in the upstream region of COMI/SAE2. 

The defect caused by coml/sm2 closely resembles that 
of  rad5OS ( ~ N I  et al. 1990) in a  number of phenotypes. 
We have observed a significant delay of both meiotic 
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divisions in both  mutants in SK1 strains. Whereas the 
delay  of  meiosis I was quite variable and lasted 2-8 
hr, suggesting that its duration  depends on exogenous 
factors, the  second meiotic division was  less variable (2- 
4.5 hours). Alternatively, the meiosis I1 delay may not 
be variable at all, but  a fraction of the cells may have 
been  unable to complete meiosis I1 division in the ex- 
periment shown  in Figure 3. Our results suggest that 
the  recombination  intermediates accumulating in 
coml/sae2 and rad5OS mutants cause the observed  delay 
in meiotic progression. There is no delay when recom- 
bination is not  induced, as  in spoll or rad50mutants (F. 
KLEIN, unpublished  results).  Therefore  the complete 
absence of  DSBs, recombination intermediates, synap 
sis, recombination  products or chiasmata is not suffi- 
cient to cause a delay. 

On  the  other  hand it seems to  be  a  general  phenome- 
non  that  mutations  that accumulate DSBs form at least 
partial SCs, such as rad5OS (ALAN1 et al. 1991; LOIDL et 
al. 1994), dmcl (BISHOP et al. 1992), sepl (BAEHLER et 
al. 1994), rad51 (ROCKMILL et al. 1995) and, as  we show 
in this article, also coml/sae2. This could mean  that 
partial synapsis can occur in the absence of recombina- 
tion or that residual recombination in  the  mutants is 
sufficient to  induce in some cases quite extensive synap 
sis.  Two  possible models explain the observed delay 
(or  arrest). In model 1 accumulation of recombination 
intermediates possibly together with interacting pro- 
teins causes a signal resulting in the delay or arrest of 
the division.  Alternatively, the delay may be a  direct 
consequence of the initiation of  slow or nonhomolo- 
gous synapsis caused by defective recombination. The 
very recent result by  LYDALL et al. (1996) that  three 
mitotic DNA-damage checkpoint genes are  required for 
the meiotic arrest seen for dmcl and zipl mutants in 
some strains strongly argues for model 1. In addition, 
meiosis-specific proteins, namely Redlp and  Mekl/ 
Mre4p, are  needed  for  the  arrest to occur in rad51 and 
zipl mutants (XU et al. 1996). 

The fact that coml/sae2 mutants never or rarely pro- 
duce morphologically normal spores even in a spol3 
background cannot be explained just by failure of re- 
ductional segregation. Aborted or inappropriate re- 
combination must directly or indirectly cause this  ef- 
fect. As the accumulated DSBs decreased only  slightly 
(20%) at  the 14hr time point when 50% of the cells 
had  completed  the first meiotic division, the majority 
of the breaks were  still present in these cells. This raises 
the possibility that only fragments of chromosomes are 
segregated to the  daughter nuclei, which could explain 
the severe spore  formation defect. 

In studying the meiotic DSBs close to THR4 we found 
the same fragments accumulating at the same time for 
different coml/sue2 mutants, as  well  as for rad5OS. The 
bands  are  not fuzzy, indicative of a block in processing 
of  the DSBs. When compared,  the signals accumulating 
in coml/sae2-null mutants were stronger  than those in 
coml-1 or rad5OS. One possible explanation is that some 

DSBs are lost exclusively at early time points in coml-1 
or rad5OS cells due to residual repair or nonspecific 
degradation, implying the existence of at least two dif- 
ferent species of recombination intermediates. As no 
decrease of coml-1 or rad5OS signal intensities relative 
to coml/sae2-null is observed for  the  later time points, 
reduced formation of  DSBs but  not  constant loss can 
also account  for  the different levels observed. The 
rad5OS allele could cause reduced DSB initiation be- 
cause the Rad50 protein is involved  in DSB formation. 
If coml-1, on the  other  hand, has a negative effect on 
DSB formation compared to the null mutant, this would 
mean  that  the wild-type COMl/SAE2 gene antagonizes 
DSB initiation to  a similar extent (because the DSB 
levels are  the same in rad5OS and rad5OS, coml-1 double 
mutants). Alternatively the observed differences may 
reflect a variable  efficiency  of meiotic induction of the 
particular cultures not caused by the  mutated alleles 
under investigation. 

We did not observe  any effect of the coml/sae2 muta- 
tions on  the mitotic growth rate on YPD plates moni- 
tored  at  three different temperatures. The frequency 
of mitotic gene conversion was also not altered in coml- 
1 in our experiments, which is again similar to rad5OS 
(ALANI et al. 1990), thus giving  us no indication for 
mitotic expression of Coml/SaeSp. y-Irradiation re- 
vealed no  enhanced radiation sensitivity of the coml/ 
sae2A mutant. However, others have noticed a slight 
growth defect and a slight methyl-methane-sulfonate 
(MMS)  sensitivity caused by coml/sae2 (MCKEE and 
KLECKNER, 1997). 

We have  observed  early  loss  of  viability  of a coml-1 
strain in return to growth experiments at a time corre- 
sponding  to  the zygotene or early pachytene stage and 
concomitantly with the  appearance of  DSBs.  We find 
also that rad5OS is not rescued by return to growth. In 
contrast no loss  of  viability  was found in dmcl mutants 
(BISHOP et al. 1992), which is only  partially due to the 
reversible meiotic arrest preventing entry into  the first 
meiotic division. We rather explain the difference as a 
consequence of the different recombination intermedi- 
ates accumulated by these mutants. Whereas dmcl 
blocks  with intermediates that have unusually long 3‘ 
single-stranded ends (BISHOP et al. 1992),  a possible 
substrate for various repair pathways, coml/sae2 and 
rad50Smutants were  shown to have protected 5’ termini 
with a  protein covalently attached  at  the DSB sites 
(KEENEY and KLECKNER 1995). In spite of the dramatic 
loss  of  viability due to this 5’ modification an -40-fold 
induction of meiotic gene conversion at two sites was 
found in the small  surviving fraction of coml-1 cells 
during  return to growth. In our hands rad5OS behaves 
similarly. We conclude  that  the 5’ modifications, which 
obviously can be removed, impede  but do  not com- 
pletely prevent recombinational repair  during  return 
to growth in coml-1 and rad5OS mutants. For the major- 
ity of cells,  however, the protein-conjugated DNA ends 
may either exceed the capacity of the  repair system and 
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may remain  unrepaired  or, alternatively, may lead to 
lethal  errors in the  course of repair. 

We and others have  shown that  mutants homozygous 
for spol l ,  rad50 or rad5OS are still capable of residual 
homologous pairing (LOIDL et al. 1994; WEINER and 
KLECKNER 1994). The pairing  detected  in cornl/sm2A 
further confirms the  notion  that homologous pairing 
is at least partially independent of DSB processing. The 
amount of close homologous  pairing  in coml/sae2A  is 
about  one third  that of  wild  type at  a time correspond- 
ing to  wild-type pachytene and  at  the same time clearly 
different from random.  The extensive pairing observed 
in cornl/sae2A or in rad5OS compared to mutants not 
initiating DSBs (such as rad5OA or s p o l l )  could be ex- 
plained by SC-stabilized homologous associations that 
had  been established earlier. This might also explain 
why the  extent of pairing  at  different times in the cornl/ 
sae2A mutant parallels the  extent of SC formation. Al- 
ternatively, the  pairing process itself may be affected 
differently in these mutants. 

With the exception of strains carrying mutations in 
potential SC components such as Ziplp,  Redlp  and 
Hoplp synapsis  of  axial elements can be observed in all 
strains able to induce meiotic DSBs. In contrast no synap- 
sis at all is found in strains where meiotic DSBs are absent. 
We have  recently found evidence that meiotic DSBs act 
as a trigger, which is necessary  to initiate synapsis (F. 
KLEIN, A. MALKOVA and J. ~ E R ,  unpublished results). 
Our results are in agreement with these findings, consti- 
tuting yet another example in which SC  is formed, while 
only unprocessed DSBs can be detected, suggesting that 
their presence is a prerequisite for partial synapsis.  We 
further conclude that COMl/SAE2  is not required for 
synapsis and tripartite SC formation, whereas full levels 
of  SC formation as well  as  of homologous pairing are 
very  well dependent  on COMl/SAE2 function. 

Based on  the observed phenotypes of the cornl/sae2 
mutants, we propose  that  Coml/Sae2p is either  part 
of, or activating a  component of, the  recombination 
machinery involved in processing meiotic DSBs, begin- 
ning with the removal of the 5’-attached protein.  Thus 
an obvious  possibility is that  the  Coml/Sae2p  protein 
actually represents  the enzyme required to release this 
protein from the 5’ terminus of the DSB (in conjunc- 
tion with Rad50p and possibly additional  factors). How- 
ever, we favor the  idea  that  Coml/Sae2p acts indirectly, 
because the cornl/sae2-null mutant does not inhibit DSB 
formation. In contrast  null  mutants of genes presumed 
to be physically present  at meiotic DSB hotspots, be- 
cause they physically or genetically interact with each 
other (i .e. ,  R A D S O ,  MREl1, XRS2, and MER2 OGAWA et 
al. 1995) all completely abolish DSB formation. For 
these reasons Coml/Sae2p is probably not a compo- 
nent of the early recombination complex defined by 
the above genes and clearly is not necessary for  their 
expression. It could still join  the complex at  a  later 
stage to exert its function directly. More likely,  however, 
it activates one  or  more essential components of the 

recombination complex through modifications. We in- 
tend to solve this question by analysis  of suppressors 
of  cornl/sae2 and by a two hybrid approach.  Should 
functional homologues of COMl/SAE2 exist in other 
organisms, it would be of interest to investigate whether 
a  knockout would  also result in accumulation of meiotic 
DSBs in organisms other than S. cermisiae. 
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Note added in pooJ Recently the  protein covalently 
attached  to  the 5’ ends of the DSBs in rad5OS mutants 
has been shown to be Spoll (KEENN, S., C. N. GIROUX 
and N. KLECKNER, 1997 Meiosis-specific DNA double- 
strand breaks are catalyzed by Spoll, a  member of a 
widely conserved protein family.  Cell 88: 375-384). 
rad58 (x&) is an allele of MREll (H. TSUBOUCHI  and 
H. OGAWA, unpublished  results). 
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