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DNA strand transfer protein a (STPa) from meiotic Saccharomyces cerevisiae cells promotes homologous
pairing ofDNA without any nucleotide cofactor in the presence of yeast single-stranded DNA binding protein.
This gene (DNA strand transferase 1, DST]) encodes a 309-amino-acid protein with a predicted molecular mass
of 34,800 Da. The STPa protein level is constant in both mitotic and meiotic cells, but during meiosis the
polypeptide is activated by an unknown mechanism, resulting in a large increase in its specific activity. A dstl::
URA31dstl::URA3 mutant grows normally in mitotic media; however, meiotic cells exhibit a greatly reduced
induction of both DNA strand transfer activity and intragenic recombination between his] heteroalleles. Spore
viability is normal. These results suggest that DSTI is required for much of the observed induction of
homologous recombination in S. cerevisiae during meiosis but not for normal sporulation.

DNA strand transfer activities have been recently identi-
fied and studied in various organisms (2-4, 9, 13, 15, 20, 21,
26, 37). Although the DNA strand transfer reaction is
thought to be a central event of genetic recombination, only
the Escherichia coli RecA, bacteriophage T4 UvsX, and
Ustilago maydis Recl proteins have been proved to be
required for general recombination. Studies with Saccharo-
myces cerevisiae have identified mutants affecting recombi-
nation (see references 28 and 29 for reviews), but none of
these has been correlated directly with any recombination-
specific enzymatic activities. One way to approach this
problem is to characterize and purify an activity which is
expected to be required for genetic recombination, identify
the gene encoding the activity, and observe effects of delet-
ing the activity. Along with analysis of multiple mutants with
known recombination defects, progress can be made in
understanding this complex process. Since recombination
frequencies are elevated nearly 1,000-fold during meiosis in
S. cerevisiae, we anticipate higher levels of recombination
enzymes from meiotic cell extracts.
From such meiotic S. cerevisiae cell extracts, we have

identified and purified an activity (named STPa) that pro-
motes the transfer of a strand from a duplex linear DNA
molecule to a complementary circular single-stranded DNA
in the presence of yeast single-stranded DNA-binding pro-
teins (ySSB). We have also shown that DNA strand transfer
activity increases specifically in MATa/MATa diploid cells
during meiosis concurrently with the observed large increase
in homologous recombination frequencies (6, 37). Similar
activities can be found in mitotic crude extracts that have
been purified (2, 4, 5, 15, 20, 37). All of these activities do not
require a nucleotide cofactor for their activity and seem to be
different from the systems previously studied in prokaryotes
(3) and U. maydis (19). Although we have eliminated the
possibility that other activities associated with STPa and/or
ySSB generate structures similar to those from a true DNA
strand transfer reaction, genetic confirmation of the require-
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ment for STPa in meiotic homologous recombination is
needed. In this report, we describe the isolation, nucleotide
sequence, and regulation of the gene (DST]) encoding STPa
as well as the characterization of effects resulting from the
disruption of DST]. From these results, we conclude that
STPa is required only for meiotic induction of homologous
recombination in S. cerevisiae and that it is active only in
meiotic cells.

MATERIALS AND METHODS

Bacterial and yeast strains. E. coli Y1090 (36) was used for
screening the Agtll yeast genomic library with antibodies.
GW5100 (dam::Tn9) was used for preparing unmethylated
plasmid DNA susceptible to digestion by BclI. DH5a (23)
was used for growth of subclones. The yeast strains used are
listed in Table 1.

Chemicals, enzymes, and DNA. A Xgtll yeast genomic
library was constructed by R. K. Hamatake in this labora-
tory by using reported methods (36). 1251I-protein A and
a-32P-labeled deoxyribonucleoside triphosphates were from
either ICN or Amersham. Alkaline phosphatase-conjugated
goat anti-rabbit antibodies, Nitro Blue Tetrazolium, and
5-bromo-4-chloro-3-indolyl phosphate were from Promega
and were used as recommended by the supplier. Immobilon
membranes for protein blotting were from Millipore. Nitro-
cellulose was from Schleicher & Schuell. STPa and the
26-kDa ySSB were purified as described previously (16, 37).
Restriction enzymes, DNA ligase, and other enzymes were
from either Bethesda Research Laboratories, International
Biotechnologies, Inc., or New England BioLabs. Plasmid
DNAs were purified by the alkaline lysis method (23).

Cloning, sequencing, and genetic methods. Agtll yeast
genomic clones producing antigens reactive to STPa poly-
clonal antibodies were isolated by published procedures
(36). Subcloning of DNA fragments, DNA and RNA blot
analyses followed published methods (23). The DNA se-
quence was determined by using the nested deletion method
from a Cyclone kit to obtain overlapping fragments in
M13mpl8, and the Sequenase kit from United States Bio-
chemical Corp. for the dideoxy-sequencing method with
[a-355]dATP. 32P-labeled probes obtained by the random
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TABLE 1. Yeast strains used in this work

Straina Relevant genotype Source

CG950 MATa ura3-52 Iys2 leu2::hisG trpl::hisG ho::hisGb C. Giroux
CG953 CG950 but MATa canlb C. Giroux
CG3% MATa Iys5 ade3 hisS-2 ural leul-c C. Giroux
D649 MATa/MATa +Imal trpll+ pet6/+ ade2/+ +ladel lys2l+ +Ihis4 leu2/+ +Ithr4 YGSCC
D649-1lB MATa thr4 his4 spore from D649 This work
L119-7D MATa ura3 dbJ2 trpl trp2 adel L. Johnston
MR966 MATa ura3-52 leu2-3,112 trpl-289 hisl-7b M. A. Resnick
MR93-28C MATa ura3-52 leu2-3,112 trpl-289 hisl_lb M. A. Resnick
MR658 MATa ade4b M. A. Resnick
MR43-25D MATa leu2 hisl-7 can] hom3-10 ade2-1 rad52-1 radl_lb M. A. Resnick
MR45-43A MATa leu2 hisl-) trp2 lysi-l tup7b M. A. Resnick
MR48 MATa/MATTa leu2/leu2 hisl-7/hisl-l canll+ hom3-101+ +Itrp2 +/lysl-l ade2-11+ rad52-11+ 37

radl-l/+ +Itub7b
RSY6 MATa ura3-52 leu2-3,112 trpS-27 arg4-3 ade240 ilvi-92 R. Schiestl (33)
S7 MATa leu2 cdc62-1 YGSC
K38-1OA MATa ade6 ura3-1 arg4 aro7 asp5 metl4 Iys2 petl7 trpl YGSC
CD66 MATa ura3-52 hisl-7 canlb This work
CD101 MR966 but dstl_lb This work
CD106 MR93-28C but dstl_lb This work
CD143 MATa hisl-l Iys2 trpl ura3 leu2b This work
CD240 MATa ura3-52 ade6 metl4b This work
CD241 MR966x CD106 This work
CD242 CD101 x CD106 This work
CD247 MATa ura3-52 his4 thr4 lysi trpl::hisGb This work
CD257 MATa ura3-52 dbJ2 leu2 adel This work
CD251 MATa ura3 leu2 trplb This work
CD260 MATa lys5 leul ade3 ura3-52b This work
CD261 MATa dbJ2 ade6 ura3-52 dstl_lb This work
CD262 MATa ura3-52 dstl-l leu2 trplb This work
CD263 MAToa ura3-52 dstl-l his4 thr4 trpl 1ySjb This work
CD264 MATa ura3-52 cdc62 ade4 trpl::hisG leu2::hisG canlb This work

a Strains were constructed as follows: CD66 is a CG950 x MR43-25D ura3-52 his1-7 leu2 trp) can) spore that was backcrossed to CG953 and then MR658;
CD101, CD106, CD262, and CD263 are Ura+ transformants of MR966, MR93-28c, CD251, and CD247, respectively with pYlO6::URA3 cut with EcoRI; CD136
is CG953 x MR43-25D; CD143 is CG950 x MR45-43A; CD240 is K38-1OA x CD66 selecting for MATa ade6 metl4 and then backcrossing to CD66; CD247 is
D649-11B x CG950 and backcrossed twice to CG658; CD251 is L119-7D x CD143 and backcrossed to MR658; CD257 is L119-7D x CD143; CD260 is CG3%
x CG953 and backcrossed to CG950; CD261 is L119-7D x CD106 and backcrossed to CD66; CD264 is S7 x CD101 selecting for MATa cdc62-1 ura3-52 leu2 trp)
can), backcrossing twice to MR658 selecting for cdc62-1 ade4 ura3-52 leu2 trp) can), each time selecting for rapidly sporulating cells.

I SK-1 background strains.
c YGSC, Yeast Genetic Stock Center, University of California, Berkeley.

oligonucleotide method with a Prime Time kit (International
Biotechnologies Inc.) were used for Southern and Northern
(RNA) hybridizations. Yeast chromosomal DNA isolation,
genetic crosses, and transformation were described previ-
ously (14, 35). Crude extracts of S. cerevisiae were made as
described previously (37).

Protein sequencing. STPa (20 jig) was digested with Lys-C
endopeptidase, and the resultant oligopeptides were isolated
as published previously (5). Each oligopeptide was applied
on an ABI automated protein sequencer. One oligopeptide
gave a sequence: SN(D)AAVLEILHVL. The parentheses
indicate an ambiguous amino acid.

Nucleotide sequence accession number. The DSTJ se-
quence reported in this paper has been deposited with the
GenBank data base as number M60770.

RESULTS

Cloning of the DST1 gene from a Agtll yeast genomic
library. Rabbit antiserum against the purified STPa protein
(37) was used to identify the STPa gene contained in a Agtll
library prepared from S. cerevisiae genomic DNA. By
screening approximately 200,000 recombinant Agtll plaques
with the antiserum, we identified 106 positive plaques. After
purification, only 16 clones remained positive. Of these,

there were 12 weakly positive clones that produced a fusion
protein recognized by both STPa and P-galactosidase anti-
bodies (data not shown). The four strongly positive clones
produced a 38-kDa polypeptide (Fig. 1A) which reacted with
the antiserum to STPa, but not with P-galactosidase anti-
bodies (data not shown). Therefore, it is likely that the
strongly positive clones have the intact STPa gene. The
DNA from clones showing strong reactivity against STPa
antibodies also shared a common region (Fig. 1B), confirmed
by restriction mapping and DNA-DNA hybridization (data
not shown). The region shared by all four Agtll clones is
about 1.6 kb (from the right end of the clone Agtll-13 or
Agtll-46 to the left end of the clone Agtll-78 [Fig. 1]). This is
sufficient to code for the 38-kDa STPa polypeptide and was
sequenced. The sequence reveals an open reading frame of
927 nucleotides (309 amino acids) and the predicted molec-
ular mass of 34,800 Da (Fig. 2). The predicted amino acid
sequence matches the amino acid sequence determined from
the purified STPa polypeptide (doubly underlined in Fig. 2),
confirming that the cloned fragment contains the authentic
STPa gene.
To confirm the presence of a transcript consistent with the

expression of the open reading frame, Northern blots of total
RNA from mitotic and meiotic cells were hybridized to the
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A gtl 1 3 46 78 protein needed a nucleoside triphosphate for activity. There
- - -_ IPTG is no significant homology at the protein level to either the E.

coli RecA protein, the bacteriophage T4 UvsX protein from
kDa T4, DST2 (5), or any other amino acid sequence in the
-C;2 5 NBRF-PIR protein data base or that predicted from nucleo-

tide sequences in the GenBank data base.
.068 Regulation of STPoa activity during meiosis. Both the

cloned DNA and the antiserum were used to analyze the
expression of DST] during meiosis as well as during vege-

3
tative growth. Significant levels of DST] mRNA were seen
in mitotically growing cells (Fig. 3A, T = 0). As cells

* underwent meiosis, mRNA levels stayed almost constant for
I lb*3 to 4 hours; they dropped significantly by the time that the

27nmaximum DNA strand transfer activity was seen in the SK-1
strain background (approximately 6 h after the shift to
sporulation medium) (18, 37). No significant changes in the
amount of the 38-kDa STPa protein were seen between
mitotic cell extracts and extracts from meiotic cells despite
the large increase in specific activity (Fig. 3B).
Gene disruption ofDST]. To determine the role ofDST] in

B vivo, we constructed a deletion-disruption mutant. A
*_mRNA 0.57-kb Bcll fragment from plasmid pY106 (covering the

l TP,- upstream regions, translation initiation site, and the middle
EHXsEEPXEs of the coding regions of DSTI) was replaced with a 1.2-kb

E H X B, ELPI E_____11-13,_11-46 BamHI fragment that contains the yeast URA3 gene (Fig. 4A
E E and B). The resulting plasmid, pY106::URA3, was digested
I

' E'11 \II 106 with EcoRI and used to transform both haploid and diploidE tl A ,11 -78 yeast strains to Ura+, replacing the wild-type DST] gene by
E H x 8_ E EIP/ H YEASTGENOME the one-step gene replacement (31). The transformation

I Kb frequency was similar for both diploid and haploid strains
from two different sources of SK-1 background cells

FIG. 1. Xgtll clones produce full-length STPa protein in E. coli. (CG950, CG953, MR966, and MR93-28C) (data not shown).
k) Protein blot probed with a rabbit antiserum against the purified The diploid Ura+ transformants yielded meiotic tetrads, 83%
TPa protein. Each lane contains protein extracts (about 5 jig) from of which showed four viable spores, segregating 2+:2- for
ninduced (lanes -) or isopropyl-,3-D-thiogalactopyranoside the URA3 marker.
[PTG)-induced (lanes +) Agtll lysogens. The two left-hand lanes DSTI-disrupted transformants should lose a genomic
ontain extracts from Agtll phage without any inserted DNA, and EcoRI site that will correlate with URA3 as well as the loss
ie remaining lanes contain extracts from clones isolated with STPa coss-reat STPapolypepti The asell oftelsntiserum. (B) Limited restriction map of the four independent of cross-reacting STPe polypeptide. The insertion of URA3
lones (Xgtll-13, Xgtll-46, Agtll-106, and Xgtll-78), as well as a correlates with the disruption of the DSTJ gene and loss of
iap of genomic DNA. Bx, E, P, and X represent restriction enzyme the STPa antiserum cross-reacting STPa polypeptide in
ites of BstXI, EcoRl, PstI and XbaI, respectively. E* shows an Ura+ haploid cells (Fig. 4C and D). The minor background
rtificial EcoRI end generated by construction of the library and not reactive bands did not change. This mutation was named
)und on the chromosome. The arrow indicates the direction of dstl-1. After the transformants were backcrossed at least
ranscription. two times, homozygous mutant diploids (dstl-J/dstl-J) were

formed. Sporulation appeared identical to that in the nondis-
rupted parental strains both in kinetics and in viability,

2P-labeled 0.64-kb EcoRI fragment of the clone Xgtll-106 confirming that the DST] gene is dispensable for meiosis and
Fig. 1). A transcript of about 1.4 kb, sufficient to code for a sporulation. The dstl-l strain did grow somewhat more
5-kDa polypeptide, could be detected (Fig. 3A). This tran- slowly in both rich and defined media than the parental strain
cript hybridized only to the DNA strand complementary to for unexplained reasons (data not shown), but it did not grow
hat corresponding to the open reading frame as measured by as slowly as the dst2 mutants (5).
ising 32P-labeed single-stranded DNA from a M13mp18 Intragenic meiotic recombination. DST] and dstl-J haploid
ubclone, indicating that the open reading frame determined strains in the SK-1 background and containing either hisl-]
y the DNA sequence was expressed in the cells. We have or hisl-7 heteroalleles were mated to create diploids with or
lamed this gene DST] for DNA strand transferase 1. S1 without the DST] gene. Freshly made diploids were essen-
iuclease analysis of RNA-DNA hybrids (data not shown) tial to achieve a low background level of His' cells (below a
)calized the 5' end of the major DST] mRNA at -28 bases frequency of 2 x 10-5). Cells were examined at different
rom an initiation codon (ATG) (Fig. 2, arrow). Analysis of times after the shift to meiotic media for the frequency of
he sequence predicts a codon bias index (34) of 0.125, recombination between the his]-] and hisl-7 alleles in re-
haracteristic of poorly translated genes, although protein turn-to-growth experiments (30). At the same time, extracts
vels appear fairly abundant, as determined by Western were made from cells harvested at the indicated times and
nmunoblotting followed by incubation with antiserum (Fig. assayed for DNA strand transfer activity as described pre-
B). In addition, there is one consensus zinc finger DNA- viously (37). Strain CD242 (dstl-l/DST1) showed a greater
inding structure (Fig. 2, circled amino acids) (1, 32), sug- than 500-fold increase in intragenic recombination and a
,esting some DNA-binding ability but no consensus nucle- more than 16-fold increase in DNA strand transfer-specific
tide-binding sequence (10) that would be expected if the activity (Fig. 5). On the other hand, CD241 (dstl-lIdstJ-J)

MOL. CELL. BIOL.
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ATTCCTC
CCTCTAACAATTATTACAAGTGTTTCTGTTTAAAGCAAGTGCTAGAAGTGACTCGGTTCTCTTAGGAAATTCAAACGCAAGATTTCTCTT
CTGGTGATTGTAACAATTATGAGATACTTCACTAGCCCACCTTAACTTTACGGACCTTCTTTTGAAACGATGCTTCGAATGAAACGCCTT
TTTGATATATAATATCCAATTTCATTATAGGGAAATTTTTCAACTCTTACCCGCCCCACTATGCTGATATGACCAAGTGATCACTCGATG

ATGGGACTACGTATTGAAAAATATTGAATGAAAAATTACTCAAGCAGCAGAACATTCACAGTGTAGTCAGTCCGCATAAGAGCATTCATC

AiGATAGTAAGGAAGTACTGGTACATGTTAAGAATCTAGAAAAGAACAAAAGTAATGATGCTGCAGTTCTAGAAATCTTACATGTCTTG
M D S K E V L V H V K N L E K N K S N D A A V L E I L H V L

GATAAAGAATTCTTCCCCACTGAAAAGTTACTGAGAGAAACAAAAGTTGGTGTGGAAGTCAACAAGTTTAAAAAATCCACTAATGTAGAG
D K E F F P T E K L L R E T K V G V E V N K F K K S T N V E

ATCAGCAAGCTCGTGAAGAAAATGATTAGCTCTTGGAAAGCGCAATTAATAAAAAATAAGCGTTGCAGGCAACCACAGCAGCATCATCAA
I S K L V K K M I S S W K A Q L I K N K R C R Q P Q Q H H Q

GATCATGCGCCAGGCAATGCAGAGGACAAGACAACTGTAGGTGAGTCCGTGAATGGTGTTCAACAGCCGGCCTCCTCCCAGTCAGATGCC
D H A P G N A E D K T T V G E S V N G V Q Q P A S S Q S D A

ATGAAACAAGACAAGTACGTCAGCACTAAACCAAGAAATAGTAAGAACGATGGTGTGGATACAGCTATATACCACCACAAATTACGTGAT
M K Q D K Y V S T K P R N S K N D G V D T A I Y H H K L R D

CAGGTACTAAAAGCACTCTACGACGTTTTGGCCAAGGAAAGTGAGCATCCACCTCAATCTATTTTGCATACTGCAAAGGCCATAGAAAGT
Q V L K A L Y D V L A K E S E H P P Q S I L H T A K A I E S

GAAATGAATAAAGTTAACAACTGTGACACCAATGAAGCCGCTTACAAAGCCAGGTATCGTATAATTTATTCAAACGTCATATCAAAGAAT
E M N K V N N C D T N E A A Y K A R Y R I I Y S N V I S K N

AACCCAGATCTCAAACATAAAATTGCCAACGGTGATATAACACCTGAATTCTTAGCTACATGCGATGCCAAGGATCTGGCACCAGCGCCC
N P D L K H K I A N G D I T P E F L A T C D A K D L A P A P

TTAAAGCAAAAGATAGAAGAAATTGCCAAGCAAAACTTATACAACGCACAAGGTGCCACCATAGAAAGGTCAGTCACCGATAGATTTACT
L K Q K I E E I A K Q N L Y N A Q G A T I E R S V T D R F T

TGTGGTAAAgGTAAAGAGAAGAAGGTATCTTACTATCAATTGCAAACAAGATCTGCGGATGAACCATTGACTACTTTCTGTACATGTGAA
(GK (E)KEK K VS Y Y Q L Q T R SAD E FL T T F © T ©) E

GCATGTGGTAACAGATGGAATTCTCTTAGAATAGAAAAAGATGAGAGTAGCACGGACGAGCAAGGAAACAATAGGAGGAAGGGAC
A © G N R W K F S *

GAAAAGCCTGTTCTGTTCGTAGTAGTATTTGACAGCCGGAATCCAGGAAAGAAAAGCC

(-361)
(-271)
(-181)
(-91)

(-1)

(+90)
30

(+180)
60

(+270)
90

(+360)
120

(+450)
150

(+540)
180

(+630)
210

(+720)
240

(+810)
270

(+900)
300

(+990)
309

(+1054)

FIG. 2. Nucleotide sequence and predicted amino acid sequence of the DST] gene. The region between the right end of the Agtll clone
13 or 46 and the left end of clone 78 is sufficient for coding of DST] (Fig. 1). Thus, the nucleotide sequence of this region was determined.
The predicted amino acid sequence from an open reading frame is shown by the one-letter code. The doubly underlined amino acids are the
sequence matched to that determined from the purified STPoa protein. The major transcriptional start site as determined by S1 nuclease
analysis is indicated by the arrow. Initiation and termination codons are underlined (ATG and TAG). +1 nucleotide is the first base of the
initiation codon ATG, and preceding nucleotides are minus numbers. The cysteines that indicate the consensus zinc finger DNA-binding
structure are circled.

showed only a 50-fold increase in intragenic recombination
and a 3- to 4-fold increase in DNA strand transfer specific
activity. We conclude that more than 90% of the inducible
recombination activity is absent in CD241. Virtually the
same result was obtained from strains having two different
SK-1 backgrounds as well as from a more slowly sporulating
strain (data not shown). The DST] gene on either a multi-
copy or a single-copy plasmid restored the meiosis-inducible
recombination as well as meiosis-inducible DNA strand
transfer activity (data not shown).

Intergenic meiotic recombination. Some recombination-
deficient mutants affect only recombination between short
distances (28). To determine whether the dstl mutation
affects only recombination between short distances, tetrad
analysis was performed for a number of markers across the
well-characterized chromosome III. Various mutant alleles
were crossed into the dstl-l strains. Tetrads of diploid
strains carrying either one or no copies of dstl and multiple
markers were dissected. From the results of tetrad analysis,
the genetic distance in centimorgans (cM) was calculated. A
decrease in intergenic recombination frequencies would re-

sult in an apparent decrease in the genetic distance between
genes. The recombination frequency between genes sepa-
rated by a long distance was affected by the mutation (Table
2).
Intrachromosomal mitotic recombination. Since the exper-

iments above with heteroalleles showed that baseline mitotic
gene conversion rates do not change in the dstl-I mutant, we
also measured intrachromosomal recombination frequencies
between repeated sequences. The DST] gene was deleted
from strain RSY6 (33) in which the LEU2 gene is flanked by
partially repeated his3 genes. Intrachromosomal recombina-
tion across the his3 region would result in a His' Leu-
colony. If sister chromatid exchange occurs, the colonies
will become His' Leu+. This process is inducible by DNA-
damaging agents. We found no significant difference in
mitotic intrachromosomal recombination frequencies be-
tween wild-type and dstl-l mutant cells. Furthermore, we
found no differences between the mutant and wild-type cells
before and after treatment with either methyl methanesulfo-
nate, UV irradiation, or -y rays (data not shown). Therefore,
no mitotic phenotype has been found for the dstl-l mutant.

VOL. 11, 1991
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FIG. 3. Regulation of STPa activity during meiosis S. cerevisiae
MR48 cells were grown in 25 ml of SPS medium as described
previously (30). The cells were collected by centrifugation, resus-
pended in 25 ml of potassium acetate medium (1% potassium acetate
[pH 7] plus required amino acids at 5 mM) and incubated at 30°C. At
0, 2, 4, 6, and 8 h after the media shift, 1 ml of culture was withdrawn
and total protein was extracted (37) and another 1 ml was withdrawn
and processed for total RNA determination. Cells were plated for
survival along with His' recombinants to ensure that recombination
induction occurred. (A) Hybridization analysis of the RNA levels
found at different times. Each lane contains 11.5 ,g of total RNA
electrophoresed in a 1.5% agarose gel containing 3.7% formalde-
hyde. The RNA was transferred to a nitrocellulose filter, and the
filter was probed with the 32P-labeled 0.64-kb EcoRI DNA fragment
from Agtll-106 (Fig. 1). The numbers to the left of the figure indicate
molecular size marker RNAs. (B) Immunoblot of meiotic polypep-
tides found at different times. A 50-,ug sample of protein was
subjected to SDS-polyacrylamide gel electrophoresis (10% poly-
acrylamide) followed by electrophoretic transfer to an Immobilon
membrane. STPa antiserum-reacting polypeptides were analyzed.
Lane 1 contains 10 ng of the purified STPa protein (fraction VI).
Lanes 2 to 6 contain the proteins from the cells incubated for the
indicated times in potassium acetate medium. The numbers to the
right of the figure indicate the molecular mass marker proteins. The
above experiment has been done at least three times, and the results
were essentially the same as shown in this figure.

Genetic mapping. By use of pulsed-field gel electrophore-
sis, the DST] gene was located on chromosome VII (data not
shown). DST] was then mapped by tetrad analysis (35). It
was found on the right arm of chromosome VII between the
centromere and ADE6, and closer to ADE6 than to the
centromere (Table 3). No gene has been reported in this
region (27).

DISCUSSION

We have previously purified a DNA strand transfer activ-
ity (STPa) that increases during meiosis in S. cerevisiae.
STPa does not require a nucleotide cofactor and, unlike
other systems, is not associated with a nucleoside triphos-
phatase activity (37). In the present work we used antibodies
to identify the gene (DSTJ) encoding STPa, constructed a

gene disruption mutant, and studied the mitotic and meiotic
phenotypes associated with the dstl mutant. Disruption of
DSTJ resulted in a 90% reduction in meiosis-specific intra-
genic recombination between hisi heteroalleles and a loss of

kb
9.8- _

0.64-

D kDa

43 -

29 -

FIG. 4. Construction of a DST] gene disruption. (A) The Sacl-
KpnI fragment of Agtll-106 (Fig. 1) that contains the intact DST]
gene along with flanking Agtll DNA was subcloned into pUC18. The
resulting plasmid, pY106, was grown in GW5100 to obtain unmeth-
ylated DNA, which could be digested by BclI. The BcII fragment
(nucleotides -40 to +499 in Fig. 2) was excised from pY106 and
replaced with the BamHI fragment containing the yeast URA3 gene
from plasmid pGB310 (obtained from C. Giroux). (B) The resulting
plasmid, pYlO6:: URA3, was cut by EcoRI and used to transform
haploid and diploid cells. (C) Ura+ transformants and wild-type
control cells were selected. Chromosomal DNA was extracted,
digested with EcoRI, and analyzed by Southern transfer and DNA-
DNA hybridization with the 32P-labeled 0.64-kb EcoRI fragment
from Agtll-106 as the probe (Fig. 1B). (D) Cells were grown in YPD
medium (35) to 5 x 107 cells per ml, total protein was extracted, and
the STPot polypeptide was analyzed by Western blotting followed by
incubation with antiserum as described in the legend to Fig. 3B. In
both panels C and D, molecular size markers are indicated on the
left. Lanes: 1, MR966; 2, CD101; 3, CD242; 4 to 7, four spore
isolates from CD242.

most of the meiosis-inducible DNA strand transfer activity
(Fig. 5). Similar results were seen for intergenic recombina-
tion (Table 2), but there was no effect on basal mitotic
intragenic recombination frequencies. This suggests that the
DST] gene is specifically required for the observed levels of
meiosis-inducible homologous recombination in S. cerevi-
siae. Since both survival and spore viability are normal in
the dstl-l strain, much of the observed inducible recombi-
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FIG. 5. Reduction in the induction of both STPa activity and
homologous recombination during meiosis in a diploid homozygous
for dstl-1. Cultures (1 liter) of heterozygous DSTl/dstl-1 (CD242)
and homozygous dstl-Jldstl-l (CD241) congenic strains containing
his] heteroalleles were grown and processed for sporulation as
described previously (37). Samples were removed at various times
after the transfer from presporulation to sporulation medium. Re-
combination levels were measured by testing for His' recombinants
between the hisl-l and hisl-7 heteroalleles. These are for CD242 (A)
and CD241 (A). Extracts representing each time point were pre-
pared from approximately 100 ml of cells. After partial purification
(fraction II), the specific activity was measured by the agarose gel
assay, followed by scanning with a laser densitometer (37). The
circles indicate DNA strand transfer specific activity for CD242 (A)
and CD241 (0). For both strains, spores first appeared between 9
and 10 h after the medium shift. KAC, Potassium acetate.

nation that occurs during meiosis is probably dispensable.
This is contrary to results seen for other recombination-
specific genes identified to date, including dst2 mutants (5,
28, 29).
Some meiosis-inducible recombination as well as DNA

strand transfer activity remains in the dstl mutants as a
result of an as yet unidentified activity. We have purified
another DNA strand transfer protein, STP,B, from mitoti-
cally growing cells and identified its gene (DS72) (5). Mu-
tants deficient in this activity are temperature sensitive for
sporulation, with reduced sporulation frequencies even at
the permissive temperature (24°C). We have found by anti-
body experiments that the level of STP3 protein increases
two- to threefold during meiosis (5). It is possible, therefore,
that this protein is responsible for the remaining inducible

TABLE 2. Intergenic recombination on chromosome III during
meiosis

Interval" Distance (cM) for: Ratio
dstl-I DST] dt-ISJ

HIS4-LEU2 35 15 2.33
HIS4-THR4 34 65 0.52
HIS4-MAT 30 45 0.66
LEU2-THR4 28 50 0.56
LEU2-MAT 11.9 30 0.56
MAT-THR4 17 20 0.85

a The diploids were sporulated at 30°C, dissected, and tested for the above
markers. A total of 116 and 105 tetrads were dissected, and 84 (72%) and 98
(93%) tetrads gave four viable spores for the DST] and dstl-l strains,
respectively. The crosses used for dissection were CD262 x CD263 for dstl-I
and CD247 x MR966 for DST].

TABLE 3. Genetic mapping of DSTJ

Ascus typea Map
Interval distance' Cross

PD NPD T (cM)

DST1C-ADE6 58 1 18 15.5 CD240 x CD101
DSTI-LEUI 13 0 15 26 CD260 x CD263
DSTI-CDC62 10 2 24 53 CD264 x CD101
DSTJ-DBF2 4 1 10 50 CD261 x MR93-28C
DBF2-ADE6 14 0 15 13 CD261 x MR93-28C
ADE6-CDC62 8 0 9 26 CD264 x CD240

a PD, Parental ditype; NPD, nonparental ditype; T, tetratype.
b Map distance was calculated as described previously (35).
c The DST] marker was followed by the URA3 insertion.

recombination. When DST2 is disrupted, about one-third of
the level of intragenic recombinants between the his] het-
eroalles can be observed during meiosis, but the recombi-
nants are unstable. Taken together, these observations indi-
cate that DST] is specific for meiosis, but is dispensable for
sporulation as long as the DST2 gene is present. However,
the DST] gene cannot replace the requirement for the DST2
gene for sporulation.

In both antiserum and RNA hybridization experiments
(Fig. 3), we did not observe an increase in protein or RNA
levels even though the specific activity of STPa increased
more than 15-fold during meiosis (37) (Fig. 5). A plausible
explanation for this observation is that there is a constant
level of inactive STPa protein in vegetatively growing cells
that is activated by some sort of posttranslational modifica-
tion during meiosis, such as phosphorylation or adenylation.
A similar observation has been seen with the CDC28 gene,
which is constitutively expressed but is activated in a
cell-cycle-dependent manner (24). Consistent with this hy-
pothesis is the lack ofDNA strand transfer activity in E. coli
strains carrying the intact DSTJ gene, even though high
levels of the protein were expressed (Fig. 1). The availability
of the DST] gene should allow us to identify factors respon-
sible for any activation.
The analysis of the DST] DNA sequence has shown

several interesting correlations with the biochemical obser-
vations. (i) The predicted molecular weight confirms sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
data on the purified protein. (ii) The DNA strand transfer
activity does not require a nucleotide cofactor and is not a
nucleoside triphosphatase, and the DNA sequence indicates
the absence of a consensus nucleotide-binding site (10). (iii)
DNA-binding analysis has shown that STPa does bind DNA,
and this correlates with a consensus zinc finger DNA-
binding structure (1) found near the carboxyl end of the
DST] protein. Among the known DNA strand transfer
proteins (E. coli RecA, phage T4 UvsX, STPa, and STPP),
little amino acid sequence similarity can be found by com-
puter analysis (data not shown). This has been confirmed by
the use of antiserum against each protein (RecA, UvsX,
STPa, and STP,3) (our unpublished results). Some amino
acid sequence similarity between some domains ofRecA and
UvsX has been reported (11), but the significance of this is
not known.
The identification of the DST] and DST2 genes will enable

us to make considerable progress in defining biochemical
components of the recombination process. Of interest will be
observation of phenotypes of strains with multiple mutations
between genes already implicated in the early steps of
recombination (such as radSO [30], hop] [17], merl [7], mei4
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[25], and spoll [8]), as well as later steps (radS2 and radS7
[12]), to determine the timing of its action. We would like to
know whether the reduction in inducibility of recombinants
is also a reduction in recombination initiation at some time
after pairing and hence might partially relieve the spore
inviability of rad52 and rad57 mutants (12) in much the same
way that a spol3 mutation alleviates defects in meiosis I
processes (22) but not defects in later steps (29). It will be
interesting to see whether any residual DNA strand transfer
activity is found in either mitotic or meiotic cells and
whether the double mutant can sporulate at all; this may be
done by constructing a double mutant of dstl and dst2.
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