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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.

Corresponding author: R. Scott Hawley, Section of Molecular and
Cellular Biology, University of California, Davis, CA 95616.
E-mail: shawley@netcom.com

Genetics 141: 619-627 ( October, 1995)

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
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TABLE 1

Meiotic exchange in mei-9 mei-218 females

Exchange within the interval map units

Genotype al-dp dp-b b-pr pren al-cn n
mei-9* mei-218/ + 10.4 25.8 4.8 0.92 41.8 1517
mei-9* mei-218/ mei-9* 0.94 (9.0) 3.5 (14) 1.1 (23) 0.12 (13) 5.7 (11) 1687
met-9* mei-218/ mei-218 0.58 (5.5) 1.2 (4.8) 0.50 (10) 0.31 (33) 2.6 (6.1) 2597
mei-9 mei-218 0.40 (3.9) 1.3 (4.9) 0.68 (14) 0.61 (66) 3.0 (7.1) 2924

Values in parentheses are percent of control.

(Table 1). Based on this observation, we propose that
mei-9 and mei-218 define a single pathway for meiotic
exchange, and that this is the predominant meiotic ex-
change pathway in Drosophila. In the absence of either
mei-9 or mei-218, an alternative pathway can provide a
low level of exchange. We argue that it is this secondary
pathway, and not some residual mei-9 or mei-218 activity,
that allows the low levels of recombination observed in
females homozygous for either or both of these mu-
tants.

The data in Table 1 also allow us to order mei-9 and
mei-218 within the exchange pathway. Although muta-
tions in either gene decrease meiotic exchange to
<10% of wild-type levels, the pattern of residual ex-
changes differs between these genes (BAKER and CAR-
PENTER 1972). In mei-218 females, exchange is de-
creased less in proximal intervals than in other regions.
The result is that the residual exchanges occur with a
distribution more proportional to physical length than
do exchanges in wild-type females. In contrast, ex-
change in mei-9 is decreased uniformly throughout all
intervals, so that the distribution of residual exchanges
parallels that of exchange in wild type. The distribution
of residual exchanges in the mei-9 mei-218 females re-
sembles that of mei-218 females (Table 1). Therefore,
mei-218 is epistatic to mei-9 with respect to this pheno-
type, suggesting that mei-218 acts earlier than mei-9 in
the exchange pathway. It is also possible that mei-218 is
required for two separate events, one of which estab-
lishes the normal distribution of exchanges.

To better understand the recombination pathway de-
fined by mei-9 and mei-218, we set out to analyze these
genes at the molecular level. We describe here the mo-
lecular cloning of mei-9.

Molecular cloning of the mei-9locus: The mei-9 gene
was previously localized to region 4B3-4 to 4Cl on
the standard polytene chromosome map (BANGA et al.
1986). Three existing mei-9 alleles were recovered in a
screen in which P-transposable elements were mobi-
lized, and in situ hybridization to polytene chromo-
somes showed that one allele, mei-9""", had Psequences
in region 4B-C (YAMAMOTO et al. 1990). To confirm that
mei-9""" contains a P element inserted into mei-9, we
used a genetic source of P transposase to generate re-

vertants of mei-9""'. Females of the genotype mei-9"""/
FM7, B; TMS, Sb P{A2-3](99B)/+ were crossed to mei-
9" males. The resulting larvae were treated with MMS,
and surviving non-Bar adults were retested to distin-
guish between mei-9"'" escapers and revertants. The re-
covery of three independent revertants confirmed that
the mei-9""" allele is indeed caused by the insertion of
a Pelement, providing an avenue for cloning the locus.

distal proximal
EcoRl | — 111 | | |
Hindlll ‘ L T
mei-gRT1 no,pA (L1
AX1.14
AX111.62 3k
P127-47
mei.9RT1 1kb
S NE ; ; N S
1 I | 1 1
I | | I I I |
H B B K X X H

P{w* mei-9*}

FIGURE 1.—Physical map of the mei-9 region. (A) Restric-
tion map of the mei-9 to norpA genomic region. Tick marks
represent EcoRI (above) and HindIII (below) sites. The distal
end of norpA is indicated. The approximate regions contained
in two lambda clones (PFLUGFELDER et al. 1990) and a P1
clone (SMOLLER et al. 1991) are shown below. mei-9was initially
mapped to the distal 10-kb HindIII fragment (bold line) be-
cause of an additional HindIII site in mei-9*"' but not in re-
vertants. (B) A restriction map of the 10-kb HindIII fragment
containing the mei-9""" P element. The position of the P ele-
ment in mei-9""" is indicated by V. Two divergently tran-
scribed ovarian transcripts are derived from this region: a
distal 3.4-kb mei-9 transcript and a proximal 2.3-kb transcript
of unknown function. B in the mei-9 transcript represent ex-
ons. The line at the bottom indicates the extent of the geno-
mic fragment that rescues mei-9 mutant phenotypes. B,
BamHI; E, EcoRI; H, HindIII; K, Kpnl; N, Noil; S, Sall; X, Xbal.



622 J. J- Sekelsky et al.

4 v
ggtaccataaccacggaccagctgattgaaccggcatatttgegaaattaaatecttagegattgtatttaattatggecgattegtgeg
cggaaaatgeogec tgageggec: Jtggaggccagegocgacaccgt cccacaggtggaggagggegtaga

TGTTTCTCGA' GGCCGATEGTCTGCTIGGTTTG

ggagtatttgaagcgtaagaacATGGTCCTCCTCGACTACGAAAAGCAARA TTTGCTCGA
MV L LDYEIZ XKOQMTFILUDULVEA ADSGTLTILUVC

OGCCAAgtaagtcgtgtgtgcetattctatagtcagtctaaccagatattgaataccatagGGGCCTGAGCTACGACCGCGTIGTAATCAG
A K G L 8 Y DRV VIS

CATCCTCAAGGCCTACAGCGATTCCGGCAATCTIGTGCTTGTGATCAACAGTTC TGACTGGGAGGAGCAGTATTACAAGTCCAAAATCGA
I LKAY SDSGNILVILVYINSZSSDWEETZ QYYKSKTIE

ACCCAPATATGTCCACGAAGGTGCCAGCACGGCCACCGARAGYtaagcegctcgcaat teccaaaaaaatatacatataaaacttegteegt
P K'Y VHEGA ASTATE R

ttatccatccgactattcotgatagAGAGCGCGTTTATCTGGAAGGCCGGCTGCAGTTCATTAGCACGCGCATCCTGGTGGTGGATCTGCT
ERVYLEGGVLUGQFISTRTIULVVYVDTLHL

CAAGCAGCGAATCCCCATCGAGCTGATAAGCGGAATCATTGTCCTGCGGGCGCACACCATAATTGAGAGTTGCCAGGAGGCGTTCGCCTT
K QRIPTIETZLTISOGTIIVILRAHTTITIZES ST CQEATFA AL

GCGATTGTTCCGTCAGAAGAACAAAACCGGATTCGTGAAGGC TTTCTCCAGCAGOCCGGAGGCCTTCACCATTGGCTACTCACATGTGGA
R L FRQEKNIKTGT FV KAF S S S PEATFTTIGY S HVE

GOGGACCATGOGCAATCTGTTOGTAAAGCATTIGTATATCTGGCCCOGTTTTCATGAGAGOGTGOGCACCGTCCTGCAGCCATGGAAGAT
R TMRNULVPFVKHTLYTIWZPRTVFHESUVZRTVILQUPWIKTI

ACAATCAATCGAGATGCATGTTCCAATTAGCCAGAACATAACGTCCATTCAATCACACATICTGGAGATAATGAACTTTCTOGTGCAGGA
Q s T EMHUV PI SQNITSTIOQESHTIULETIMNTFILUVOQE

GATCAAGCGGATARATCGTACTCTCGATATGGAGGCCGTTACCGTCGAGAACTGTCTGACCAAAACATTCCACAAGATCCTGCAGGCGCA
I KR INRTVDMEA AVTUVENT CWVTI KTTFHI KTIILTZOQOA-AZQQ

GCTGGATTGCATCTGGCATCAGCTTAATTCTCAAACAAAGTTGATAGTAGCGGATCTTAAGATICTGCGCACGTTAATGATgt acgtata
L DCIWHOQLNSOQTI KTILTIUVADILIE KTITULRTULMI

caacttgcacttcctatttgatttgatatttgatattggetaattatgatagCTCCACCATGTACCATGATCCTGTGAGCGCCTATGCCT
S TMYHDA AV S AYATF

TTATGAAACGCTACCGGAGCACGGAGTACGCGTTGAGCAACTCAGGATGGACTTTACTGGACGCCGCCGAACAGATCTTTAAACTATCCA
M KRYRSTET YA ALSNSGWTULLUDAAMAETZGQTITFI KTLSR

GGCAGOGTGTTTTCAATGGCCAGCAGGgtaggcaaatcccaataaacattaagcattggcccttcttaaatgatatgtattaattgtata
Q RV FNGGOQOQ E

gAGTTCGAACCGGAACCCTGTCCCARATGGCAAACTCTTACGGATTTGCTTACCAAGGAAATACCCGGCGATATGOGGCGGAGTAGGCGA
FEPEUZPCPZE KW®WOQTZLTDULTILTZE XKETLIZPGDMRTZRSRR

TCGGAACAACAACCGARAGTGCTGATCCTCTGCCAGGATGCACGGACGTGTCATCAGTTGARACAGTATCTCACGCAAGGTGGGCCACGT
S EQ QP KVILITLTC®DARTO CHO QLI KZOQYZLTZQGSGUPR

TTTCTACTCCAGCAGGCATTGCAACATGAAGTCCCGGTCCGCAAACTCAGTGACAATTACGCCAAAGAGAGCCAAACTCGTTCAGCTCCG
FLL QQ AL QHEVZPUVGE KTLSDNYAZKES S QTHRSATP

CCAAAGAATGTTTCATCCAATAAGGAGCTGCCTAGGGAAGAGGTTTCTGGTTCTCAGCCACCTTTAGCTGGTATGGATGAATTGGCCCAG
P KNVSSNZEKETLRRETEVSGSQQPPLAGMTDETLAZQ

CTTTTGAGCGAATCGGARACAGAGGGTCAGCACTTCGAAGAGAGT TACATGCTCACCATGACGCAGCC TGTGGAAGTCGGGCCAGCAGCG
L L SESETETGOQHFETESYMLTMTOQOPVEVGPAA

mei-9is just distal to the previously cloned gene norpA
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FIGURE 2.—mei-9 genomic sequence and
predicted MEI-9 amino acid sequence. The
sequence from the Kpnl site to the distal
Sall site (Figure 1) is shown, with coding
sequences in uppercase above a conceptual
translation. Both genomic DNA and a me:-
9 cDNA were sequenced. The arrow at base
67 indicates the first base of the mei-9
cDNA. Because the ¢cDNA library was con-
structed with Nofl sites at the 3’ end
(STrROUMBAKIS and ToLias 1994), the
cDNA clone terminates at the internal Noil

1260 . .
site at position 2922 (underlined), 370 bp
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the position of the P element responsible

1140 fOT the mei-9""" mutation.
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To confirm that the 3.4-kb transcript indeed corre-

(BANGA et al. 1986). We obtained clones extending dis-
tally from norpA (PFLUGFELDER et al. 1990) and used
them to probe blots of DNA from wild type, mei-9%"",
and revertants of mei-9°'’. We found a P-element inser-
tion that is present in mei-9%"' but not in either of two
independent revertants of mei-9%"" (data not shown).
This insertion maps about 20 kb distal to the 5" end of
norpA (Figure 1).

A 6kb genomic fragment contains meiotic and mi-
totic mei-92 activity: By Northern blot analysis of RNA
from either ovaries or whole females, we identified two
transcripts near the mei-9%"! Pelement insertion point,
a proximal transcript of 2.3 kb and a distal transcript of
3.4 kb (Figure 1). We screened a cDNA library prepared
from ovarian mRNA (STROUMBAKIS and ToLIAS 1994)
and obtained 10 ¢cDNAs corresponding to the 2.3-kb
transcript and one corresponding to the 3.4-kb tran-
script. The mei-9%"" Pelement is inserted into sequences
corresponding to the 5’ untranslated region of the dis-
tal 3.4-kb transcript (Figure 2), making this the likely
candidate for the mei-9 gene.

sponds to mei-9, we subcloned the genomic region en-
compassing it into a Pelement vector (Figure 1) and
obtained germline transformants. We tested several in-
dependent insertions of Plw" mei-97} for the ability to
rescue the MMS sensitivity of mei-9. Each of 10 insertion
lines tested fully rescued this phenotype (Table 2). We
further tested some lines for the ability to rescue the
meiotic nondisjunction phenotype of mei-9 females and
found that each fully rescued this phenotype as well
(Table 3). We conclude that mei-9 meiotic and mitotic
activity is fully contained within a 6-kb fragment con-
taining the 3.4-kb transcription unit.

mei-9 encodes a homologue of the yeast excision re-
pair protein Radl: We sequenced the mei-9 cDNA and
the genomic region encompassing it (Figure 2). Con-
ceptual translation of this sequence predicts a MEI-9
protein of 946 amino acid residues. A BLAST search
(ALTSCHUL et al. 1990) of the sequence databases re-
vealed that the predicted MEIO protein is closely re-
lated to the excision repair proteins Radl from 3. cerevis-
iae and Radl6 from Schizosaccharomyces pombe (Figure
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ATAGACATTAAACCCGATCOGGATGTGTCTATTTTCGAGACAATACCGGAACTAGAACAATTTGATGTCACTGCGGCCCTGGCCTCTGTG . 1980
I DIKEPDUPDV SIFETTIZ®PETLTET QFUDVTAALASUV

CCACATCAGCCATACATTTGCTTGCAGACCTTCAAARCGGAGAGGGAGGGCTCCATAGCACTGGAGCACATGCTGGAGCAACTGCAGCCG 2070
PHQPY I CLOQTVPF I XTERESGSMALTEHMLET QTLAQFP

CACTATGTIGTCATGTACAACATGAATGTGACACCGATTCGGCAA'

CGTCGCCTGOCGCCTCCAGATOGC 2160

TTGCAGGTTTTOGAGGCCAGAS
HYV VM YNMNV VTZ®PTIURGQLEVTFEH BARRIR RILUPFPHADTR

ATGAAGGTGTATTTCCTGATCCATGCACGCACAGTGRAGGAGCAAGCCTATCTGACCAGTTTGCGTCGAGAARAGGCAGCCTTCGAGTTC 2250
M KV Y FULIUHARTVETES® QAYTLTSTULRRETZ KA BARAMTFTETF

ATTATOGACACTAAAAGTgtaaggttttcaaagtatgttttectttaacttggtatcaatatttttgtcgetaccatccaacagAARATG 2340

I I b TK S

K M

GTGATTCCAAAGTACCAGGATGGAAAGACCGATGAAGCGTTTTTIGTTATTAAAGACTTACGATGATGAGCOGACGGACGAGAATGCCAAG 2430
VIPI KYQQDGI KTDEH ATFILLILIEXKTYDDEZPTDENATK

AGTOGCCAAGOGGGETGOGCAAGCTCCGCAGGCGACCAARGAGACGCCAAAAGTGATTGTGGATATGCGTGAGTTTCGCTCAGATCTGCCC 2520
S RQ AGGQAPOQATIE KETUZPIZ KVIVDMRBRETFIRSUDTLP

TGTTTGATTCACAAGCGTGGTCTGGAAGTGCTGCCCTTGACCATTACGATTGGCGATTATATACTCACACCGGATATTIGTCTGGAGCGA 2610
¢ LI HKRGLEVLPLTTITTIGDYTIULTU®PDTITCVER

ARGTCCATTTCTGATTTIGATTGGGTCTCTGAATTCGGGCAGATTGTACAACCAATGCGTGCARAATGCAGCGGCATTATGCAAAGCCCATC 2700

FIGURE 2.— Continued

K s I sSsDLIGSILNSGRILYNSOQCVQMOQOQERIEYAZKT?PTI

CTTTTGATTGAGTTCGATCAGAATAAGCCCTTTCACCTGCAGGGCAAATTTATGTTATCGCAGCAGACCAGCATGGCCAATCGAGATATT 2790
LLIZEFDO QNI KZPTFHTLGQGI KT FMLSOQQOQTSMANT RTIDTI

GTGCAGARACTGCAACTTCTTACGTTACATTTTCCCARGCTGOGACTCATTTGGTCACCCAGTCOGTATGCCACTGCCCAGCTATTOGAG 2880
VOQKILQLULTTLUHT FPI KLU RILTIWSUPSUPYATAQTLTFE

GAGCTGAAGCTGCGTAAACCGGAACCCRATCCTCAAACGCCGGCCGCCTICGGCAGCGACGAGCCAATGGCGEGTGAGCAATTGCATTTC 2970
ELKLGI KUPEUPDUZPOQTAARAMLTGSDETPMAGET QTULHTF

AACAGOGGCATCTACGATTTCCTGCTACGTCTGCCCGGCGTTCATACGCGCAATATACATCGCCTACTCCGGARGGGCGGCAGCCTOCGG 3060
N s I YDFLULRILZPGVHTA RNIHGLILT RIEKTGGSTLR

CAATTGTTGCTGCGCAGCCAGAAGGAA!

\GGAGAGCGCCAAGCTGCTGTACGATATCCTGCATGTGGCC 3150

CTGGAGGAGCTGCTGCAGTCGCAL
Q L L LRSOQKETLETEZLTELS®QSOQESAIKTLTLYH?D DTIULHVA

CATTTGCCGGAGAAGGACGAGGTTACCGGCTCCACCGOGCTGCTGGCGGCTAGCAAGCAATTTGGCGCCGGATCGCACAATCGCTTCAGG 3240
HLPEZEXKTDEVTOGSTH RALTLAAST K QFGAGSHNTRTFR

ATGGCGGCACGCATCGOGAAGGEETCGCCGATGATGCTC TCCAGCAAGGATGGACCTLaaaagtat tatgtatgctcaget tacatgcat 3330

M AARTIAKGSPMMLS S KUDGT?P

taccgectegectetteccattgattatgacataattaattacaaatttatgtaataatactttccagaaacgggegacagaacaaccag 3420
aactcteteeggetetgaagagttgagcacacagacagegcacaattatggaaatttttttaaacgttgeaattaagtcgac 3502

3). Overall, there is 30% identity and 51% similarity
between MEI9 and Radl, and 40% identity and 58%
similarity between MEI-9 and Rad16. Three of the five
mei-9 introns (the second, third, and fifth) are in posi-
tions identical to those of three of seven radl6 introns
(the first, third, and sixth, respectively) (Figure 2).

DISCUSSION

We have shown that mei-9 encodes the Drosophila
homologue of 8. cerevisiae Radl and S. pombe Radl6.
Like mei-9, both RADI (WiLcox and PrRakasH 1981)
and rad16 (SCHMIDT et al. 1987) are required for NER.
These proteins are believed to be the yeast homologues

TABLE 2

Rescue of mutagen sensitivity by P{w", mei-9*}

no MMS + MMS
Plw*, mei-9"} Plw™, mei-97}
PLline w males males w males males
1 69 64 0 65
2 26 24 0 32
3 32 26 1 50
4-10° 296 274 0 225

“Summed totals for seven additional insertion lines.

of human xeroderma pigmentosum complementation
group F (XPF) and the mammalian excision repair pro-
tein ERCC4 (BIGGERSTAFF et al. 1993; vAN VUUREN et
al. 1993). Genetic characterization of RADI and radil6
has shown these genes to have additional mitotic func-
tions besides their roles in NER. When a double-strand
break occurs within a region of nonhomology between
repeats, RADI is required to remove the nonhomolo-
gous ends to allow repair through a putative single-
strand annealing mechanism (FISHMAN-LOBELL and
HABER 1992). RADI also defines a RAD52independent
pathway for mitotic intrachromosomal repeat recombi-
nation that occurs through an undetermined pathway
or pathways (KLEIN 1988; SCHIESTL and PRAKASH 1988).
The S. pombe homologue, radl6, is also required during
mating type switching (SCHMIDT et al. 1989).

An important clue to understanding the multiple ge-
netic functions of RADI and rad16 came from the dis-
covery that Radl, together with Rad10, the homologue
of the mammalian excision repair protein ERCC1 (van
DUIN et al. 1986) and S. pombe SwilO (RODEL et al. 1992),
constitutes a single-strand DNA endonuclease in vitro
(TOMKINSON et al. 1993). In NER, the Radl/Rad10 com-
plex is believed to make an incision 5’ to the site of DNA
damage, allowing removal of a section of the damaged
strand (BARDWELL et al. 1994). MEI-9 presumably plays
an analogous role in NER in Drosophila. In the single-



624

J-J. Sekelsky et al.

Radl PVDIQLTLPLPFQQKWENSLITEDALIIMGK !LGLLDIVAI;ILLHVLATPTSINGQLKR.ALVLVLNA}KPIDN’VRIKEALLELSWFSNTGK_DDDDTAVESDDELFERPFW"X‘ADSLSIEK

Mei 9 M’VLLDYEK MFLDLVEADGLLVCAK lLSY‘DRWISILKAYSDSGN -------- LVLVINSSDWEEQYYKSKILP --------------------------- KYVHEGASTATE

Radls METKVHLPLAYQQQVFNELIéElIDAII;C‘IJIJI\PHLSLLQI SYFAVPGS -------- LLLLVGANVDDIELIQIE!;&E --------------------- SHLEK.KLIT"NTETM;VDK

303 RRI‘(I;YY::Qf G‘ls’l'q ,Ir‘s!if‘IVDLLSOIVHPNRW&F:VLN.DSLRMSNE?FILEIYRSWTI:i:IEEE? TF vdEFSPLRTKMKELRLKNVLLWPx I:Vl‘- :SCLNATNKTSHNKVI
79 l.!VYLE LOF KQRIPIELISGIIVLRAHTIIESCQEAFALRLFRQRNKTGE SSPEA TIGY HVERTm FVKHLY].W RFHES xuquPWKIQ -—--

90 Qis“,l:uju!n TS]H“M‘.LLLTKIH’Téxl’rﬂiwll.DRWSTGTV.U‘IMJILYAETNL%& "Inlz-uuu ): ;LMJ!INALSHCL)I{CM’LRnVL- IYPK x!xvv AES E---- PANV':I

323 EVKVSLTNSMSQ FGLMECLKKCIAELSRK_'PE LALDWWNM: NV'I:-DIN'"IRSIDSVKVPNWH:RISYES'.QLVKDIRFLRHLLKMLVTSDAVDFFGEIQ -LSLDANKPSVSRKYSESPW
1
198 TMHTPITQNITS ?SHILEIMNFLVQEIKRI'TRT VDMEAV&V NCVTKT H.KILQA?LDCIWHQLNSQTI\LIVA.DLKILRTLMIS'I’MYHDAVSAYAFMKRY ------ RSTEYALSNSGW
i i H

206 ELNVNLSDSQKTI QSCLLTCIESMBLRRLNSAYLDMEDWI s3ALHRSFDVIVRRQLDSVWHRVSPRKTKQLVGDLSTLKFLLSALVCYDCVSFLKLLDTLVLSVNVSSYPSNAQPSPW

441 LLYDE..QLVISYAKH.IFYKNEY’I‘ ------- LEENP KWEQLIHILHDISHEMNHLQGPT ----- LVACSDNL’[‘CLELK— -VLNASNK.K.RGVRQVLLNKLKWY‘RKQREETKKLVKEVQS

308 TLL A..EQIFKL RQ' GQQEFEP------ EPCPKWQT; TDL TK.EIPGDMRRSRRSE QQPK IL I QYL ------ TQ GPRFL- -- QQALQBEVPVG SDNYAK

1 133

326 Li .N'KMIRVA&DRVYKBSEGPNKDAIPTT- EQ. LNSVJ.Q]LVLNEVCHETMLADTDAJZTSNNSIMlMéMLE}L éL iRDYlSTVTYDNKDSLKNMNSKLVDYF&WREQYRMKSIK{

S47 QD‘I‘FPENATLNVSS- -TFSKQV TTKRRRTRGASQVMVEKLRN’AGTN- -VDMEW‘FEDHKLSEEIKKGSGDDLDDGQEENAANDSKIFEITEQENEILIDDGDAEFDNGEL‘WGDLP

412 ESQ'I’RSAPPDTVSSNKELRREEVSGSQPPLAGMDELAQLLSESETEGQH ------- FEESY‘ML'I‘M ------------------------- TQPVEVGPAAIDIKPDPDVSIFI‘TIPE EQ

H
446 PEPSKEREASN'I'I‘S- -—— RKGVPPSK.RRRVRGGN’NATSRTTSDNTDANDSFSRDLRLEKILLSHL ---------------------------------- SKYREPEVGN’DAH'VIDDF- -
662 HIWHFNXDLWAEHCN’EYEYVDREDE:,LISTFKSLND ----- NCSLQ SYTIMFEPDISFIRQI rYKA- - -IVKDLQPKV' FMY‘YGESIELQSHLTAIK'.EKDAFI'KL,[RENANLS
i RN Pid RN RR R 1 I
500 FDVI--~---m=--- AALASVPHQPYICLQ HTEREGSMALE EQLQ HYVVMYNMNVTP ILL _RRRLPPADRMLV LIHA.gu v QAYLTSLR} FIIDTKSKMV
I 5 t t f t
LY R NS'YIYSYNGJ:)IiD ----- L RPRYVIMFDSDPNF xxvz. YKA- - -TY: KRSLRV nxy(,GST ulmvm-:svn EKDSFSRL .KERLNMA
774 mmbsmmnxnusunu NAGGQQGFHNLTQDV = ==-mneoveuan— \II Hru E: NASIl..TGLI-LYRY(IZIR‘llIPCMLTVGDYVITPDIFYli’ S ‘"IWI f|3< LONNRLA
H T . i

609 IPKYQ]JGK‘I‘DEAFI-I.aIaK'.l'Y'DDEP'I‘DENlxq QAGGQAPQATKETP--~--=-m---rmwe- KvI I;M.! RSDLPCLI}iKRGLE‘{LTLTI’l’IéDfILTPDT(lf\lmi lLé]LIi“ a. Y_NSGIUJY

614 IV‘LTADSE ------- RFESQESKFLRNVNT RIAGGGQLSITNERPRVRSLYLMFICIKTLKVI K III"R£S]LPSILKGNNFSVIPCQLLVGDYILSPKIth 3 RDT!-' QSLSNGRLY

879 T’ CKRMLK‘{YAY] TLL 'FDEGQSFSLEPFSERRNYKNKDISTVHPISSKLSQDEIQLKLAKLVLRFPTLKIIWSSSPLQMIILELKLGRLU PDPSNAVILGTNKVRSDFNSTAKGLK
H ER H

714 N Q}liQﬂ lK TJJJ | NKP QG ------------ mLSQQTSMANRDlVQLLQLlTLH;AKLRLlWLPé£YA‘LAQLFEéJ.:llGKL’L DPQTAAALGSDE«~ -~ --- PMAGEQ

726 8 JZEMIE! EI VL}- L a!‘LQHQSl‘TSPPFSD -------------- LSSEIGKN%VQSK]!.VJJ;‘.I.‘]LSJ"$N£LIVWSS£AWT SIIFDJ.L\MEQ;?I )gl AS’.,LSi §LE': -------- AGQDST

999 DGDNESKFKRLLNV] GVSKIDYFN LRKKIKSFNKLQKL SWNE IN'LL INDEDLTDRIYYFLRTEK.EEQEQESTDENLESPGK’I‘TDDNALHDI-H-IN’DVPEAPV 1098

81§ LHI:‘NSGIYDF LRLE GVHTRNIKGLLRKGG TVRQLLLR QKELELLLQSQESAKLLYDI LHVAHLPEKDEVTGSTALLAASKQFGAGSHNRFRMMRIAKGSPWLSSKDGP 926
: 3

824 NTYNQAPLDLLMGLE YITMNYRNVFYGGVR_DIQEASETSERKWS]‘LIGPEA GRRLYSFFRKQLKDYE 891

FIGURE 3. — Comparison of D. melanogaster MEI-9 with S. cerevisiae Rad1 and S. pombe Rad16. The predicted amino acid sequences
of MEI-9, Radl, and Rad16 are shown in a bestfit alignment to one another, with dashes indicating gaps introduced to give the
best alignment. Residues in Radl or Radl6 that are identical to the corresponding residue of MEI-9 are indicated with a solid
line, whereas similar residues are indicated with a dotted line. Similarity is defined as residue pairs that score positive with the

BLOSUMSG62 substitution matrix (HENIKOFF and HENIKOFF 1992).

strand annealing pathway, the Radl/Rad10 endonucle-
ase is thought to cut immediately 5’ to the boundary
of the single strand-double strand junction of a splayed
DNA structure, allowing removal of the nonhomolo-
gous single strand (BARDWELL e al 1994). RADI/
RADI0-mediated RAD52independent mitotic recombi-
nation may occur through either the single-strand an-
nealing pathway or a pathway in which Radl/Rad10
mediates Holliday junction resolution (HABRAKEN ef al.
1994). In S. pombe mating type switching, Rad16 and

Swil0 are believed to resolve some unknown intermedi-
ate (SCHMIDT et al. 1987), a function that can be readily
explained in terms of an endonuclease activity.

What is the function of MEI-9 in meiotic recombina-
tion? In mei-9females, meiotic recombination is strongly
suppressed (BAKER and CARPENTER 1972), but the fre-
quency of gene conversion is normal or perhaps slightly
increased (ROMANS 1980; CARPENTER 1982). The find-
ing that mei-9 encodes the homologue of a protein that
cleaves some types of DNA junctions in vitro suggests

TABLE 3

Rescue of mei-9 meiotic defects by P{w", mei-9}

PLine B females B* males B* females B males X nondisjunction (%)
None 316 356 84 85 33

1 194 157 0 0 0

2 520 523 0 1 0.2

3 331 360 0 0 0
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that the MEI-9 protein may act directly to resolve Holli-
day junctions within recombination intermediates, a
role clearly consistent with the exchange defect seen in
mei-9 females. An in vitro Holliday junction resolving
activity has been reported for Radl (HABRAKEN et al.
1994), although the interpretation of this result has
been questioned by WEST (1995), in part because of the
lack of an effect of radl mutations on meiotic exchange.

Because both exchange and gene conversion without
exchange have been presumed to require nicking of
two strands at the Holliday junction, followed by ex-
change and religation with one another (HOLLIDAY
1964; MESELSON and RADDING 1975; SZOSTAK et al.
1983), a simple defect in Holliday junction resolution
would seem to fail to explain the decrease in flanking
marker exchange without a corresponding decrease in
gene conversion that is observed in mei-9. The resolu-
tion to this conundrum may lie in the suggestion by
THALER et al. (1987) (see also STAHL 1994) that at least
the double Holliday junction-recombination intermedi-
ates observed in yeast (SCHWACHA and KLECKNER 1994)
can be resolved without strand nicking, exchange, and
religation, simply by topoisomerase activity, yielding ei-
ther gene conversion, restoration, or possible PMS. We
suppose that mutants like mei-9, which are conversion-
proficient but exchange-defective, lack only the strand
cleavage and ligation pathway that gives rise to flanking
marker exchange.

Females homozygous for mei-9 mutations are also de-
fective in the repair of mismatches within meiotic het-
eroduplex DNA (Romans 1980; CARPENTER 1982). This
may represent a second, independent requirement for
MEI-9, perhaps related to its excision repair function.
One argument against heteroduplex mismatch repair
being mediated by the standard NER pathway is that
meiotic gene conversion tracts in Drosophila are con-
tinuous for several hundred bp (CURTIS et al. 1989),
whereas NER tracts are, at least in mammalian cells,
only about 30 bp long (CLEAVER 1994). If the excision
repair pathway does mediate heteroduplex repair in
Drosophila, this would be in contrast to the case in S.
cerevisiae, where NER genes, including RADI, are not
required for meiotic heteroduplex mismatch repair
(Dicaprio and HASTINGS 1976). Rather, repair of such
mismatches in S. cerevisiae requires genes belonging to
the mismatch repair pathway (WILLIAMSON et al. 1985;
KRAMER ¢t al. 1989; ALANI ¢t al. 1994). The contribution
of this pathway to meiotic heteroduplex repair in Dro-
sophila is unknown.

We have proposed that MEI-9 carries out two inde-
pendent functions during meiotic recombination. An
alternative is that MEI9 is required for a single step
that must occur both to allow the repair of mismatches
and to allow resolution as a crossover. AGUILERA and
KLEIN (1989) found that in their intrachromosomal mi-
totic recombination assay, long gene conversion tracts

were preferentially associated with crossovers. In this
assay, radl mutations resulted in a reduced recovery of
long conversion tracts, leading to a reduced crossover
rate (although crossing over was also reduced even in
the long conversion tracts observed in radl mutants).
This suggests either a Radl-mediated long conversion
tract pathway or a role of Radl in heteroduplex rejec-
tion. In heteroduplex rejection models, mismatch re-
pair proteins prevent the extension of heteroduplex in
response to bp mismatches, thereby preventing ex-
change, but not repair or gene conversion, between
homeologous sequences {RAYSSIGUIER ef al. 1989; ALANI
et al. 1994). An argument against a role of mei-9 in a
heteroduplex rejection model is that gene conversion
tracts from mei-9 females are similar in length to those
produced by wild-type females (CURTIS and BENDER
1991). In addition, CURTIS ¢t al. (1989) found that the
conversion tracts they sequenced that were associated
with a crossover were shorter than simple conversion
tracts they sequenced.

In contrast to mei-9, radl mutations do not affect the
level of meiotic exchange (SNow 1968). [mutations in
radl6 do not affect the level of meiotic gene conversion
(SCHMIDT et al. 1987); however, their effects on meiotic
exchange have not been reported.] The finding that
the meiotic recombination gene mei-9 encodes the ho-
mologue of a gene not required for meiotic recombina-
tion in S. cerevisiae reveals differences between the yeast
and fly meiotic recombination pathways. We do not
know whether MEI-9 carries out a function in Drosoph-
ila meiotic recombination that is mediated by some
other protein in Saccharomyces, or whether Drosophila
and Saccharomyces use fundamentally different recom-
bination pathways. Our data on residual exchange in
mei-9 mei-218 double mutants suggests the existence of
a secondary exchange pathway in Drosophila. One intri-
guing possibility is that the predominant meiotic recom-
bination pathway in yeast, the RAD52-dependent path-
way, is used in this minor role as a backup pathway in
Drosophila.
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