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ABSTRACT 
Meiotic  recombination  and DNA repair are mediated by overlapping sets of genes. In the  yeast 

Saccharomyces  cereuisiae, many  genes  required to repair DNA doublestrand 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. cereuisiae. 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 S. cereuisiae 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. cereuisiae, in that it requires  an NER protein.  The 
biochemical  properties of the  Radl  protein  allow us to  explain  the  observation  that mei-9 mutants 
suppress  reciprocal  exchange  without  suppressing  the  frequency of gene  conversion. 

H 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 (i .e. ,  the  exchange of 
flanking markers) or a noncrossover. Because proposed 
recombination  intermediates  contain one  or two Holli- 
dayjunctions  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 Suc- 
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 et 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 HOEIJMAK- 
ERS 1993; TANAKA and WOOD 1994; FREIDBERG et al. 
1995), have no  apparent effects on meiotic recombina- 
tion in S. cerevisiae (SNOW 1968; PRAKASH et 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 BOYD 1980). Mutations in mei-9 
were  first recovered in a screen by BAKER and CARPEN- 
TER (1972) for X-linked mutations causing high levels 
of meiotic nondisjunction. Meiotic nondisjunction in 
females  homozygous for mei-9 mutations results from  a 
decrease in the level  of meiotic crossing over to < lo% 
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, m'-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 BOYD 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. cermis- 
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 S. cermisiae. 

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- 
molassesdextrose 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 p10.08-0.1% MMS (Sigma)  in water 
was added  to  the medium. 

Pelement construct and transformation: P{w' mei-9+] was 
created by subcloning  sequences from the EcoRI site in 
XXIII.62 (PFLUGFELDER et al. 1990), which is immediately dis- 
tal to a  genomic BamHI site, to  the NotI site within the tran- 
scription unit proximal to mei-9, into pCaSpeR4 (PIRROnA 
1988). Germline  transformation was carried  out essentially as 
in RUBIN and SPRADLING (1982). 

To test for rescue of MMS sensitivity, single w; P{w' ma- 
9+]/+ males were mated to three w mi-pT2 /FM7,  B females. 
The progeny larvae were treated with  MMS as described 
above, and  the  number of BC w+ and B+ w- males that eclosed 
were counted. 

Meiotic nondisjunction was measured by  cAossing  two 
to three w mei-pT2;  P(w"  mei-9f] females to XY, In(1)EN 
Y f B; C(4)RM, tit$ males. The  normal progeny of this cross 
are w mei-pT2/XY, In(l)EN, Y f B (B females) and w ma-9'"/ 
0 (B+ males). Half of the diplo-X ova are recovered as w 

mei -pT2 /w   mi -9"  (B+  females), whereas the  other half die. 
Similarly, half of the nullo-X ova are recovered as X Y ,  
In(l)EN, Y f B/O (B  males),  and half die. The Xnondisjunction 
(ND)  frequency is corrected  for the loss of half of the  excep 
tional  progeny. 

Location of the med9R" P  element: The position of the 
mi-9R" P-element was determined by  PCR. Reactions con- 
tained 10-20 ng genomic DNA, 200 pM each  dNTP, 100 
pmol of each primer (CGATTGATTGTATCTTCC, corre- 
sponding to mei-9 bases 839-822 on  the reverse strand,  and 
CCCGCGGCCGCGACGGGACCACCTTATGTTATM'CATC, 
which contains the P element 31-bp inverted repeat  and a 
NotI site, kindly provided by BIUAN CALVI), 1 mM  MgC12, and 
2  U  Taq DNA polymerase (Promega)  in 50 p1 of 1 X 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-yT' but  not  from  either of two re- 
vertants or  from  either mi-9Rr2 or mei-9RT4, was digested with 
PstI and NotI 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 

met7 is a  component of the predominant  meiotic 
recombination pathway: Mutations in mei-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;  BAKER et 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. 
MCKIM 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 I 

Meiotic  exchange in m'-9 mei-218 females 

Exchange within the interval map units 

Genotype al-dp dpb  6-pr P-cn al-cn n 

m4i-9" m.-218/ + 10.4 25.8 4.8 0.92 41.8  1517 
mpi-9" mpi-218/mpi-9" 0.94 (9.0) 3.5 (14) 1.1 (23) 0.12 (13) 5.7 (1  1) 1687 
mG9" mpi-218/m"218 0.58 (5.5) 1.2 (4.8) 0.50 (10) 0.31 (33) 2.6 (6.1) 2597 
??14?.-gn 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 
m'-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 
m'-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-90r mrri-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  m.-9  and 
mei-218 within the  exchange pathway. Although muta- 
tions in either  gene decrease meiotic exchange to 
<lo% of  wild-type  levels, the  pattern of residual ex- 
changes differs between these genes (BAKER and CAR- 
PENTER 1972). In m.-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 m'-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 m'-9 mei-218 females re- 
sembles that of m.-218 females (Table 1). Therefore, 
m'-218 is epistatic to m'-9 with respect to this pheno- 
type, suggesting that mei-218 acts earlier  than m'-9 in 
the  exchange pathway. It is also possible that m'-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-9and 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 m'-9 locus: The "-9 gene 
was previously  localized to region 4B3-4 to 4C1 on 
the  standard polytene chromosome  map (BANGA et al. 
1986). Three existing mcri-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'r'', had  Psequences 
in region 4BC (YAMAMOTO el al. 1990). To confirm that 

contains  a P element  inserted  into  m'-9, we 
used a genetic source of P transposase to  generate re- 

m.-917rl 

vertants of mpi-9'rr'. Females  of the genotype m'-9"?''/ 
FM7, B; TM!$ Sh p[A2-3](99B)/+ were crossed to mei- 
9 males. The resulting larvae  were treated with MMS, 
and surviving nonBar adults were retested to distin- 
guish between m'-9"' escapers and revertants. The re- 
covery of three  independent revertants confirmed that 
the mei-9Irr' allele is indeed caused by the insertion of 
a Pelement, providing an avenue for  cloning  the locus. 

distal proximal 
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FIGURE 1.-Physical map of the m'-9 region. (A) Restric- 
tion map of the mei-9 to nMpA genomic region. Tick  marks 
represent EcoRI (above) and Hind111 (below) sites. The distal 
end of nMpA is indicated. The approximate regions contained 
in two lambda clones (PFI.UGFEI.DER et al. 1990) and  a P1 
clone (SMOLLER et al. 1991) are shown  below. ~ ' - 9 w a s  initially 
mapped to the distal IO-kb HindIII fragment  (bold  line) be- 
cause of an additional Hind111 site in m'-9R'" but not in  re- 
vertants. (B) A restriction map of the IO-kb HindIII fragment 
containing the m'-9R7' Pelement.  The position of the Pele- 
ment in m-9R'" is indicated by V. Two divergently tran- 
scribed ovarian transcripts are derived from this region: a 
distal 3.4kb mei-9 transcript and a proximal 2.3-kb transcript 
of unknown function. W in the mei-9 transcript represent ex- 
ons. The line at  the bottom indicates the extent of the geno- 
mic fragment  that rescues m'-9 mutant phenotypes. B, 
BamHI; E, EcoRI; H, HindIII; K, KpnI; N, No& S, SalI; X, XbaI. 



622 J .  J. Sekelsky et al. 

L V  
~ g ~ C ~ ~ ~ ~ C C ~ C ~ ~ ~ C C ~ g C ~ g a ~ ~ ~ M C C ~ ~ C ~ ~ a ~ ~ ~ g C g a M t ~ a a t c c t t a g c g a t t ~ a t t t ~ t ~ a ~ g c c g a t ~ c g ~ g c g  
cggaaaatgccgccaaagggacggaaaatgagcggccgaagaa~ggaggccagcgccgacaccgtcccacaggtggaggagggcg~ga 
g g a g t a t t t g a a g c g t a a g a a ~ ~ ” ~ ~ ~ ~ ~ ~ ~  

M V L L D Y E K Q M F L D L V E A D G L L V C  

C G C C A A g t a a g t c g t g t g t g c t a t t c t a t a g t ~ g t c t a a c c a g a t a t t g a a t a c c a t a ~ ~ ~ ~ ~ ~ T ~ ~ G  
A K   G L S Y D R V V I S  

C A r r C I C A A G G C C ~ ~ ~ ~ ~ G ~ ~ ~ ~ w ~ A ~ A ~ G T ~ T G A  
I L K A Y S D S G N L V L V I N S S D W E E Q Y Y K S K I E  

A C C C A A A T A ~ ~ ~ ~ ~ G c A ~ C ~ ~ t a a g c g c t c g c a a t t c ~ a a a ~ a t a t a c a ~ t a a a a c t t c g t c c g t  
P K Y V H E G A S T A T E R  

t t a t c c a t c c g a c t a t t c t g a t a g A G A ~ T l T A K T X A A f 3 X 3 X X C ~ m T r A G c A c K w T ~ ~  
E R V Y L E G G L Q F I S T R I L V V D L L  

C A R G C I L G C G I U L r r C C ~ ~ C C h ~ ~ G A ~ C h ~ ~ ~ ~  
K Q R I P I E L I S G I I V L R A H T I I E S C Q E A F A L  

C C G A T I G T P C C C ~ ~ ~ ~ ~ ~ C C h ~ A C ~ C h ~ ~  
R L F R Q K N K T G F V K A F S S S P E A F T I G Y S H V E  

G c G G A c c A r r c G c A A r r C ~ W ~ ~ ~ C ~ ~ ~ ~ ~ ~ T  
R T M R N L F V K H L Y I W P R F H E S V R T V L Q P W K I  

R ~ ~ ~ C h C h ~ G A T ~ ~ ~  
Q S I E M H V P I S Q N I T S I Q S H I L E I M N F L V Q E  

U L ~ ~ ~ ~ ~ G A ~ ~ ~ A C C ~ ~ ~ ~ ~ C h ~ ~ ~ G A T ~ ~  
I K R I N R T V D M E A V T V E N C V T K T F H K I L Q A Q  

~ ~ ~ ~ ~ ~ ~ ~ ~ T A ~ ~ ~ ~ ~ ~ ~ W ~ a c g t a t a  
L D C I W H Q L N S Q T K L I V A D L K I L R T L M I  

c a a c t t g c a c t t c c t a t t t g a t t t g a t a t t t g a t a t t g g c t a a t t a t g a t a g ~ C ~ ~ A ~ W ~ ~ W ~ A ~ f f  
S T M Y H D A V S A Y A F  

~ A ~ ~ A C C C G A G C A C G G A G T A C G C G T I I ; A G  
M K R Y R S T E Y A L S N S G W T L L D A A E Q I F K L S R  

G - ~ t a g g ~ a a t c c c a a t M a c a t t a a g c a t t g g c c c t t c t t a a a t g a t a t g t a t t a a t t g t a t a  
Q R V F N G Q Q E  

g A G I T C W U L C C G G A A C C ~ ~ T A C P  
F E P E P C P K W Q T L T D L L T K E I P G D M R R S R R  

~ ~ ~ C C G A A R G ’ ~ ~ ~ ~ ~ ~ ~ ~ G ~ ~ A ~ ~ ~ ~ ~ ~  
S E Q Q P K V L I L C Q D A R T C H Q L K Q Y L T Q G G P R  

T ~ ~ ~ ~ ~ A ~ G A G A ~ ~ C ~ ~ ~ ~ ~  
F L L Q Q A L Q H E V P V G K L S D N Y A K E S Q T R S A P  

c c M A m A ~ - ~ ~ M G A W ~ C A C ~ ~ A ~ W D G  
P K N V S S N K E L R R E E V S G S Q P P L A G M D E L A Q  

~ T C G G A ? A C & G A ~ C I T @ Z A A G A G A G I T A C h ? G C T C A C C A W ~ ~  
V G P A A  L L S E S E T E G Q H F E E S Y M L T M T Q P V E  

180 
90 

270 

360 

450 

540 

6 3 0  

720 

810 

900 

990 

1080 

1170 

1260 

1350 

1440 

1530 

1620 

1710 

1800 

1890 

FIGURE 2.- mea-9 genomic  sequence and 
predicted MEI-9 amino acid sequence.  The 
sequence  from the KpnI site to the distal 
SulI site (Figure 1 )  is shown, with coding 
sequences  in  uppercase above a conceptual 
translation. Both genomic DNA and a mei- 
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 NotI sites at  the 3’ end 
(STROUMBAKIS and TOI.IAS 1994), the 
cDNA clone  terminates at  the  internal NotI 
site at position 2922 (underlined), 370 bp 
from  the termination codon. V indicates 
the position of the P element responsible 
for  the mPi-9K”’ mutation. 

rnei-9 is just distal to the previously cloned  gene norpA 
(BANGA et al. 1986). We obtained clones extending dis- 
tally from nmpA (PFLUGFELDER et al. 1990) and used 
them to probe blots of  DNA from wild type, mei-9K7”, 
and revertants of n~ei-9~”. We found a P-element inser- 
tion that is present in rnei-9”” but  not in either of two 
independent revertants of mei-9R7“ (data  not  shown). 
This insertion maps about 20 kb distal to the 5’ end of 
norpA (Figure 1 ) . 

A 6-kb genomic  fragment  contains  meiotic  and  mi- 
totic me2-9 activity: By Northern blot analysis  of  RNA 
from either ovaries or whole females, we identified two 
transcripts near  the mei-9R”’ P-element 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 T o I , ~  1994) 
and obtained 10 cDNAs corresponding to the 2.3-kb 
transcript and  one corresponding to the 3.4kb tran- 
script. The mei-9R’” 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 rnei-9 gene. 

To confirm that  the  3.4kb  transcript  indeed corre- 
sponds to rnei-9, we subcloned  the genomic region en- 
compassing it into a P-element vector (Figure 1) and 
obtained  germline transformants. We tested several in- 
dependent insertions of P(w’ mei-T] 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 3.4kb 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 ME18 
protein of  946 amino acid residues. A BLAST search 
(ALTSCHUL et al. 1990) of the  sequence databases re- 
vealed that  the  predicted ME18 protein is closely re- 
lated to the excision repair  proteins  Radl from S. cerevis- 
iae and Rad16 from Schizosaccharornyces  pombe (Figure 
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FIGURE 2.- Continued 

3). Overall, there is 30% identity and 51% similarity 
between ME18 and  Radl,  and 40% identity and 58% 
similarity between ME18 and Radl6.  Three of the five 
mei-9 introns (the second,  third, and fifth) are in posi- 
tions identical to those of three of  seven rad16 introns 
(the first, third,  and sixth, respectively) (Figure 2). 

DISCUSSION 

We have  shown that mei-9 encodes  the Drosophila 
homologue of S. cerevisiae Radl  and S. pombe Radl6. 
Like mei-9, both RAD1 (WILCOX and PRAKA~H 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 

P { W + ,  mei-9+1 P { W + ,  mn-9+1 
P Line w males males w males males 

1 69 64 0 65 
2 26 24 0 32 
3 32 26 1 50 

410" 296 274 0 225 

a 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 RAD1 and rad16 
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, RAD1 is required to remove the  nonhomolo- 
gous ends to allow repair through  a putative single- 
strand  annealing mechanism (FISHMAN-LOBELL and 
HABER 1992). RAD1 also defines a W52-independent 
pathway for mitotic intrachromosomal repeat recombi- 
nation that occurs through an undetermined pathway 
or pathways (KLEIN 1988; SCHIESTL and PRAKA~H 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 RAD1 and rad16 came from the dis- 
covery that Radl, together with  RadlO, the homologue 
of the mammalian excision repair protein ERCCl (VAN 
DUIN et al. 1986) and S. pombeSwi10 (RODEL et al. 1992), 
constitutes a single-strand DNA endonuclease in vitro 
(TOMKINSON et al. 1993). In NER, the  Radl/RadlO 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). ME18 presumably plays 
an analogous role in NER in Drosophila. In the single- 
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FIGURE 3.-Comparison of D. melanogmterME1-9  with S. cermisiaeRad1 and S. pombeRadl6. The predicted amino acid sequences 
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BLOSUM62 substitution matrix (HENIKOFF  and  HENIKOFF 1992). 

strand  annealing pathway, the  Radl/RadlO  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 et al. 1994). RADl/ 
RADlQmediated hXD52-independent mitotic recombi- 
nation may occur  through  either  the single-strand an- 
nealing pathway or a pathway in which Radl/RadlO 
mediates Holliday junction resolution (HABRAKEN et 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 mez-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 mez-9 encodes  the  homologue of a  protein  that 
cleaves some types of DNA junctions in nitro suggests 

TABLE 3 

Rescue of 6 9  meiotic  defects by P{w+, mei-9+] 

P Line B females B+ males B' females B males X nondisjunction (%) 

None 
1 
2 
3 

316 
194 
520 
331 

~ 

356 
157 
523 
360 

84 
0 
0 
0 

85 
0 
1 
0 

33 
0 
0.2 
0 
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that  the ME18 protein may act directly to resolve  Holli- 
day junctions within recombination  intermediates,  a 
role clearly consistent with the  exchange defect seen in 
mA-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 Hollidayjunction-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 exchangedefective, 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 RADl, are  not 
required for meiotic heteroduplex mismatch repair 
(DI~MRIO  and HASTINGS 1976). Rather, repair of such 
mismatches in S. cerevisiae requires genes belonging to 
the mismatch repair pathway (WILLIAMSON et al. 1985; 
KRAMER et al. 1989; ALAN1 et al. 1994).  The  contribution 
of this pathway to meiotic heteroduplex  repair in Dro- 
sophila is unknown. 

We have proposed  that ME18 carries out two inde- 
pendent functions during meiotic recombination. An 
alternative is that ME18 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 et a[. 1989; & A N I  
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 et 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 
radl6do 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. ce-revisiae reveals differences between the yeast 
and fly meiotic recombination pathways. We do not 
know whether ME19 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 RALl52dependent path- 
way,  is used  in  this minor role as a backup pathway  in 
Drosophila. 

We thank HF.I.MU.I.  ROTH and GERD PFI.UGFELDEK for providing us 
with phage DNAs from  the mpi-9 region, KATY A F S H A R  for assistance 
with transformation, and BRIAN CALVI for providing the P element 
PCR primer. We acknowledge KEN BURTIS, ADELAIDE CARPENTER, and 
JIM HMER  for valuable discussions. Finally, we thank  our  friend  and 
colleague DR. JAMES BOYD, in whose lab  these efforts were begun. 
Jim was a  major  force in developing the study of DNA repair  at  the 
molecular level and it is to him that we dedicate this paper.  This 
work was supported by grants  from the American Cancer Society and 
the  Department of Energy to R.S.H. J.J.S. was supported  in  part by 
the Cancer Research Fund of the Damon Runyon-Walter Winchell 
Foundation Fellowship, DRGl355. KSMcK. was supported by a Med- 
ical Research Council (Canada) fellowship. 

LITERATURE CITED 

-1, E., R. A. G. REENAN and R. D. KOLODNER, 1994 Interaction 
between mismatch repair  and genetic  recombination in Saccham 
myces cerevisiae. Genetics 137: 19-39. 



626 J. J. Sekelsky et al. 

AJ.TSCHUI., S.  F., W. GISH, W. MIILER, E. Mmm and D. J. LIPMAN, 1990 
Basic local alignment search tool. J. Mol. Bid. 215: 403-410. 

BAKER, B. S., and A. T. C. CARPENTER, 1972 Genetic analysis of sex 
chromosomal  meiotic mutants  in Drosophila  melanogaster. Genet- 
ics 71: 255-286. 

BAKER, B. S., A. T. C. CARPENTERand P. RIPOLL, 1978 The utilization 
during mitotic cell division of loci controlling meiotic recombi- 
nation in Drosophila  melanogaster. Genetics 9 0  531-578. 

BAKER, B. S., M. GATTI, A. T. C. CARPENTER, S. PIMPINEI.I.I and D.  A. 
SMITH, 1980 Effects of recombinationdeficient  and repair-de- 
ficient loci on mieotic and mitotic chromosome behavior in Dro- 
sophila melanogaster, pp. 189-208 in DNA Repair and Mutagenesis 
in Eukaryotes, edited by  W.  M. GENEROSO, M.  D. SHELBY and F.J .  
DE SERRES. Plenum Press, New York. 

BANGA, S., B. BLOOMQUIST, R. BRODRERG, Q. PYE, D. LARRIVEE et al., 
1986 Cytogenetic characterization of the 4BC region on  the X 
chromosome of  Drosophila  melanogaster: localization of the mei-9, 
norpA and omb genes. Chromosoma 93: 341-346. 

BARDWELL, A. J., L. BARDWELI.,  A. TOMKINSON and E. C. FRIEDBERG, 
1994 Specific cleavage of model recombination and  repair in- 
termediates by the yeast Radl-Rad10 DNA endonuclease.  Science 

BIGGERSTAFF, M., D.  SZYMKOWSKI and R. D. WOOD, 1993 Co-correc- 
tion of the ERCCl ERCC4 and  xeroderma pigmentosum group 
F DNA repair  defects in vivo. EMBO J. 12: 3685-3692. 

BOYD, J. B., M. GOI.INO, T. NGLWEN and M.  M. GREEN, 1976a Isola- 
tion and characterization of X-linked mutants of Drosophila  mela- 
nogasterwhich are sensitive to  mutagens. Genetics 84: 485-506. 

BOYD, J. B., M. D. GOLJNO and R.  B. SETLOW, 197613 The mi-9' 
mutant of Drosophila  melanogaster increases mutagen sensitivity 
and decreases excision repair. Genetics 84: 527-544. 

C m P E m E R ,  A. T. C., 1982 Mismatch repair,  gene conversion, and 
crossing-over in two recombinationdefective mutants of Drosoph- 
ila melanogaster. Proc. Natl. Acad. Sci. USA 79: 5961-5965. 

CARPENTER, A. T. C., and L. SANDLEK, 1974 On recombination-de- 
fective meiotic mutants in Drosophila  melanogaster. Genetics 76: 
453-475. 

CARR, A. M., H.  SCHMIDT, S. KIRCHHOFF, W. MURIEL, K. SHFLDRICK 
et al., 1994 The  radlbgene of Schi~osaccharomycespombe: a  homo- 
log of the R A D 1  gene of Saccharomyces cereuiszm. Mol. Cell Bid.  

CLEAVER, J. E., 1994 It was a very good year for DNA repair. Cell 
76: 1-4. 

CURTIS, D., and W. BENDER, 1991 Gene conversion in Drosophila 
and  the effects of the  meiotic  mutants mei-9and mei-218. Genetics 

265: 2082-2085. 

14: 2029-2040. 

127: 739-746. 
CURTIS, D., S, H.  CIARK, A.  CHOVNICKand W. BENDER, 1989 Molecu- 

lar analysis of recombination events in Drosophila. Genetics 122: 
653-661. 

DEVEREUX, J., P. HAERERIJ  and 0. SMIT'HIES, 1984 A  comprehensive 
set of sequence analysis programs  for the VAX. Nucleic Acids 
Res. 12: 387-395. 

DIMPRIO, I.., and P. J. HASTINGS, 1976 Post-meiotic segregation in 
strains of Saccharomyces cereuisiae unable to excise pyrimidine di- 
mers. Mutat. Res. 37: 137-140. 

FISHMAN-LOBELI., J., and J. E. HABER, 1992 Removal of nonhomolo- 
gous DNA ends in double-strand  break  recombination: the role 
of the yeast nltraviolet repair  gene R A D I .  Science 258: 480-484. 

FLYBASE, 1994 The Drosophila  Genetic Database. Nucleic Acids  Res. 

FRIEDBERG, E. C., G. C. WALKER and W. SIEDE, 1995 DNA Repair and 
Mutagme.~is. ASM Press, Washington D.C. 

GAME, J. C., T. J. ZAMB, R. J. BRAWN, M.  A. RESNICK and R. M. ROTH, 
1980 The role of radiation (rad) gene  in meiotic recombination 
in yeast. Genetics 94: 51 -68. 

GOYON, C., and M. LICHTEN, 1993 The timing of molecular events 
in meiosis in Saccharomyces cerevisiae: stable heteroduplex DNA  is 
formed late in meiotic prophase. Mol. Cell. Biol.  13: 373-382. 

GRAF, U., B. VOGEI., S. BIBER and G. WURGLER, 1979 Genetic control 
of mutagen sensitivity in Drosophila  melanogaster: a new allele at 
the mei-9locus on the X-chromosome. Mutat. Res. 59: 129-133. 

HABRAKEN, Y., P. SUNG, L. PRAKASH and S. PRAKASH, 1994 Holliday 
junction cleavage by yeast Rad1 protein. Nature 371: 531-534. 

HA&, P. V.,  and J. B.  BOYD, 1980 Excision repair in Drosophzla. 

22: 3456-3458. 

Analysis  of strand breaks appearing in DNA of me-9 mutants fol- 
lowing mutagen  treatment. Biochim. Biophys.  Acta 610: 116-129. 

HAWLEY, R. S., 1988 Exchange and chromosomal  segregation in 
eucaryotes, pp. 497-527 in Genetic  Recombination, edited by  R. 
KUCHERIAPATI and G. SMITH, American Society of Microbiology, 
Washington, D.C. 

HENIKOFF, S., and J. G. HENIKOFF, 1992 Amino acid substitution 
matrices from  protein blocks. Proc. Natl. Acad. Sci. USA 89: 
10915-10919. 

HOE~IMIUCERS, J. H. J., 1993  Nucleotide excision repair I: from E. 
roli to yeast. Trends  Genet. 9: 173-177. 

HOILIDAY, R., 1964 A  mechanism  for gene conversion in fungi. 
Genet. Res. 78: 282-304. 

KLEIN, H., 1988 Different types of recombination events are con- 
trolled by the R A D 1  and RAD52 genes of Saccharomyen cereuisiar. 
Genetics 120: 967-377. 

KRAMEK,B.,W.KRAMER,M.S.WILI.IAMSON~~~S.FOGEI.,~~~~ Hetero- 
duplex DNA correction in Saccharomycec cereuisiae is mismatch 
repair specific and requires  functional PMS genes. Mol. Cell. 
Bid. 9: 4432-4440. 

LINDSLEY, D. L., and G.  G. ZIMM, 1992 Thr Gnomr of Drosophila 
melanogaster, Academic Press, San Diego. 

MESFXSON, M. M., and C. M. RAIIDING, 1975 A general  model for 
genetic recombination. Proc. Natl. Acad. Sci. USA 72: 358-361. 

NAG, D. K,  and T. D. PETES, 1993 Physical detection of hetero- 
duplexes during meiotic recombination in the yeast Saccharomyces 
cereuisiar. Mol. Cell. Bid. 13: 2324-2331. 

PFLIJ(:FEI.DER, G. O., H. SCI-IWARZ, H. ROTH, B. POECK, A. SIGI. et al., 
1990 Genetic and molecular  characterization of the optomotm- 
blind gent- locus in Drosophila  melanogaster. Genetics 126: 91-104. 

PIRROTTA, V., 1988 Vectors for  P-mediated  transformation in Dro- 
sophila, pp. 437-456 in Vectorc. A Surupy of Molecular Cloning  ver- 
tors and Thtir UWY, edited by R. I.. RODRIGIJU and D. T. DEN- 
HARDT'. Butteworths, Boston. 

PRAWSH, S., L. PRAKrLSH, W. BURKE and B.  A.  MONTEI.ONE, 1980 
Effect of the W 5 2  gene  on recombination in Sacrharomyct.Y 
cereuisiar. Genetics 94: 31-50. 

PRAKASH, S., P. SLJNG and L. PRAKASH, 1993 DNA repair genes and 
proteins of Sacchal-omyres cerevisiar. Annu. Rev. Genet. 27: 33-70. 

RAYSSKUIER, C., D. S. THALEK and M. RADMAN, 1989 The barrier  to 
recombination between Eschvrirhza coli and Salmonrlla typhimurium 
is disrupted in mismatch-repair mutants.  Nature 342: 396-401. 

RODEI., C., S. KIRCIIHOFF and  H. SCHMIDT, 1992 The  protein se- 
quence  and some intron positions are conserved between the 
switching gene s r u i l ~  of  Schizosaccaromyce.~  pombr and the human 
repair gene ERRCCZ. Nucleic Acids  Res. 20: 6347-6353. 

ROMANS, P., 1980 Gene conversion in  mpi-9, a crossover defective 
mutant in I ) .  melanogaster. Drosophila  Information Senice 55: 
130-132. 

RUBIN, G. M., and A.  C. SFRADI.IN(;, 1982 Genetic  transformation 
of Drorophila with trdnSpoSdbk element vectors. Science 218: 
348-353. 

ScHresrr., R. H., and S. PRAKASH, 1988 R A D I ,  an excision repair 
gene o f  Saccharomyces cerevisiae, is also involved in recombination. 
Mol. Cell. Bid. 8: 3619-3626. 

SCHMIDT, H., P. KAPITZA and H. GUT%, 1987 Switching genes in 
Srhi~o.~nrcharomyces pombe: their  influence on cell viability and re- 
combination. Curr.  Genet. 11: 303-308. 

SCHMIDT,  H., P. KAPITZA-FECKE, E. R. STEPHEN and H. G W L ,  1989 
Some of the swi genes of Schirosaccharomyres  pombe also  have a func- 
tion in the repair of rddidtion damage. Curr. Genet. 16: 89-94. 

SCHWACIM, A,, and N. KIXCKNER, 1994 Identification ofjoint mole- 
cules that  form frequently between homologs but rarely between 
sister chromatids during yeast meiosis. Cell 76: 51-63. 

SMOILER, D. A,, D. PETROV and D. L. HARTI., 1991 Characterization 
of bacteriophage PI library containing inserts of  Drosophila  DNA 
of 75-100 kilobase pairs. Chromosoma 100: 487-494. 

SNOW, R., 1968 Recombination in ultraviolet-sensitive strains of Sac- 
charomyces cereuisiar. Mutat. Res. 6: 409-418. 

STMI,, F. W., 1994 The Holliday junction  on its thirtieth anniver- 
sary. Genetics 138: 241-246. 

STROUMBAKIS, N. D., and P. P. TOI.IAS, 1994 RNA- and single- 
stranded DNA-binding (SSB) proteins  expressed during Drosqph- 



Drosophila mei-9 Gene 627 

ila melanogasteroogenesis: a homolog of bacterial and eukaryotic 
mitochondrial SSBs. Gene 143 171-177. 

SZOSTAK, J. W., T. L. ORR-WEAVER, R. J. ROTHSTEIN and F. W. STAHL, 
1983  The double-strand-break repair  model  for  recombination. 
Cell 3 3  25-35. 

TANAKA, K., and R. D. WOOD, 1994 Xeroderma  pigmentosum  and 
nucleotide excision repair of DNA. Trends Biochem. Sci. 19: 

THALER, D. S., M.  M.  STAHL and F. W. STAHL, 1987 Tests of the 
double-strand-break model  for Red-mediated recombination of 
the  phage  and plasmid dv. Genetics 116: 501-511. 

TOMKINSON, A. E., A. J. BARDWELL,  L. BARDWELL, N. J. TAPPE and 
E. C. FRIEDBERG, 1993 Yeast DNA repair  and recombination 
proteins  Radl  and Rad10 constitute  a single-stranded-DNA endo- 
nuclease. Nature 263: 860-862. 

VAN DUIN, M., J. DE WIT, H. ODIJK, A. WESTERVELD, A. YASUI et ab, 
1986 Molecular  characterization of the  human excision repair 
gene ERCC-1: cDNA cloning and  amino acid homology with the 
yeast DNA repair  gene RADIO. Cell 44: 913-923. 

VAN VUUREN, A. J., E. APPELDOORN, H. ODIJK, A.  YASUI, N. JASPERS et 

83-86. 

al., 1993 Evidence for a repair enzyme complex involving 
ERCCl and  complementing activities of ERCC4, ERCCll  and 
xeroderma pigmentosum group F. EMBO J. 12: 3693-2701. 

WILLIAMSON, M. S., J. C. GAME and S. FOCEL, 1987 Meiotic gene 
conversion  mutants in Saccharomyces cereuisiae. 1. Isolation and 
characterization of pml-1 and pmsl-2 Genetics 110: 609-646. 

WEST, S. C., 1995 Holliday junctions cleaved by Radl? (Correspon- 
dence).  Nature 373: 27-28. 

WHITE, J. H., K. LUSNAK and S. FOGEL, 1985 Mismatch-specific post- 
meiotic  segregation  frequency in yeast suggests a heteroduplex 
recombination intermediate. Nature 315 350-352. 

WILCOX, D.  R., and L. PRAKASH, 1981 Incision and post-incision 
steps of pyrimidine dimer removal in excisiondefective  mutants 
of Saccharomyces cerwisae. J. Bacteriol. 148: 618-623. 

YA"oTo ,  A. H., R. K. BRODBERG, S. S. BANGA, J. B.  BOYD and J. M. 
MASON, 1990 Recovery and characterization of hybrid dysgene- 
sis-induced mi-9  and mei-41 alleles of Drosophila melanogaster. Mu- 
tat. Res. 29: 17-28. 

Communicating  editor: R. E. DENEIL 


