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    Introduction 
 Gross chromosomal rearrangements (GCRs) comprise one class 

of genomic instabilities found in many cancers. GCRs include 

translocations, deletions of chromosome arms, interstitial dele-

tions, inversions, amplifi cations, chromosome end-to-end fusions, 

and aneuploidy ( Kolodner et al., 2002 ;  Lengauer, 2005 ;  Teixeira 

and Heim, 2005 ). Chromosomes from cells carrying mutations in 

cancer susceptibility genes showed a large number of GCRs, 

which suggests that GCRs could be a means to achieve the mul-

tiple mutations necessary for carcinogenesis. GCR suppression 

studies using yeast as a model organism have demonstrated 

that multiple pathways cooperate to suppress GCRs ( Myung 

et al., 2001c ;  Kolodner et al., 2002 ;  Motegi and Myung, 2007 ). 

 Homologous recombination (HR) is thought to be a vital 

pathway for suppressing GCR because it plays a crucial role in 

the repair of DNA breaks ( Myung et al., 2001a ;  Kolodner et al., 

2002 ;  Symington, 2002 ). Interestingly, in addition to a GCR 

suppression role, detailed genetic studies of HR and GCRs have 

revealed that the restrained recruitment of HR proteins can pro-

mote GCR formation ( Myung et al., 2001a ;  Motegi et al., 2006 ). 

Thus, there should be mechanisms that determine when HR 

proteins participate in appropriate DNA repair and when they 

are involved in the misrepair (i.e., GCR formation). DNA heli-

cases may be involved in such mechanisms. 

 DNA helicases/translocases melt DNA duplexes and re-

move proteins from DNA during DNA replication, HR, and 

DNA repair ( Krejci et al., 2003 ;  Veaute et al., 2003 ;  Opresko et al., 

2004 ;  Cheok et al., 2005 ). DNA helicase/translocase dysfunc-

tion is frequently associated with chromosome instability and 

carcinogenesis. For example, cancer-prone diseases such as 

Bloom, Werner, and Rothmund-Thompson syndromes are caused 

by mutations in BLM, WRN, and RTS helicases, respectively 

( Opresko et al., 2004 ;  Cheok et al., 2005 ). Their yeast homologue, 

G
ross chromosomal rearrangement (GCR) is a 

type of genomic instability associated with many 

cancers. In yeast, multiple pathways cooperate 

to suppress GCR. In a screen for genes that promote GCR, 

we identifi ed  MPH1 , which encodes a 3 �  – 5 �  DNA heli-

case. Overexpression of Mph1p in yeast results in de-

creased effi ciency of homologous recombination (HR) as 

well as delayed Rad51p recruitment to double-strand 

breaks (DSBs), which suggests that Mph1p promotes GCR 

by partially suppressing HR. A function for Mph1p in sup-

pression of HR is further supported by the observation that 

deletion of both  mph1  and  srs2  synergistically sensitize 

cells to methyl methanesulfonate-induced DNA damage. 

The GCR-promoting activity of Mph1p appears to depend 

on its interaction with replication protein A (RPA). Consis-

tent with this observation, excess Mph1p stabilizes RPA at 

DSBs. Furthermore, spontaneous RPA foci at DSBs are de-

stabilized by the  mph1  �  mutation. Therefore, Mph1p 

promotes GCR formation by partially suppressing HR, 

likely through its interaction with RPA.
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genetic interaction study suggested that Mph1p could function in 

HR ( Onge et al., 2007 ). However, more work is clearly needed to 

better defi ne Mph1 ’ s role in DNA repair. 

 Cancers are often accompanied by overexpression of multi-

ple oncogenes. Despite many studies identifying pathways that 

suppress GCR ( Kolodner et al., 2002 ;  Motegi and Myung, 2007 ), 

little is known about activation mutations that enhance GCRs. To 

discover proteins that enhance GCR when overexpressed, we 

screened a yeast overexpression library and found Mph1p. Mph1p 

enhanced GCR rates  � 4,800-fold when overexpressed compared 

with the normal level of expression. Interestingly, the high levels 

of Mph1p enhanced GCR formation through the partial inhibition 

of the Rad52p-dependent HR. GCRs caused by excess Mph1p 

are dependent on the interaction of Mph1p with replication pro-

tein A (RPA). Consistently, excess Mph1p increased RPA accu-

mulation at double strand breaks (DSBs). In contrast, the  mph1 �   
mutation caused reduction of spontaneous GCR and RPA foci 

formation. In addition, the  mph1 �   mutation enhanced MMS sen-

sitivity synergistically with the  srs2 �   mutation, which suggests 

that like Srs2p, Mph1p may function at the level of suppressing 

damage-induced Rad52p-dependent HR. Collectively, these re-

sults suggest that Mph1p promotes GCR formation by partially 

suppressing HR through its interaction with RPA. 

 Results 
 Mph1 promotes GCR 
 The  S. cerevisiae  chromosome V GCR assay has been exten-

sively used to identify genes that suppress GCRs ( Kolodner et al., 

2002 ;  Motegi and Myung, 2007 ). In contrast, only a small number 

of genes have been identifi ed as genes promoting GCR ( Myung 

et al., 2001a ;  Lengronne and Schwob, 2002 ;  Tanaka and Diffl ey, 

2002 ;  Hwang et al., 2005 ). To fi nd genes that promote GCR for-

mation, we transformed a  pif1 �   strain (RDKY4399) with yeast 

Sgs1p, suppresses GCRs ( Myung et al., 2001b ;  Schmidt et al., 

2006 ). The yeast Pif1 helicase assists in telomere maintenance 

and DNA replication ( Schulz and Zakian, 1994 ;  Ivessa et al., 

2000 ;  Zhou et al., 2000 ;  Budd et al., 2006 ) and suppresses GCR 

( Myung et al., 2001a ;  Schulz and Zakian, 1994 ). The yeast Srs2p 

helicase suppresses Rad51p - dependent HR ( Krejci et al., 2003 ; 

 Opresko et al., 2004 ) and promotes general GCR ( Motegi et al., 

2006 ). In addition, mutations in FANCM and BACH1 (also 

known as BRIP1) helicases are the cause of cancer prone pheno-

types of Fanconi anemia (FA) group M and J patients, respec-

tively ( Kennedy and D ’ Andrea, 2005 ;  Levran et al., 2005 ; 

 Meetei et al., 2005 ;  Mosedale et al., 2005 ). 

 FA is a genomic instability disorder, clinically character-

ized by congenital abnormalities, progressive bone marrow fail-

ure, and a predisposition to malignancy ( Kennedy and D ’ Andrea, 

2005 ). The FA core complex consists of 13 proteins participating 

in the DNA damage response network with BRCA1 and BRCA2. 

FANCM, a newly identifi ed component of this complex, is struc-

turally similar to the Archaeal bacterial protein Hef, which may 

process stalled replication forks ( Komori et al., 2004 ). 

 Mph1p is a putative  Saccharomyces cerevisiae  homologue 

of FANCM and has been implicated in an HR-dependent pathway 

( Schurer et al., 2004 ;  Onge et al., 2007 ). Mph1p has single-

stranded DNA-dependent ATPase, DEAH, and 3 �  – 5 �  DNA heli-

case motifs ( Prakash et al., 2005 ). Mutation in  MPH1  increases 

the forward mutation rate at the  CAN1  locus and enhances the re-

version of  trp1-289  harboring an amber mutation ( Scheller et al., 

2000 ). The  mph1 �   strain is sensitive to various DNA-damaging 

agents including methyl methanesulfonate (MMS), 4-nitroquino-

line 1-oxide, and camptothecin ( Scheller et al., 2000 ;  Schurer 

et al., 2004 ). The  mph1 �   mutation does not impair mitotic hetero-

allelic recombination. Nevertheless, it elevates spontaneous allelic 

recombination frequency in a strain carrying a mutation in another 

helicase gene,  SGS1  ( Schurer et al., 2004 ). Recently, a genome-wide 

 Figure 1.    A high level of Mph1p enhances GCR.  
(A) GCR formation caused by excess Mph1p depends 
on telomerase activity. (B) Defects in HR but not NHEJ 
enhanced GCR rates synergistically when Mph1p 
was highly expressed. The  yku70 �   mutation decreased 
the level of GCR enhancement. (C) Inactivation of HR 
with Mph1p overexpression synergistically enhanced 
GCRs. o/e, overexpression; WT, wild type.  �  (gray) 
and + (black) indicate without and with Mph1p over-
expression, respectively. The GCR rates are provided 
in Table S1 (available at http://www.jcb.org/cgi/
content/full/jcb.200711146/DC1). Rates are pre-
sented as the mean of two median values with stan-
dard deviation.   
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GCR rates to a level indistinguishable from the wild type and 

partially reduced GCR rates in  mec1 �   and  rfa1-t33  strains 

( Table I ). However, reductions of GCR rates by the  mph1 �   
mutation were not observed in other GCR mutator  mre11 �  ,  
rad27 �  , or  pif1-m2  strains ( Table I ). Therefore, Mph1p pro-

motes some pathways of GCR formation under physiological 

expression conditions. 

 Mph1p promotes GCR through partial 
suppression of HR 
 GCRs have been linked to multiple pathways, including two 

major pathways to repair DNA DSBs: HR and nonhomologous 

end joining (NHEJ;  Kolodner et al., 2002 ). To evaluate the 

effects of HR and NHEJ on GCRs induced by excess Mph1p, 

 MPH1  was overexpressed in strains defective in either HR 

( rad51 �  ) or NHEJ ( dnl4 �  ), and GCR rates were monitored. In 

contrast to similar enhancement of GCRs in the  dnl4 �   strain, 

excess Mph1p doubled GCRs in the  rad51 �   strain compared 

with the wild type ( Fig. 1 B  and Table S1). Mutations in other 

HR genes including  RAD52 ,  RAD59 , and  MRE11  or the  rfa1-
t11  mutation similarly enhanced GCRs when Mph1p was over-

expressed ( Fig. 1 C  and Table S1). Types of GCRs were 

determined in a total of 72 clones: 16 from  mre11 �  , 21 from 

 rad51 �  , 17 from  rad52 �  , and 18 from  rad59 �  . All clones had 

broken chromosomes healed by de novo telomere addition. 

Because inactivation of NHEJ did not reduce GCRs caused by 

excess Mph1p, and inactivation of HR even enhanced GCRs 

caused by excess Mph1p, neither NHEJ nor HR promote GCRs 

when Mph1p is overexpressed. Although loss of one NHEJ fac-

tor yKu70p reduced Mph1p-induced GCRs by half ( Fig. 1 B  and 

Table S1), this reduction likely refl ects an ineffi cient recruit-

ment of telomerase ( Myung et al., 2001a ;  Banerjee et al., 2006 ) 

rather than loss of the NHEJ function by the  yku70 �   mutation. 

 Interestingly, GCRs were further enhanced when Mph1p 

was overexpressed in HR-defi cient strains ( Fig. 1 C  and Table S1). 

This result indicates that HR may suppress GCRs caused by 

excess Mph1p. We thus hypothesized that Mph1p-mediated 

GCRs arise after partial suppression of HR accompanied by si-

multaneous activation of a GCR pathway by Mph1. To test this 

hypothesis, we examined the effect of excess Mph1p on the 

2 �  genomic DNA libraries and monitored GCRs of individual 

transformants by replica patch testing. We used the  pif1 �   strain 

to improve the sensitivity of the screening because the  pif1 �   
mutation synergistically increases GCR rates when it is com-

bined with almost all known mutations enhancing GCRs ( Myung 

et al., 2001a ;  Smith et al., 2004 ). 

 Approximately 1,200 individual colonies were patched as 

1  ×  1 cm squares, in duplicate. Because the mean insert size of 

this library is  � 10 kb, this number covers  � 64% of yeast genes 

according to the Clarke and Carbon formula, which calculates 

the probability of genome coverage ( Clarke and Carbon, 1976 ). 

We selected 52 putative clones and retested each of them with 

six additional patches from the original plates. Plasmids from 21 

clones still producing higher GCRs were recovered and ampli-

fi ed in  Escherichia coli  before being transformed back into 

yeast. 13 clones that reproducibly enhanced GCR after retrans-

formation were selected, and both ends of the insert from each 

plasmid were sequenced. 

 The clone that yielded the highest GCR enhancement car-

ried a plasmid with  SGN1 ,  MPH1 , and two hypothetical open 

reading frames,  YIL001w  and  YIR003w , as an insert. Sgn1p func-

tions in RNA translation and is unlikely to be linked to GCR for-

mation. Thus, we hypothesized that the GCR enhancement caused 

by this plasmid was caused by excess Mph1p. To test this hypoth-

esis, we subcloned the full-length  MPH1  gene into the multi-copy 

2 �  plasmid p42K-TEF, which expressed  MPH1  from a strong 

TEF promoter. Mph1p overexpression increased GCR rates 

nearly 5,000-fold in the wild-type strain (RDKY3615) compared 

with the vector control ( Fig. 1  and Table S1, available at http://

www.jcb.org/cgi/content/full/jcb.200711146/DC1). Rearrange-

ment structures from 20 independent clones carrying independent 

GCRs were all broken chromosomes healed by de novo telomere 

addition requiring telomerase. Consistent with this result, the in-

activation of the telomerase RNA subunit  TLC1  completely abol-

ished Mph1p-induced GCRs ( Fig. 1 A  and Table S1). 

 To address whether Mph1p promotes GCR under physio-

logical expression conditions, we chose several GCR mutator 

strains to understand whether the  mph1 �   mutation could reduce 

GCR rates enhanced by these GCR mutator mutations. The 

 mph1 �   mutation in both  rad5 �   and  rad18 �   strains reduced 

 Table I.    The  mph1 �   mutation caused different effects in GCR generated by different GCR mutator mutations  

Relevant genotype WT  mph1 �  

Strain number GCR rate 
 CAN r  – 5-FOA r 

Strain number GCR rate 
 CAN r  – 5-FOA r 

Wild type RDKY3615  3.5  ×  10  � 10  (1) YKJM1450  < 2.7  ×  10  � 10  (1)

 rad5 �  YKJM1386  9.0  ×  10  � 8  (257) YKJM3259  < 3.5  ×  10  � 10  (1)

 rad18 �  YKJM1389  7.1  ×  10  � 8  (202) YKJM3261  < 3.5  ×  10  � 10  (1)

 mec1 �  RDKY3735  4.6  ×  10  � 8  (131) YKJM2698 3.1  ×  10  � 8  (89)

 rfa1-t33 RDKY3617  4.7  ×  10  � 7  (1,342) YKJM2701 1.4  ×  10  � 7  (400)

 mre11 �  RDKY3633  2.2  ×  10  � 7  (629) YKJM2875 1.4  ×  10  � 7  (400)

 rad27 �  RDKY3630  4.4  ×  10  � 7  (1,257) YKJM2703 6.6  ×  10  � 7  (1,886)

 pif1-m2 RDKY4343  5.8  ×  10  � 8  (166) YKJM3355 8.8  ×  10  � 8  (251)

All strains are isogenic with the wild-type strain RDKY3615 ( MATa ,  ura3-52 ,  leu2 � 1 ,  trp1 � 63 ,  his3 � 200 ,  lys2 � Bgl ,  hom3-10 ,  ade2 � 1 ,  ade8 ,  hxt13::URA3 ) with 
the exception of the indicated mutations. Numbers in parentheses indicate the rate relative to the wild type. The  mec1 �   mutation has the  sml1 �   mutation to suppress 
lethality. CAN r  – 5-FOA r , canavanine- and 5-FOA – resistant. D
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 Figure 2.    Excess Mph1p down-regulates HR.  (A) High expression of Mph1p reduced mating type switching frequency using JKM161 with different 
plasmids (  Δ ho HMLalpha MATa  Δ hmr:;ADE1 ade1-100 leu2-3 , 112 lys5 trp1::hisg ura3-52 ade3::GAL-HO endonuclease his- ). (B) Excess Mph1p 
reduces the spontaneous recombination rate. (top) A schematic diagram of  his3  inverted repeat spontaneous recombination assay using M137-11B 
with different plasmids ( MAT a  can1-100 his3p::INV leu2 lys2-128 trp1 ura3 ). (bottom) A graphic presentation of spontaneous recombination rates of 
cells carrying control (Ctrl) or Mph1p overexpression (o/e) plasmids. (C) GCR enhancement by excess Mph1p was completely blocked by Rad52p 
cooverexpression. (D) Excess Mph1p slowed down Rad51p recruitment to DSB. ChIP was performed using JKM161 with different plasmids. (E) Excess 
Mph1p made cells sensitive to  �  irradiation and MMS. (F) Excess Mph1p made the  dnl4 �   strain sensitive to MMS. (G) Strains carrying both  mph1 �   
and  srs2 �   mutations showed synergistic sensitivity to MMS compared with strains carrying each single mutation. Rates are presented as the mean of 
two median values with standard deviation.   
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mating type switch recombination in a strain expressing  HO  endo-

nuclease under a galactose-inducible promoter and the intact 

donor sequence. We found that excess Mph1p substantially re-

duced the yeast mating type switch recombination ( Fig. 2 A ). 

Furthermore, spontaneous HR between inverted repeats was re-

duced when Mph1p was overexpressed ( Fig. 2 B ). Detailed 

analysis of recombination events indicates that there were no 

signifi cant differences in rates of single strand annealing or 

short-track gene conversion events; however, a signifi cant de-

crease in large-track gene conversion with crossover events was 

observed (Table S2, available at http://www.jcb.org/cgi/content/

full/jcb.200711146/DC1). Recently, the in vitro branch migra-

tion activity of FANCM, a mammalian putative Mph1p homo-

logue, was observed ( Gari et al., 2008 ). Because the branch 

migration activity reduces crossover, both Mph1p and FANCM 

could have similar activity for genomic stability. Previous studies 

described that excess Rad52p can partially offset HR defi ciency 

in certain mutants ( Firmenich et al., 1995 ). We thus measured 

GCR rates when Rad52p and Mph1p were simultaneously over-

expressed. Rad52p overexpression completely abolished the 

GCR enhancement caused by excess Mph1p ( Fig. 2 C ). The ex-

pression level of Mph1p was not affected by coover expression 

of Rad52p (unpublished data). Together, these results indicate 

that excess Mph1p partially compromises both DSB-induced 

and spontaneous HR. In further support of this idea, we observed 

slightly enhanced sensitivity of Mph1p-overexpressing cells to 

both  � -ray irradiation and MMS; we also observed the synergis-

tic increase of sensitivity to MMS in the NHEJ-defi cient  dnl4 �   
strain ( Fig. 2, E and F ). 

 We hypothesized that excess Mph1p could interfere with 

the early decision step for HR repair. To test this hypothesis, the 

kinetics of Rad51p recruitment to an induced single DSB by 

 HO  endonuclease was monitored using chromatin immuno-

precipitation (ChIP) analysis with Rad51p antibody in the pres-

ence of excess Mph1p. Excess Mph1p delayed Rad51p recruitment 

to the DSB, which implies that Mph1p indeed inhibits HR before 

or at the step of Rad51p fi lament formation ( Fig. 2 D ).  

 The Srs2p helicase removes Rad51p from single-stranded 

DNA to suppress HR repair ( Krejci et al., 2003 ;  Veaute et al., 

2003 ). Delayed recruitment of Rad51p to the DSB ( Fig. 2 D ) 

suggested that Mph1p could function at the similar step with 

Srs2p. To test this hypothesis, the sensitivity of  mph1 �  ,  srs2 �  , 
and  mph1 �  srs2 �   strains to MMS and hydroxyurea was tested. 

In support of a similar function of Srs2p and Mph1p, we ob-

served the synergistic sensitivity of the  mph1 �  srs2 �   double 

mutant strain to both DNA-damaging agents ( Fig. 2 G  and un-

published data). Interestingly, the synergistic MMS sensitivity 

was partially rescued by the  rad52 �   mutation ( Fig. 2 G ), which 

 Figure 3.    ATPase, DEAH, or helicase motifs of Mph1p are dispensable for 
GCR-promoting activity and synergistic sensitivity to MMS with the  srs2 �   
mutation.  (A) Locations of mutations used in this study. (B) The overexpres-
sion of ATPase, DEAH, or helicase mutant Mph1p proteins still showed 

strong GCR enhancement similar to what was achieved by the overexpres-
sion of wild-type Mph1p. The GCR rates are provided in Table S2 (avail-
able at http://www.jcb.org/cgi/content/full/jcb.200711146/DC1). 
(C)  �  ray and MMS sensitivities caused by excess Mph1p remain when 
mutant Mph1p proteins were overexpressed. (D) The synergistic MMS 
sensitivity by the  mph1 �   mutation in the  srs2 �   strain was rescued by the 
Mph1ps carrying a mutation in the helicase or DEAH motifs. Rates are 
presented as the mean of two median values with standard deviation.   
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suggests that in the absence of Mph1p and Srs2p, Rad52p-

dependent HR may cause cell death in the presence of MMS. 

 The ATPase, DEAH, and helicase activities 
of Mph1p is dispensable for promoting 
GCR formation 
 Mph1p has three noticeable motifs: an ATPase, a DEAH, and 

a helicase motif ( Fig. 3 A ). To determine the extent of each 

motif ’ s involvement in GCR enhancement, fi ve Mph1p mutant 

proteins, each having an inactivating point mutation in one of 

three motifs ( K113Q  mutation in the ATPase motif;  D209N ,  
E210Q , and  H212D  mutations in the DEAH motif; and the 

 Q603D  mutation in the helicase motif), were overexpressed, 

and the GCR rates were monitored. In contrast to their inabil-

ities to complement the  CAN1  locus mutator phenotype of the 

 mph1  strain ( Scheller et al., 2000 ), the overexpression of these 

mutant Mph1p proteins could enhance GCRs to a similar level 

as wild-type Mph1p ( Fig. 3 B  and Table S3, available at http://

www.jcb.org/cgi/content/full/jcb.200711146/DC1). Further-

more, overexpression of these mutant Mph1p proteins, like 

wild-type Mph1p, sensitized cells to  � -irradiation and MMS 

( Fig. 3 C ). Therefore, elevated GCR rates and DNA damage 

sensitivity do not appear to result from hyperactivation of Mph1p ’ s 

helicase or ATPase activities. 

 GCRs in the  rad5 �   strain were dependent on Mph1p 

( Table I ). To determine if GCRs promoted by Mph1p in the 

 rad5 �   strain require its ATPase or helicase functions, we mea-

sured GCRs in the  rad5 �   strain expressing various mutant Mph1p 

proteins from a single copy plasmid. The expression of mutant 

Mph1p proteins signifi cantly induced GCRs in the  rad5 �   strain 

( Table II ), although to a lesser extent than wild-type Mph1p. 

Therefore, Mph1p-dependent GCRs in the  rad5 �   strain par-

tially require Mph1p ’ s ATPase/helicase activity. 

 The  mph1 �  srs2 �   strain showed higher sensitivity to MMS 

compared with strains having either single mutation ( Fig. 2 F ). 

We examined whether such synergistic sensitivity was caused 

by defects in the DEAH or the helicase motif. The introduction 

of mutant Mph1p restored MMS resistance similar to the Mph1p 

 Table II.    Different  mph1  mutations affect differently in GCR generated by the  rad5 �   mutation  

Strain number Plasmid Mph1 GCR rate 
 CAN r  – 5-FOA r 

YKJM4810 pRS313 (HIS3) Deletion  < 3.4  ×  10  � 9  (9)

YKJM1386 None Wild type 9.0  ×  10  � 8  (257)

YKJM4808 pKJM582 (HIS3) H212D 1.4  ×  10  � 8  (40)

YKJM4806 pKJM588 (HIS3) Q603D 1.2  ×  10  � 8  (34)

YKJM4804 pKJM584 (HIS3) E210Q 1.8  ×  10  � 8  (51)

YKJM4802 pKJM586 (HIS3) D209N 1.7  ×  10  � 8  (49)

YKJM4800 pKJM590 (HIS3) K113Q 2.8  ×  10  � 8  (80)

YKJM4825 p41k-CYC (KAN) Deletion  < 2.1  ×  10  � 9  (6)

YKJM4827 pKJM781 (KAN) Wild type 6.3  ×  10  � 8  (180)

YKJM4829 pKJM937 (KAN) C �  < 1.6  ×  10  � 9  (5)

YKJM4800, 4802, 4804, 4806, 4808, and 4810 strains are isogenic ( MATa ,  ura3-52 ,  leu2 � 1 ,  trp1 � 63 ,  his3 � 200 ,  lys2 � Bgl ,  hom3-10 ,  ade2 � 1 ,  ade8 ,  hxt13::
URA3 ,  mph1::KAN ,  rad5::TRP1 ) with the exception of the plasmid expressing different Mph1 indicated in the plasmid and Mph1 columns. YKJM1386 is isogenic, 
with the exception of carrying wild-type Mph1 in the genome. YKJM4825, 4827, and 4829 strains are isogenic ( MATa ,  ura3-52 ,  leu2 � 1 ,  trp1 � 63 ,  his3 � 200 ,  
lys2 � Bgl ,  hom3-10 ,  ade2 � 1 ,  ade8 ,  hxt13::URA3 ,  mph1::TRP1 ,  rad5::HIS3 ) except for the transformed plasmid expressing Mph1 indicated in the plasmid and Mph1 
columns. Numbers in parentheses in the plasmid column indicate the marker in the plasmid used. Numbers in parentheses in the GCR rate column indicate the rate 
relative to the wild type. CAN r  – 5-FOA r , canavanine- and 5-FOA – resistant.

wild type ( Fig. 3 D ). Therefore, the loss of activities associated 

with these domains is not responsible for the hyper-MMS sen-

sitivity of  mph1 �  srs2 �  . 

 The C terminus of Mph1p interacts with 
RPA and is important for promoting GCR 
 To better understand the mechanism of Mph1p-mediated GCRs, 

yeast clones carrying a randomly mutagenized  MPH1  overexpres-

sion plasmid were screened for their ability to induce GCRs. One 

mutant clone showed almost no GCR enhancement when it was 

overexpressed in the wild type ( Fig. 4 A ). A single adenine deletion 

from the eight-adenine repeats between nucleotides 2,852 and 

2,859 of the  MPH1  gene in this mutant clone created a frame-shift 

mutation causing amino acid changes from valine-lysine to leucine-

STOP at positions 914 and 915. The mutant protein, Mph1-C �  

mutant, is 39 amino acids shorter than the wild type because of the 

premature termination codon ( Fig. 4 B ). The Mph1-C �  protein 

showed a similar expression level to wild-type Mph1 when we 

compared the expression of N-terminally Flag-tagged variants 

( Fig. 4 C , bottom left). Despite high expression, Mph1-C �  over-

expression failed to increase GCRs. Unlike wild-type Mph1p, excess 

Mph1-C �  did not interfere with mating type switch recombination 

( Fig. 2 A ) or cause MMS sensitivity ( Fig. 3 C ), and single copy ex-

pression of Mph1-C �  did not reverse the suppression of GCR in 

the  rad5 �  mph1 �   strain ( Table II ). Collectively, these data illus-

trate that the C terminus of Mph1p is required to promote GCRs. 

 The strong suppression of GCR by Rad52p cooverexpres-

sion ( Fig. 2 C ) suggests that excess Mph1p might interact with 

a protein functioning at the early stages of HR. We hypothesized 

that this interaction might be at the level of RPA, which helps 

mediate the switch to HR. To test this hypothesis, epitope-

tagged Rad51p, Rad52p, or RPA were monitored for their abil-

ity to interact with Flag-tagged Mph1p. The immunoprecipitated 

Flag-Mph1p coprecipitated RPA but did not pull down either 

Rad51p or Rad52p ( Fig. 4 C , top; and not depicted). Addition-

ally, in the reverse immunoprecipitation, RPA-GFP pulled down 

Flag-Mph1p ( Fig. 4 C , bottom). Mph1-C �  protein did not inter-

act with RPA ( Fig. 4 C ), which suggests that the loss of the 
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http://www.jcb.org/cgi/content/full/jcb.200711146/DC1). In ad-

dition, MMS-induced Rad52p foci were not affected by either 

Mph1p or Mph1- � C overexpression (Fig. S1 B). Therefore, the re-

duction of Mph1p-induced GCRs by Rad52p overexpression is not 

caused by a direct competition with Mph1p for RPA interaction. 

 DNA damage during DNA replication produces long 

RPA-coated single-stranded DNA that is visualized as foci in 

the nucleus. The interaction between Mph1p and RPA sug-

gests that Mph1p could affect loading and/or stabilizing RPA 

C terminus disrupted the interaction between RPA and Mph1. 

Thus, GCRs enhanced by excess Mph1p may be caused by a 

physical interaction between Mph1 ’ s C terminus and RPA. This 

interaction could compromise the role of RPA in DNA repair. 

 The reduction of Mph1p-induced GCRs by Rad52p over-

expression could be caused by its competition with Mph1p for 

RPA interaction. To test this, we examined interactions under 

competitive conditions. The Mph1p – RPA interaction was not per-

turbed when Rad52p was overexpressed (Fig. S1 A, available at 

 Figure 4.    The C-terminal motif of Mph1p for interaction with RPA has a critical role for GCR-promoting activity.  (A) Patch test of an  mph1 �   mutation that 
no longer produced colonies resistant to canavanine and 5-FOA that refl ected the absence of GCR. (B) Schematic demonstration of a mutation that did not 
show GCR enhancement when it was overexpressed. It was named Mph1-C �  because it translates C-terminus – truncated Mph1p. (C) Mph1p interacts with 
RPA through its C-terminal motif. Immunoprecipitation of Mph1p through its Flag tag pulled down RPA that was detected by GFP tag at its C terminus (top) 
using ATCC201388 with different plasmids (MATa  his3 Δ 1leu2 Δ 0 met15 Δ 0 ura3 Δ 0 RFA1-GFP ). Immunoprecipitation of RPA pulled down the full-length 
Mph1p (bottom). Ctrl, control plasmid; o/e, overexpression; WT wild-type plasmid. (D) The  mph1 �   mutation reduced the number of cells with spontane-
ous RPA foci that are independent of Rad51p. (top) Examples of GFP-RPA cells, ATCC201388: wild type,  mph1 �  , and  mph1 �   strain complemented by 
a plasmid expressing Mph1 ( mph1  + pMph1). (bottom) A graphic presentation of percentage of cells having spontaneous RPA foci from 100 cells from 
each strain counted. (E) Excess Mph1p enhanced RPA accumulation to DSB. ChIP of RPA at DSB with  � -Rpa1p antibody was performed as described in 
Materials and methods. (F) Mph1p accumulated at DSB. ChIP of Mph1p was performed with  � -HA antibody that recognizes the tag of Mph1p. Error bars 
represent standard deviation.   
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ture mass spectrometry using RPA as bait ( Gavin et al., 2006 ), 

and physically interacted with RPA ( Fig. 4 C ). Collectively, we 

propose that Mph1p interacts with and stabilizes RPA-coated 

single-stranded DNA, and this prevents Rad52p-mediated 

Rad51p nucleofi lament formation. This role of Mph1p is fur-

ther supported by the observation that the  mph1 �   mutation 

reduces the number of cells producing spontaneous or DNA 

damage – induced RPA foci ( Fig. 4 D  and not depicted). 

 Alternatively, it is possible that excess Mph1p could inter-

fere with RPA or Rad51p-Rad52p recruitment to DNA damage 

by scavenging them. Nevertheless, there were no physical inter-

actions between Mph1p and Rad52p or between Mph1p and 

Rad51p (unpublished data). Therefore, GCRs promoted by 

Mph1p are likely caused by the blocking of Rad51p-Rad52p 

through its interaction with RPA. 

 GCRs enhanced by excess Mph1p could be driven by the 

interference of DNA replication through its interaction with 

RPA. Even though excess Mph1p did not cause a signifi cant 

change in the proportion of cells in S phase (unpublished data), 

we cannot rule out the possibility that the Mph1p-induced GCR 

enhancement arises when excess Mph1p perturbs DNA replica-

tion in the small proportion of cells that are not detectable by 

FACS analysis. 

 The GCR-promoting activity by Mph1p is required for 

GCRs produced in strains having  rad5 �  ,  rad18 �  ,  mec1 �  , or 

 rfa1-t33  mutations under physiological conditions ( Table I ). For 

its GCR-promoting activity, Mph1p ’ s interaction with RPA 

seems to be essential; in contrast, the helicase activity of Mph1p 

is only partially required ( Table II ). The blocking of Rad51p fi la-

ment formation by Mph1p is solely dependent on its interaction 

with RPA, not its helicase activity ( Figs. 3 and 4 ). Finally, be-

cause the motif mutants of Mph1 could still rescue the MMS 

sensitivity of  mph1 �   ( Fig. 3 D ), only the loss of Mph1 ’ s GCR-

promoting activity (i.e., its interaction with RPA) results in the 

synergistic sensitivity to MMS with the  srs2 �   mutation. Thus, the 

RPA interaction seems to be essential for both the GCR-

promoting activity and the Srs2p-like repair functions of Mph1p. 

 Even though excess Mph1p increased GCRs by partially 

suppressing HR, the complete inactivation of HR does not in-

crease GCR when Mph1p is expressed in physiological condi-

tions, except the  rad52 �   mutation that also inactivates the 

break-induced replication that is important to suppress GCRs 

( Myung et al., 2001a ). Therefore, partial HR activity is neces-

sary to promote GCR, at least when Mph1p is expressed in 

physiological conditions. The requirement of partial HR activ-

ity for GCR formation is further supported by the suppression 

of GCRs in the  rad5 �   or  rad18 �   strain by the inactivation of 

HR ( Motegi et al., 2006 ). This partial HR activity could be 

required to process DNA damage to produce intermediates, pre-

sumably DSB, for GCR formation. However, such activity might 

not be required if excess Mph1p covers RPA-coated single-

stranded DNA and causes a break in the DNA. Alternatively, par-

tial HR activity might allow GCR machinery to access DNA 

damage, whereas excess Mph1p could simply overcome such a 

requirement by blocking the access of other repair proteins. 

 One unique feature of Mph1p discovered in this study is 

the demonstration of its role in suppressing HR. Even though 

on single-stranded DNA. To address this question, RPA foci 

formation was monitored in the  mph1 �   strain expressing GFP-

tagged Rpa1p. Even though we found no noticeable change in 

any phases of the cell cycle (not depicted), the number of cells 

with spontaneous RPA foci was signifi cantly reduced in the 

 mph1 �   strain ( Fig. 4 D ). Reintroduction of Mph1 via a single 

copy expression vector recovered RPA foci formation ( Fig. 4 D , 

 mph1  + pMph1). Therefore, it is likely that Mph1p stabilizes 

RPA foci formation. Alternatively, fewer cells with RPA foci in 

 mph1 �   could be caused by faster RPA turnover by effi cient HR. 

Contrary to this idea, the loss of Rad51p did not restore the RPA 

foci levels in the  mph1 �   strain ( Fig. 4 D ), and there was no no-

ticeable change in HR rate in the  mph1 �   strain (not depicted). 

 Slow recruitment of Rad51p to DSBs by excess Mph1p 

( Fig. 2 D ) and fewer cells with RPA foci in the  mph1 �   strain 

( Fig. 4 D ) suggest that Mph1p could stabilize RPA at DNA 

damage. To test this hypothesis, RPA accumulation at DSB was 

monitored by ChIP with  � -RPA antibody. Consistently, excess 

Mph1p enhanced the accumulation of RPA at DSB compared 

with controls ( Fig. 4 E ). In contrast, excess Mph1-C �  could not 

enhance the accumulation of RPA. Lastly, we tested whether 

Mph1p is recruited to DSBs to stabilize RPA. ChIP analysis 

with an  � -HA antibody that recognizes the tag of Mph1p dem-

onstrated the enrichment of Mph1p, but not Mph1-C � , at the 

DSB ( Fig. 4 F ). Therefore, Mph1p seems to interact with and 

stabilize RPA at the site of DNA damage. 

 To determine whether there is any genetic interaction be-

tween  MPH1  and  RPA , the effect of  mph1 �   was examined when 

one of three MMS-sensitive alleles of the Rpa1 subunit of RPA 

(encoded by  RFA1 ) were expressed (Figs. S2 and S3, available 

at http://www.jcb.org/cgi/content/full/jcb.200711146/DC1). 

The  rfa1-t33  did not show any genetic interaction with the 

 mph1 �   or Mph1p overexpression. The  rfa1-t11  mutation showed 

synergistic sensitivity to MMS only with the  mph1 �   mutation 

(Fig. S2). The  rfa1-t48  mutation showed a partial rescue of MMS 

sensitivity by excess Mph1p (Fig. S3). Therefore, there are clear 

genetic interactions between  MPH1  and  RPA . 

 Discussion 
 DNA damage could be repaired correctly or sometimes mis-

repaired to produce GCRs. Because of the complexity for choice 

of pathways to deal with DNA damage, cells need to have mech-

anisms to promote the most appropriate repair pathway. Our re-

sults suggest that Mph1p can promote a GCR pathway by partially 

suppressing HR. 

 Mph1p enhances GCRs by partially compromising HR 

and activating a GCR pathway ( Figs. 1 and 2 ). The suppression 

of HR by Mph1p is likely achieved by stabilizing RPA ( Fig. 4 E ) 

binding of DNA, thereby blocking Rad52p-mediated Rad51p 

nucleofi lament formation ( Fig. 2 D ). Consistent with these 

ideas, complete HR inactivation allowed excess Mph1p to pro-

mote GCR more effi ciently ( Fig. 1, B and C ). The observation 

that Rad52p overexpression, but not that of Rad51p and Rad54p, 

could reduce Mph1p-induced GCRs ( Fig. 2 C  and not depicted) 

also suggests that Mph1p suppresses HR before Rad51p recruit-

ment to the DSB. Notably, Mph1p was captured by affi nity cap-
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and  srs2 �   mutations ( Tong et al., 2004 ;  Xu et al., 2004 ). However, the 
three different S288c background strains that we used did not show syn-
thetic lethality. Strains carrying both mutations in this background showed 
a slight growth defect. 

 GCR rates and determination of rearrangement break point 
 All GCR rates were determined by fl uctuation analysis using the method of 
the median with at least two independent clones ( Lea and Coulson, 1948 ). 
The mean GCR rates from at least two or more independent experiments 
using either 5 or 11 cultures for each clone are reported as described pre-
viously ( Myung et al., 2001c ;  Smith et al., 2004 ). The rearrangement 
breakpoints from mutants carrying an independent rearrangement were 
determined and classifi ed as described previously ( Myung et al., 2001c ; 
 Smith et al., 2004 ). 

 ChIP 
 The ChIP assay was performed as described previously ( Shim et al., 2005 ), 
with some modifi cations. DSB of the log phase cells were induced by  HO  
endonuclease by the addition of galactose to a fi nal concentration of 2% 
(wt/vol). The expression of  HO  endonuclease was then repressed by the 
addition of glucose (2% fi nal concentration) after 1 h. Cells collected at 
each time point were then cross-linked with 1% formaldehyde for 30 min. 
Cells were then washed and resuspended in 5 ml of spheroplast buffer 
(18.2% sorbitol, 1% glucose, 0.2% yeast nitrogen base, 0.2% casamino 
acids, 25 mM Hepes, pH 7.4, 50 mM Tris, and 1 mM DTT) with lyticase 
(4,000 units) and incubated for 30 min at 37 ° C to generate spheroplasts. 
After washing with ice-cold PBS buffer, Hepes/Triton X-100 buffer (0.25% 
Triton X-100, 10 mM EDTA, 0.5 mM EGTA, 10 mM Hepes, pH 6.5, 0.5 
mM PMSF, 1  μ g/ml pepstatin, and 1  μ g/ml leupeptin), and Hepes/NaCl 
buffer (200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 10 mM Hepes, pH 
6.5, 0.5 mM PMSF, 1  μ g/ml pepstatin, and 1  μ g/ml leupeptin), sphero-
plasts were resuspended in 250  μ l of SDS lysis buffer (1% SDS, 10 mM 
EDTA, 50 mM Tris, pH 8.1, 0.5 mM PMSF, 1  μ g/ml pepstatin, and 1  μ g/ml 
leupeptin) and sonicated to generate a mean DNA size of 0.5 – 1 kb. 
Supernatant after centrifugation was added into 2.5 ml of immunoprecipi-
tation (IP) dilution buffer (1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris, 
pH 8.1, 167 mM NaCl, 0.5 mM PMSF, 1  μ g/ml pepstatin, and 1  μ g/ml 
leupeptin). IP was performed with 1  μ l of anti-Rad51p, Rpa1p, or HA anti-
bodies (1:5 dilution for Rad51p, provided by J. Haber [Brandeis Univer-
sity, Waltham, MA] and P. Sung [Yale University, New Haven, CT], 1:1 
dilution for Rpa1p, provided by G. Brush [Wayne State University, Detroit, 
MI], 1:1 dilution for HA antibody), and coimmunoprecipitated DNA was 
amplifi ed with primers that could bind near the MAT locus (5 � -TCCCCATC-
GTCTTGCTCT-3 �  and 5 � -GCATGGGCAGTTTACCTTTAC-3 � ) and primers 
that amplify the  ACT1  locus for control (5 � -CCAATTGCTCGAGAGATTTC-3 �  
and 5 � -CATGATACCTTGGTGTCTTG-3 � ). All samples were quantifi ed by 
real-time PCR (7500 Real Time PCR system; Applied Biosystems). PCR was 
performed in 25- μ l reactions with 1/46 of the immunoprecipitates and 
1/2,000 of input DNA, 200 nM per primer, and platinum SYBR green 
qPCR SuperMix-UDG (Invitrogen). PCR cycling was conducted at 50 ° C for 
2 min and 95 ° C for 2 min followed by 40 cycles at 95 ° C for 15 s, 55 ° C 
for 30 s, and 72 ° C for 35 s. The relative proportions of ChIPed DNA frag-
ments were calculated by the formula 2 Ct(input) /2 Ct(IP) . Ct(input) and Ct(IP) are 
the threshold cycle (Ct) values from each input sample and from each IP 
sample, respectively. 

 Random mutagenesis 
 XL1-Red competent cells (Stratagene) were used for random mutagenesis of 
 MPH1  according to the manufacturer ’ s instructions. pKJM528 was trans-
formed into XL1-Red cells, and the pools of transformed colonies were cul-
tured overnight. Plasmids isolated from bacteria grown overnight were 
directly transformed into RDKY3615, and colonies resistant to G418 were 
collected. One patch (1  ×  1 cm in size) for each colony was grown at 
30 ° C for 2 d and replica plated onto a 5-FOA – canavanine plate. After a 
3-d incubation at 30 ° C, patches that either had zero or a reduced number 
of resistant colonies (representing lower GCR) were selected. Plasmids 
were isolated from the original colony whose patch showed reduction in 
GCR and were amplifi ed in  E. coli ,  DH5 �  . Plasmids recovered from three 
independent bacterial colonies were retransformed into RDKY3615, and 
GCR reduction was confi rmed by patch testing. Plasmids were then se-
quenced to fi nd mutations that caused defects in GCR enhancement. 

 Mating type switching assay and spontaneous recombination assay 
 Homologous recombination effi ciency measured by mating type switching 
was performed as described previously ( Wu et al., 1997 ) with control or 
Mph1p overexpression plasmids. Spontaneous recombination rates were 

there are several studies that suggest that  mph1 �   is epistatic to 

mutations in HR genes ( Scheller et al., 2000 ;  Prakash et al., 

2005 ;  Onge et al., 2007 ), the  mph1 �   mutation did not change 

the HR rate (unpublished data). No change in the HR rate by the 

 mph1 �   mutation could be caused by the activation of postrepli-

cation repair by the  mph1 �   mutation ( Scheller et al., 2000 ). 

Elevated postreplication repair could bypass damaged DNA before 

HR repairs it in the  mph1 �   strain, resulting in no change of the 

HR rate. Alternatively, Srs2p could suppress HR in the absence 

of Mph1p, which is supported by synergistic sensitivity to MMS 

by  mph1 �   and  srs2 �   mutation ( Fig. 2 F ). 

 Even though Srs2p could function similarly to Mph1p to 

promote GCR ( Motegi et al., 2006 ), we did not detect GCR en-

hancement under the same expression system with Srs2p (un-

published data). This may be caused by the toxicity of Srs2p 

overexpression, which has been observed in a yeast Srs2p puri-

fi cation study ( Krejci et al., 2003 ). 

 When cells reach late S or G2 phase, telomerase activity 

is high to replicate the end of chromosome ( Marcand et al., 

2000 ). This telomerase activity seems to promote de novo telo-

mere addition – type GCRs. Excess Mph1p could augment GCRs 

from DNA damage by partially suppressing HR at the stalled 

replication forks. This sustained replication stall may lead to 

DSBs, thus providing substrates for active telomerase to carry 

out de novo telomere addition (the major type of GCR observed 

in this study). 

 Multiple choices to repair DNA lesions during DNA repli-

cation could result in different outcomes. Usually, these outcomes 

are benefi cial for cells, but sometimes they can result in harmful 

mutations. In the present study, we uncovered Mph1p as an impor-

tant decision maker between HR and GCR. The abnormal expres-

sion or mutation of  MPH1  can lead to undesirable outcomes, like 

GCRs (Mph1p overexpression) or mutations ( mph1 �  ;  Scheller 

et al., 2000 ). Mph1p ’ s putative human homologue FANCM could 

have a similar function for directing different DNA repair path-

ways. Therefore, the cancer predisposition observed in FA patients 

could be caused by erroneous repair choice. 

 Materials and methods 
 Yeast strains 
  S. cerevisiae  strains used in this study for GCR, ChIP, and mating type 
switch; spontaneous recombination assay; and RPA interaction and RPA or 
Rad51p foci assays were isogenic to the S288c background strains 
RDKY3615 ( MATa ,  ura3-52 ,  leu2 � 1 ,  trp1 � 63 ,  his3 � 200 ,  lys2-Bgl ,  hom3-10 ,  
ade2 � 1 ,  ade8 ,  hxt13::URA3 ), JKM161 (  Δ ho HMLalpha MATa  Δ hmr:;
ADE1 ade1 – 100 leu2 – 3 , 112 lys5 trp1::hisg ura3 – 52 ade3::GAL-HO 
endonuclease his- ), M137-11B ( MATa   can1-100 his3p::INV leu2 lys2-
128 trp1 ura3 ), and ATCC201388 ( MATa his3 Δ 1leu2 Δ 0 met15 Δ 0 
ura3 Δ 0 ), respectively. 

 General genetic methods 
 Conventional PCR-based gene disruption and plasmid transformation were 
used to generate strains. Yeast transformations were performed as de-
scribed previously ( Myung et al., 2001c ;  Smith et al., 2004 ). Relevant 
genotypes and plasmids are described in Table S4 (available at http://
www.jcb.org/cgi/content/full/jcb.200711146/DC1). Yeast extract pep-
tone-dextrose (YPD) and synthetic dropout media for propagating yeast 
strains and 5-fl uoroorotic acid (5-FOA) – canavanine plates containing both 
5-FOA and canavanine for selection of clones with GCR were prepared as 
described previously ( Myung et al., 2001c ;  Smith et al., 2004 ). Previously, 
global genome-wide study showed synthetic lethality between the  mph1 �   
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measured as described previously ( Aguilera and Klein, 1989 ) with control 
or Mph1p overexpression plasmids or with the mutations described. 

 Sensitivity to DNA-damaging agents 
 To detect MMS sensitivity in chronic exposure, cells in exponential phase 
were serially diluted, and 5  μ l of the cells were spotted on YPD plates and 
YPD plates with the indicated dose of MMS. To detect  � -ray sensitivity, one 
YPD plate spotted with cells was irradiated with the indicated doses of 
 � -ray radiation. After 2 – 3 d of incubation at 30 ° C, pictures were taken. To 
determine MMS sensitivity in acute exposure for  Fig. 3 D , cells in exponen-
tial phase were treated in indicated dose of MMS for 2 h, and surviving 
cells were determined by plating on YPD plates after serial dilution. Each 
colony number from a different dose of MMS treatment was normalized by 
setting the number of colonies with no treatment as 100%. 

 RPA foci formation 
 The RPA foci formation assay was performed as described previously ( Lisby 
et al., 2004 ). In brief, cells were grown in 2-ml YPD media at 30 ° C for 
overnight. 400  μ l of cell suspension was taken and grown in 10 ml syn-
thetic dropout media at 25 ° C in dark conditions. After 4 h, when cells were 
in log phase, cells were diluted in water (1:20 dilution) and washed with 
water three times. Cells were further incubated at 30 ° C with nuclear-staining 
Hoechst dye for 10 min and harvested. Cells were then resuspended in 
2 – 3  μ l of water and placed on the glass slide covered with a glass cover-
slip. The images were acquired using a DeltaVision Personal live cell sys-
tem (Applied Precision, LLC) mounted on an inverted microscope (IX-71; 
Olympus) with a UPlan-SApo 100 ×  1.4 NA oil immersion objective (Ap-
plied Precision, LLC). Each z-stacked image (fi ve optical images) was cap-
tured using a CoolSnap ES2 camera (Applied Precision, LLC) with a 0.3- μ m 
z interval. GFP-positive cells were acquired using a 528/38-nm emission 
fi lter, CFP positive cells were acquired using a 470/30-nm emission fi lter, 
and the Hoechst was collected using a 457/50-nm emission fi lter. All im-
age sets were fi rst deconvolved using Applied Precision ’ s restoration 3D 
algorithm (nonsubtractive method) in SoftWoRx version 3.6.2, then loaded 
into the Imaris 3D software package (version 5.7; Bitplane) for volume ren-
dering and spot recognition. 

 Online supplemental material 
 Fig. S1 shows that the reduced GCR by Rad52p cooverexpression was 
not caused by a direct competition of Rad52p for Mph1p interaction with 
RPA. Fig. S2 shows genetic interactions between different  rfa1  alleles and 
 mph1 �  . Fig. S3 shows genetic interactions between different  rfa1  alleles 
and Mph1p overexpression. Table S1 shows the actual GCR rates pre-
sented in  Fig. 1 . Table S2 demonstrates the reduced long track with cross-
over gene conversion by excess Mph1p. Table S3 shows the actual GCR 
rates presented in  Fig. 3 B . Table S4 shows genotypes of strains used in 
this study. Online supplemental material is available at http://www.jcb
.org/cgi/content/full/jcb.200711146/DC1. 
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