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ABSTRACT

Meiotic recombination and DNA repair are mediated by overlapping sets of genes. In the yeast
Saccharomyces cerevisiae, many genes required to repair DNA double-strand breaks are also required for
meiotic recombination. In contrast, mutations in genes required for nucleotide excision repair (NER)
have no detectable effects on meiotic recombination in S. cerevisiae. The Drosophila melanogaster mei-9
gene is unique among known recombination genes in that it is required for both meiotic recombination
and NER. We have analyzed the mei-9 gene at the molecular level and found that it encodes a homologue
of the §. cerevisiae excision repair protein Radl, the probable homologue of mammalian XPF/ERCC4.
Hence, the predominant process of meiotic recombination in Drosophila proceeds through a pathway
that is at least partially distinct from that of S. cerevisiae, in that it requires an NER protein. The
biochemical properties of the Radl protein allow us to explain the observation that mei-92 mutants
suppress reciprocal exchange without suppressing the frequency of gene conversion.

OMOLOGOUS recombination is an essential fea-
ture of meiosis in many organisms. Recombina-
tion ensures the accurate disjunction of homologous
chromosomes from one another by allowing the forma-
tion of physical linkages (chiasmata) derived from re-
ciprocal exchange events (HAWLEY 1988). The molecu-
lar pathway by which recombination occurs is unknown,
although a number of attractive models have been pro-
posed (for review, see STAHL 1994). The model pro-
posed by HOLLIDAY (1964) 30 years ago has been partic-
ularly influential, contributing two key features that
have been incorporated into all subsequent models.
The first of these is the creation of heteroduplex DNA,
in which each strand of a double-stranded DNA helix is
derived from a different parental molecule, as a central
component of the recombination process. The exis-
tence of heteroduplex DNA has been confirmed by
both physical studies (GoyoN and LICHTEN 1993; NAG
and PETEs 1993) and the observation of postmeiotic
segregation (PMS) events (WHITE et al. 1985). PMS oc-
curs when a mismatch within heteroduplex DNA is not
repaired through meiosis and both sequences become
fixed in the first postmeiotic round of DNA synthesis.
Usually, however, mismatches within heteroduplex are
repaired, thereby either restoring the sequence origi-
nally on that chromatid or replacing it with the se-
quence of the homologous chromatid. The latter possi-
bility results in gene conversion, the nonreciprocal
transfer of information from one site to another.
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The second important feature of HOLLIDAY’s model
is the Holliday junction, a chi-shaped DNA structure
connecting two parental DNA molecules. Resolution of
a Holliday junction occurs when two strands of like
polarity are cleaved, and their ends interchanged and
religated. Depending on the two strands chosen, resolu-
tion can result in a crossover (Ze, the exchange of
flanking markers) or a noncrossover. Because proposed
recombination intermediates contain one or two Holli-
day junctions adjacent to or flanking a region of hetero-
duplex DNA, gene conversion or PMS can be associated
with both crossovers and noncrossovers.

Clues to the molecular mechanism of meiotic recom-
bination come from the observation that many of the
genes required for this process are also required to
repair certain types of DNA damage. In the yeast Sac-
charomyces cerevisiae, a number of meiotic recombination
genes are also required to repair DNA double-strand
breaks (GAME et al. 1980; PRAKASH et al. 1980), sug-
gesting models in which recombination is initiated by
a double-strand break (SZOSTAK ¢f al. 1983). In contrast,
mutations in genes required for the nucleotide excision
repair (NER) pathway, a versatile system that repairs
many types of DNA damage (for review, see HOEJMAK-
ERS 1993; TANAKA and WOOD 1994; FREIDBERG et al.
1995), have no apparent effects on meiotic recombina-
tion in 8. cerevisiae (SNOW 1968; PRAKASH ef al. 1993).

Many of the genes known to be required for meiotic
recombination in Drosophila melanogaster are also re-
quired in mitotic cells (BAKER et al. 1978). Unlike the
case in S. cerevisiae, however, at least one of these, mei-
9, is required for nucleotide excision repair (BoyD et
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al. 1976b; HaRRIS and Boyp 1980). Mutations in mei-9
were first recovered in a screen by BAKER and CARPEN-
TER (1972) for Xlinked mutations causing high levels
of meiotic nondisjunction. Meiotic nondisjunction in
females homozygous for mei-9 mutations results from a
decrease in the level of mejotic crossing over to <10%
of the normal level. Despite the substantial decrease in
reciprocal exchange, meiotic gene conversion occurs
at an approximately normal level (RoMANS 1980; CAr-
PENTER 1982). However, mei-9 females exhibit high lev-
els of PMS, which is manifested in the progeny as indi-
viduals who carry a single maternal chromosome but
are mosaic for both maternal alleles (ROMANS 1980;
CARPENTER 1982). Hence, mei-9 females are capable of
generating recombination intermediates containing
heteroduplex DNA but are defective both in the repair
of mismatches within the heteroduplex and in the reso-
lution of these intermediates as reciprocal exchanges.

Alleles of mei-9 have also been recovered in screens
for mutations conferring sensitivity to mutagens (BoyD
et al. 1976a). At least some of the mutagen sensitivity
of mei-9 mutants stems from an absolute block in NER
(BoyD et al. 1976b; HARRIS and Boyp 1980). The re-
quirement for an NER gene in meiotic exchange is
somewhat surprising, given that no meiotic recombina-
tion role has been found for any NER gene in S. cerevis-
iae. To understand the role of mei-9in meiotic recombi-
nation, we analyzed the gene at the molecular level.
We found that mei-9 encodes a homologue of the yeast
excision repair protein Radl, which is not required for
meiotic recombination in §. cerevisiae.

MATERIALS AND METHODS

Drosophila stocks and culture: Except where noted, ge-
netic markers are described in LINDSLEY and ZiMM (1992)
and FLYBASE (1994). Flies were reared on standard cornmeal-
molasses-dextrose medium at 25°.

Methyl methanesulfonate treatment: To test for sensitivity
to methyl methanesulfonate (MMS), adults were crossed in
glass shell vials at 25° for 2 days before being removed. After
one additional day, 250 ul 0.08-0.1% MMS (Sigma) in water
was added to the medium.

P-element construct and transformation: P{w' mei-9') was
created by subcloning sequences from the EcoRI site in
AXIIIL.62 (PFLUGFELDER ¢t al. 1990), which is immediately dis-
tal to a genomic BamHI site, to the Nofl site within the tran-
scription unit proximal to mei-9, into pCaSpeR4 (PIRROTTA
1988). Germline transformation was carried out essentially as
in RUBIN and SPRADLING (1982).

To test for rescue of MMS sensitivity, single w; Plw" mei-
9%}/ + males were mated to three w mei-9*7?/FM7, B females.
The progeny larvae were treated with MMS as described
above, and the number of B* w* and B* w™ males that eclosed
were counted.

Meiotic nondisjunction was measured by crossing two
to three w mei-9*"% P{w" mei-97) females to XY, In(1)EN,
v f B; C(4)RM, ci &y® males. The normal progeny of this cross
are w mei-947/XY, In(1)EN, v f B (B females) and w mei-9*"%/
0 (B* males). Half of the diplo-X ova are recovered as w

mei-9472/w mei-9*™ (B* females), whereas the other half die.
Similarly, half of the nullo-X ova are recovered as X Y,
In(1)EN, v f B/0 (B males), and half die. The X nondisjunction
(ND) frequency is corrected for the loss of half of the excep-
tional progeny.

Location of the mei-9"” P element: The position of the
mei-9*"" Pelement was determined by PCR. Reactions con-
tained 10-20 ng genomic DNA, 200 uM each dNTP, 100
pmol of each primer (CGATTGATTGTATCTTCC, corre-
sponding to mei-9 bases 839-822 on the reverse strand, and
CCCGCGGCCGCGACGGGACCACCTTATGTTATTTCATC,
which contains the P element 31-bp inverted repeat and a
Nodl site, kindly provided by BrRIAN CaLvI), 1 mM MgCl,, and
2 U Taq DNA polymerase (Promega) in 50 ul of 1X buffer
supplied. Reactions were subjected to 25 cycles of 94°, then
55°, then 72° for 1 min each. The resulting fragment, which
was amplified from mei-9*"" but not from either of two re-
vertants or from either mei-9™2 or mei-9"*, was digested with
Psfl and Nofl and subcloned into pBlueScript KS+ (Stra-
tagene) for sequencing.

Sequencing and sequence analysis: Double-strand sequenc-
ing was done using the Sequenase version 2.0 kit (U.S. Bio-
chemicals), using subclones and gene-specific primers. DNA
sequences were assembled and analyzed with the University of
Wisconsin Genetics Computing Group (UWGCG) programs
(DEVEREUX et al. 1984). Searches of the sequence databases
were done on the National Center for Biotechnology and
Information (NCBI) network server using the Basic Local
Alignment Search Tool (BLAST) (ALTSCHUL et al. 1990). Pro-
tein sequence alignments were generated with the UWGCG
programs GAP and PILEUP, using the BLOSUM62 amino
acid substitution matrix (HENIKOFF and HENIKOFF 1992).

Genebank accession number: The GenBank accession
number for the mei-9 sequence reported for in this paper is
U27181.

RESULTS

mei-2 is a component of the predominant meiotic
recombination pathway: Mutations in me:-9 result in a
severe decrease in the level of meiotic exchange in D.
melanogaster females to ~10% of that observed in wild
type (BAKER and CARPENTER 1972; CARPENTER and
SANDLER 1974). The residual crossovers observed could
be due to residual activity in the alleles tested, or they
may arise through a second meiotic recombination
pathway. Two lines of evidence support the second in-
terpretation. First, each of several mei-9 alleles assayed
allows some residual exchange (BAKER and CARPENTER
1972; GRAF et al. 1979; BARER ¢t al. 1980). Second, each
of several mutant alleles of a second locus, mei-218,
cause a decrease in the level of meiotic exchange similar
to that seen in mei-9 but also allow some residual ex-
changes to occur (BAKER and CARPENTER 1972; K. S.
McKmM and R. S. HAWLEY, unpublished data).

The existence of comparable levels of residual ex-
change in both mei-9 and mei-218 mutants suggests that
these two genes act in the same meiotic exchange path-
way. To test this possibility, we measured exchange in
females simultaneously mutant for both genes. The
level of residual exchange in doubly mutant females is
comparable to the level seen in either single mutant






