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ABSTRACT 

Several modes of eukaryotic of DNA double strand 
break repair (DSBR) depend on synapsis of comple- 
mentary DNA. The Rad51 ATPase, the S. cerevisiae 
homolog of E. coli RecA, plays a key role in this 
process by catalyzing homology searching and strand 
exchange between an invading DNA strand and a 
repair template (e.g. sister chromatid or homologous 
chromosome). Synthesis dependent strand annealing 
(SDSA), a mode of DSBR, requires Rad51. Another 
repair enzyme, the Rad1-Rad10 endonuclease, acts in 
the final stages of SDSA, hydrolyzing 3 overhanging 
single-stranded DNA. Here we show in vivo by fluo- 
rescence microscopy that the ATP binding function of 
yeast Rad51 is required to recruit Rad10 SDSA sites 
indicating that Rad51 pre-synaptic filament forma- 
tion must occur prior to the recruitment of Rad1- 
Rad10. Our data also show that Rad51 ATPase activ- 
ity, an important step in Rad51 filament disassembly, 
is not absolutely required in order to recruit Rad1- 
Rad10 to DSB sites.  
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1. INTRODUCTION 

DNA double strand breaks (DSB) occur when both sugar 
phosphate backbones of the DNA double helix are seve- 
red. They may be instigated by both exogenous agents 
(e.g. ionizing radiation) and endogenous by-products of 
normal cellular metabolism (e.g. hydroxyl radicals) [1]. 
If left unrepaired prior to cellular replication, a single 
DSB can result in permanent loss of genetic material and 
can even cause death of the organism [1]. DSBR path- 

ways are thus among the most essential of the repair 
pathways, as evidenced by the myriad repair pathways 
exhibiting redundant function [1-3].  

In S. cerevisiae, DSB that occur during cell division 
can be repaired by a mode of homologous recombination 
(HR) known as synthesis-dependent strand annealing 
(SDSA). This process begins with 5  3 resection of 
regions flanking the DSB and invasion of a resultant 3 
overhanging end into a sister chromatid or homologous 
chromosome (i.e. “strand invasion”). Strand invasion and 
subsequent identification of homologous DNA (i.e. 
“homology searching”) are facilitated by RPA, Rad51 
and Rad52 [4-7]. Rad51 forms a helical, filamentous 
multimer (i.e. “pre-synaptic filament”) surrounding the 
single-stranded portion of the resected chromosome in a 
process requiring ATP. The pre-synaptic filament cou- 
ples to the sister chromatid or homologous chromosome 
and moves distally until homologous DNA has been lo- 
cated. Once complementary DNA is found, a confor- 
mational change occurs that enables hybridization of 
homologous regions (i.e. synapsis). Template-directed 
DNA synthesis commences from the 3 end of the 
invading strand catalyzed by DNA Polymerase δ (i.e. 
post-synapsis) [1,8]. The nascent DNA then dissociates 
from the template and reanneals with the resected end at 
the break site in a process that is promoted by Rad52 [9]. 
The reannealing process may leave a 3 DNA over- 
hanging flap which must be removed prior to the ligation. 
This flap is hydrolyzed by the structure-specific Rad1- 
Rad10 endonuclease in a process that also requires the 
Msh2-Msh3 complex from the mismatch repair path- 
way [10-13]. The result is a repaired segment of DNA 
identical in sequence to that found on the original, un- 
broken chromosome. 

Our previous work showed that deletion of RAD51 
abrogates Rad1-Rad10 recruitment to SDSA sites in S. 
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cerevisiae [14]. The mechanism by which Rad51 is 
required for Rad1-Rad10 recruitment, however, remains 
unknown. It has previously been shown that Rad51 binds 
ATP to form the pre-synaptic filament, and hydrolyzes 
ATP to catalyze filament dissociation following homolo- 
gy searching. In the absence of ATP, the Rad51 filament 
rapidly dissociates from DNA [3,15,16]. The extent to 
which Rad51 filament formation and dissociation are 
carried out in advance of recruitment of downstream pro- 
cessing factors remains an open question. Our previous 
study shed light on the temporal overlap of Rad51 and 
Rad1-Rad10 by showing in vivo that a significant pro- 
portion of SDSA sites are occupied simultaneously by 
Rad51 and Rad10. Herein we use a fluorescence micro- 
scopy assay to investigate whether Rad51 ATP binding, 
hydrolysis or both are required to recruit Rad1-Rad10 to 
sites of SDSA.  

2. MATERIALS AND METHODS 

2.1. Preparation of Yeast Strains Containing the 
DSB Induction System and rad51K191A or 
rad51K191R 

S. cerevisiae strains containing the required genetic 
markers were prepared by genetic crosses using standard 
procedures. Parent strain PF027-34D (Table 1) was  

transformed with plasmid pWJ554 [17] and crossed with 
strains LSY0983 and LSY0979 to produce strains 
PF075-8B and PF073-10D, respectively. 

2.2. Preparation of a Yeast Strain Containing 
DSB Induction System and rad2　 

A rad2 transplacement knockout DNA cassette was 
prepared by PCR amplification of a segment of chromo- 
somal DNA from a diploid hybrid of the SX46a and 
BJ1991 strains, WS9091. The primers used were Rad2- 
F1 5-CCTACGATACTTTATGGCTTTGGCTC-3 and 
Rad2-B16 5-GCCATAGCAAGAGCGTTTGTG-3,  
which corresponded to the regions immediately 5 and 3 
of the rad2::TRP1 knockout cassette. This PCR prod- 
uct was ligated into the pGEM-T-easy vector (Promega 
Corporation) using manufacturer’s instructions. Appro- 
ximately 40 µg of the resulting plasmid was linearized 
(EcoRI, Invitrogen) and transformed into W303-1A yeast 
using standard procedures. Transformants were selected 
on SC-Trp agar, and the presence of the deletion cassette 
was verified by PCR. The resulting rad2 strain (PF094) 
was crossed to strain PF027-34D using standard methods 
to produce strain PF099-31A that was used in fluores- 
cence microscopy experiments. Strain PF094 was used in 
UV survival experiments. 

 
Table 1. Strains used in this study. 

Strain Namea. Genotype Where published 

W303-1A MATa ade2-1 lys2 trp1-1 can1-100 his 3-11,15 leu2-3,112 ura3-1 rad5-535 [20] 

W1588-4C MATa ade2-1 lys2 trp1-1 can1-100 his 3-11,15 leu2-3,112 ura3-1 [21] 

PF025-7A 
MATa ade2-1 LYS2 trp1-1 can1-100 his 3-11,15 leu2-3,112 ura3-1 TetR-mRFP (iYGL119W) 

URA3::tetOx224(iYER187W) I-SceI (iYER186C) Rad10-YFP 
[14] 

PF027-34D 
MAT:HIS3 ade2-1 LYS2 trp1-1 can1-100 his 3-11,15 leu2-3,112 ura3-1 TetR-mRFP (iYGL119W) 

URA3::tetOx224(iYER187W) I-SceI (iYER186C) Rad10-YFP 
This manuscript 

LSY0983 MATa ade2-1 LYS2 trp1-1 can1-100 his 3-11,15 leu2-3,112 ura3-1 rad51-K191A [22] 

LSY0979 MATa ade2-1 LYS2 trp1-1 can1-100 his 3-11,15 leu2-3,112 ura3-1 rad51-K191R [22] 

PF030-49A 
MATa ade2-1 LYS2 TRP1 can1-100 his 3-11,15 leu2-3,112 ura3-1 TetR-mRFP (iYGL119W) 

URA3::tetOx224(iYER187W) I-SceI (iYER186C) Rad10-YFP rad51 
[14] 

PF073-10D 
MATa ade2-1 LYS2 trp1-1 can1-100 his 3-11,15 leu2-3,112 ura3-1 TetR-mRFP (iYGL119W) 

URA3::tetOx224(iYER187W) I-SceI (iYER186C) Rad10-YFP rad51K191R 
This manuscript 

PF075-8B 
MATa ade2-1 LYS2 trp1-1 can1-100 his 3-11,15 leu2-3,112 ura3-1 TetR-mRFP (iYGL119W) 

URA3::tetOx224(iYER187W) I-SceI (iYER186C) Rad10-YFP rad51K191A 
This manuscript 

WS9091 
MATa/MAT ADE2/ade2-1 trp1/trp1-289 HIS3/his3-532 LEU2/leu2 ura3-52/ura3-52 

PRB1/prb1-1122 PEP4/pep4-3 GAL2/gal2 rad2∆::TRP1/ rad2∆::TRP1 
Gift from laboratory 
of Errol C. Friedberg

PF094 MATa ade2-1 lys2 trp1-1 can1-100 his3-11,15 leu2-3,112 ura3-1 rad2Δ::TRP1 This manuscript 

PF099-31A 
MATa ade2-1 LYS2 trp1-1 can1-100 his 3-11,15 leu2-3,112 ura3-1 TetR-mRFP (iYGL119W) 

URA3::tetOx224(iYER187W) I-SceI (iYER186C) Rad10-YFP rad2Δ::TRP1 
This manuscript 

PF032-1D MATa lys2 trp1-1 can1-100 his 3-11,15 leu2-3,112 ura3-1 rad14::LEU2 [23] 

aAll strains in this study are haploid and derivatives of W303-1A and W303-1B [20] except WS9091 which is a diploid hybrid of SX46a and BJ1991 (see 
aterials and Methods). Additionally, all strains are wild-type for the ADE2 and RAD5 genes unless otherwise noted. M  
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2.3. General Microscopy  

Microscopy was performed on a Zeiss AxioImager M1 
microscope with a Plan-Apochromat 100×, 1.46 nume- 
rical aperture (NA) objective oil immersion lens, a mo- 
torized Z-drive and automated shutters. The fluorescent 
light source was an X-Cite 120 IRIS Fluorescent Light 
Source. Images were captured with a Hamamatsu ORCA- 
ER digital camera (CA4742-80-12AG). For 11-slice Z- 
stacks, images at different focal planes through the entire 
thickness of the cells were captured at 0.3 mm intervals 
along the Z-axis (a Z-stack); for 3-slice Z-stacks images 
were also captured at 0.3 mm intervals but only imaging 
the 3 slices bounding the center focal plane of the cell. 
Filter sets employed were Yellow GFP, Chroma # 41028, 
(ex = 500/20, dichroic = 515, em = 535/30), CFP, Chro- 
ma # 31044V2 (ex = 436/20, dichroic = 455, em = 480/40) 
and NAR/EX DsRed, Chroma # 41035, (ex = 546/11, 
dichroic = 560, em = 605/75). Integration time for image 
acquisition was 800 ms for Rad10-YFP and 400 ms for 
TetR-RFP. Microscope and camera were controlled by 
the Volocity software package (Improvision v3.7.0 for 
the Zeiss). Foci were counted by inspecting images from 
each focal plane of the Z-stack and contrast enhanced as 
previously described [14]. Images were prepared for 
publication using the Adobe Photoshop and Adobe Illus- 
trator software packages (Adobe Systems, Mountain 
View, CA). 

2.4. Induction of DSB by I-SceI 

Strains for DSB induction experiments bear chromo- 
somally integrated copies of the Tetracycline repressor 
protein (TetR) fused to RFP (TetR-RFP) and 224 copies 
of the Tetracycline operator (tetO) repressor binding site 
abutted with one copy of the I-SceI cut site at the iYER- 
186 intergenic region on chromosome V as described 
[18]. The site is cut by the I-SceI endonuclease with 60% - 
70% efficiency in asynchronously growing cells [18,19]. 
The strains used in I-SceI DSB induction experiments 
were PF025-7A, PF030-49A, PF073-10D, PF075-8B and 
PF099-31A.  

Cultures for microscopy experiments were initially 
propagated in SC medium supplemented with 200 mg/mL 
adenine (SC + ade) at 23˚C. Strains were then trans- 
formed with plasmid pWJ1320, containing the I-SceI 
gene under control of the GAL1 promoter and an ADE2 
selectable marker as described [24]. Colonies were iso- 
lated from Synthetic Complete agar lacking adenine, to 
ensure the presence of the pWJ1320 plasmid, and con- 
taining 2% raffinose (SC – ade + raff) to suppress I-SceI 
expression. Liquid cultures for DSB induction experi- 
ments were then propagated in SC – ade + raff at 23˚C 
overnight. Cultures were diluted to 0.1 OD600 and incu- 
bated for 3 h to allow cells to return to log phase growth. 

At that point, half of the culture was incubated in the 
presence of galactose (final concentration of 2%) and the 
other half was allowed to grow untreated (i.e. unin- 
duced controls). Following growth for an additional 4 h, 
cells were processed for microscopy by brief, gentle cen- 
trifugation (1 min, 7000 rpm) to concentrate cells from 1 
mL of culture into a small volume followed by mounting 
of the cell concentrates on microscope slides by mixing 
aliquots (1 L) with an equal volume of mounting me- 
dium (SC + ade + 2% low melting agarose, 42˚C) as de- 
scribed previously [14]. 

2.5. Figure Preparation and Statistical Analyses 

At least 2 independent trials were carried out for each 
experiment and at least 100 cells were examined and 
counted for each condition. The data were analyzed and 
graphs were prepared using Prism 6 for Mac OS X 
(GraphPad Software). The mean and standard deviation 
were calculated, and an unpaired two-tailed Student’s 
t-test was used to compare the mean colocalized focus 
percentages between different strains statistically (e.g. 
focus induction following enzyme induction in a RAD51 
strain compared to a rad51-K191R strain). P < 0.05 was 
set as the cut-off value for significance in all experi- 
ments. 

2.6. UV Survival Studies  

UV survival experiments were carried out in duplicate by 
standard methods [14]. The strains used were W1588-4C 
(RAD2 RAD14), PF094 (rad2 RAD14) and PF032-1D 
(RAD2 rad14). Briefly, cultures of cells were grown to 
mid-log phase (OD600 = 0.5) and cell densities counted 
using a hemocytometer. Appropriate dilutions of mid-log 
cultures were made onto YPD plates and cells distributed 
evenly on plate surfaces. Plates were incubated (30˚C, 1 h) 
to allow plating liquid to soak into plates and dry. Plates 
were irradiated with a germicidal UV-C lamp at the ap- 
propriate dosage (0 - 40 J/m2), wrapped in aluminum foil 
prior to exposure to room light and incubated (30˚C, 2 
days). Colonies were counted and compared to unirradi- 
ated control plates to determine the fraction surviving. 

3. RESULTS 

We set out to determine the extent to which Rad51 ATP 
binding, hydrolysis or both are required for recruitment 
of the Rad1-Rad10 complex to DSB sites in SDSA. To 
do so, we prepared a panel of RAD51 mutant S. cere- 
visiae strains chromosomally expressing Rad10 labeled 
with yellow fluorescent protein (Rad10-YFP), and a ga- 
lactose-inducible, red-fluorescent-protein-labeled DSB 
site (DSB-RFP). The following alleles were used: 
RAD51 deletion (rad51), point mutant Lys191Ala 
(rad51K191A, deficient in ATP binding), or point mutant 
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Lys191Arg (rad51K191R, binds ATP but hydrolyzes 
extremely poorly exhibiting <5% residual ATPase ac- 
tivity) [25]. The inducible DSB site in these strains is not 
flanked by DNA repeats, and thus is repaired by SDSA 
and not single strand annealing (SSA) [14]. Addition of 
galactose derepresses the promoter of plasmid-encoded 
I-SceI gene (Figure 1(a)). I-SceI-induced DSB are situ- 
ated proximal to numerous TetR-RFP binding elements, 
which labels the DSB site with a red fluorescent focus 
(DSB-RFP) (Figure 1(a)). An example of fluorescent 
images containing a colocalized Rad10-YFP/ DSB-RFP 
focus is shown (Figure 1(b)).  

Examining cells in all phases of cell cycle, the data  
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TetR-RFP 
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       of chromosome V  
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DIC RFP YFP Merge
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Figure 1. (a) Scheme showing experimental design. The I-SceI 
gene is introduced to the cells on an adenine selectable (ADE2) 
plasmid under the control of the galactose-inducible (GAL1) 
promoter. When propagated in medium containing raffinose, 
the GAL1 promoter is repressed; upon addition of galactose, the 
I-SceI gene is derepressed. A single I-SceI recognition sequen- 
ce is installed within an intergenic region (iYER186C) of the S. 
cerevisiae chromosome V. This I-SceI recognition site lies ad- 
jacent to 224 tandem copies of the Tet Repressor Protein bind- 
ing site (224 × tetO). The TetR gene fused to monomeric Red 
Fluorescent Protein (TetR-RFP) is constitutively expressed 
from an intergenic region on chromosome VII (iYGL119W). 
TetR-RFP binds to the array of 224 Tet repressor binding sites, 
thereby labeling the site of the induced DSB (DSB-RFP). (b) 
Example of a Rad10-YFP focus colocalized with TetR-RFP 
(DSB-RFP) focus (arrows). Fluorescence and DIC images are 
shown for strain PF025-7A transformed with plasmid pWJ1320 
in the presence of galactose. 

show that Rad10-YFP/DSB-RFP colocalization increases 
24-fold in DSB induced (i.e. galactose-treated) samples 
over uninduced controls (mean 1.2% uninduced vs 28% 
induced) in a RAD51 strain (Figure 2(a)). In contrast, the 
rad51 cells exhibit only background levels of colo- 
calization in response to DSB induction, with a 1.8-fold 
induction (mean 1.8% uninduced vs 3.2% induced) 
(Figure 2(a)). The rad51K191A mutant gave similar re- 
sults to rad51, exhibiting only a 1.5-fold induction 
(mean 1.7% uninduced vs 2.5% induced) indicating that 
the ATP binding activity of Rad51, and therefore forma- 
tion of the Rad51 nucleoprotein filament, is necessary  

 

 
(a) 

 
(b) 

Figure 2. Rad10-YFP/DSB-RFP colocalized foci are not indu- 
ced in rad51K191A cells but are partially induced in rad51K- 
191R cells in response to DNA DSBs. White bars show results 
from uninduced control cells. Gray bars show results from cells 
induced with galactose. Diagonal hatched bars, RAD51 strain 
(PF025-7A); checked bars, rad51 strain (PF030-49A); bric- 
ked bars, rad51K191A strain (PF075-8B); stippled bars, rad51K- 
191R strain (PF073-10D). Mean values are shown and error 
bars indicate the standard deviation of three independent ex- 
periments in each of which at least 100 cells were counted and 
classified. Unpaired, two-tailed T-tests were performed. “**” 
indicates 0.001 < P < 0.01; *indicates 0.01 < P < 0.05; n.s. 
indicates P values > 0.05. (a) Results from all cells without 
regard to phase of cell cycle. (b) Results from RAD51, rad51 
and rad51K191R following galactose induction and organized 
by cell cycle phase. 
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for the recruitment of Rad10 (Figure 2(a)). This result 
was not unexpected since Rad51 nucleoprotein filament 
formation, homology searching, strand exchange and 3 
extension of the broken chromosome presumably are 
required to create the DNA flap subsequently cleaved by 
Rad1-Rad10.  

Interestingly, the ATPase-deficient rad51K191R mu- 
tant revealed an intermediate phenotype, exhibiting a 4.6 
fold induction of Rad10-YFP/DSB-RFP colocalization 
(mean 2.4% uninduced vs 11% induced) (Figure 2(a)). 
Although the magnitude of this induction was not as ro- 
bust as that observed in the RAD51 strain, it was statistic- 
cally significant (P = 0.0040) (Figure 2(a)) when com- 
pared to rad51Δ cells. Together, these data indicate that, 
although the ATP binding activity of Rad51 is crucial to 
downstream recruitment of Rad10, the ATP hydrolysis 
activity is not absolutely required. 

When results were further analyzed with respect to 
cell cycle, induction of Rad10-YFP/DSB-RFP colocali- 
zation was found almost entirely in dividing cells. In S 
phase or G2 phase (S/G2) cells, RAD51 and rad51K191R 
strains treated with galactose were found to have colo- 
calized foci in 46% and 19% of cells, respectively, a sta- 
tistically significant difference (P = 0.0032). In contrast, 
G1 phase cells exhibited 8.4 % and 1.7 %, respectively, a 
non-significant difference (P = 0.087) (Figure 2(b)). In 
rad51 both S/G2 and G1 cells exhibited only back- 
ground levels of YFP/RFP colocalized foci (mean 2.9% 
and 3.6%, respectively) (Figure 2(b)). These data indi- 
cate that SDSA in haploid yeast proceeds in the presence 
of a sister chromatid, which is only available for tem- 
plate repair during S/G2 and early in M phase. 

The Rad1-Rad10 endonuclease plays a central role in 
another repair pathway, nucleotide excision repair (NER). 
To ensure that the observed Rad10-YFP/DSB-RFP foci 
corresponded to sites of DSBR and not sites of NER, we 
carried out DSB induction experiments in an NER-null 
mutant (i.e. RAD2 deletion mutant, rad2). Comparing 
strains harboring either the RAD2 or rad2 or alleles, we 
observed no statistically significant difference (P = 0.75) 
in Rad10-YFP recruitment to DSB-RFP sites in response 
to DSB induction, observing 12-fold and 16-fold induc- 
tion of YFP/RFP colocalized foci in the RAD2 RAD51 
and rad2 RAD51 strains, respectively (Figure 3(a)). As 
expected, a strain harboring the rad51 allele exhibited 
only 3.0-fold induction (Figure 3(a)). 

To confirm that the rad2 strain was truly NER-null, 
we performed a UV sensitivity assay. Indeed, cells har- 
boring the rad2 allele exhibit UV sensitivity compara- 
ble to another NER-deficient strain (rad14) (Figure 
3(b)). We thus conclude that Rad10-YFP recruitment to 
DSB-RFP sites in response to DSB induction corre- 
sponds to Rad1-Rad10 recruitment to sites of DSBR and 
not NER. 

 
(a) 

 
(b) 

Figure 3. Rad10-YFP/DSB-RFP colocalized 
focus induction is not altered in an NER- 
deficient rad2 strain. (a) White bars show 
results from uninduced control cells. Gray 
bars show results from cells induced with 
galactose. Bars with wide diagonal hatches, 
RAD51 strain (PF025-7A); checked bars, 
rad51 strain (PF030-49A); bars with narrow 
diagonal hatches, rad2 (PF099-31A). Mean 
values are shown and error bars indicate the 
standard deviation from two independent ex- 
periments in each of which at least 100 cells 
in all phases of the cell cycle were counted 
and classified. Unpaired two-tailed T-tests 
were performed. *indicates 0.01 < P < 0.05; 
n.s. indicates P values > 0.05. (b) UV survival 
experiment showing that the rad2 strain 
exhibits similar UV sensitivity to a rad14 
strain. Yeast strains W1588-4C (wild-type), 
PF032-1D (rad14) and PF094 (rad2) were 
cultured to log phase in YPD, diluted into 
water, plated on YPD agar and irradiated with 
UV-C according to standard methods. Irradi- 
ated plates were incubated in the dark 2 days 
and colonies of surviving cells counted. Mean 
values are shown and error bars indicate the 
standard deviation from three independent 
experiments. 
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4. DISCUSSION 

The timing and order of the individual steps in SDSA are 
carefully orchestrated. Although Rad1-Rad10 and Rad51 
have not been shown to form a direct physical complex, 
Rad51 binds Rad52 directly, and through this interaction 
forms a multiprotein complex involving Saw1 and Rad1 
[7,26]. The point in the repair process when Rad1- 
Rad10 is recruited to the repair site has not been identi- 
fied, except insofar as Rad10 presence at the SDSA site 
temporally overlaps with the presence of both Rad51 and 
Rad52 [14]. We set out to determine whether Rad1- 
Rad10 recruitment may occur very early during repair, 
perhaps as early as Rad51 pre-synaptic filament forma- 
tion. Since ATP binding of Rad51 is prerequisite to fila- 
ment formation, we examined the ATP binding-deficient 
rad51K191A mutant and found Rad10 recruitment was 
completely abrogated, indicating that initiation of fila- 
ment formation is indeed required for Rad1-Rad10 re- 
cruitment. Likewise, we tested whether ATP hydrolysis 
was required for Rad10 recruitment by employing the 
ATP binding-proficient, ATP hydrolysis-deficient rad51- 
K191R mutant. We observed an intermediate phenotype 
in which recruitment of Rad10 was occurring, but at 
lower levels than those observed in the RAD51 wild-type 
strain. An illustration depicting our model explaining the 
possible molecular basis for these results and role of ac- 
cessory proteins in displacing Rad51 is shown (Figure 
4).  

Given that Rad51 ATPase activity plays a central role 
in Rad51 filament disassembly, our experimental obser- 
vations indicate that failure of Rad51 to catalyze its own 
dissociation significantly diminishes or delays the down- 
stream steps of SDSA. This result seems to contradict 
prior studies which indicated that Rad51 and Rad1- 
Rad10 can be found at a DSB site at the same time [14]. 
Several mechanistic possibilities may be able to recon- 
cile this potential contradiction. In one possible scenario, 
filament dissociation from the overhanging flap may 
initiate and proceed in the 3  5 direction and the lib- 
erated flap may become reannealed to the broken chro- 
mosome prior to complete removal of the Rad51 fila- 
ment. This mechanism would display a requirement for 
some measure of Rad51 removal (normally catalyzed by 
Rad51-ATPase activity) but also, ostensibly could result 
in a period of time between 3 flap hydrolysis by Rad1- 
Rad10 and dissociation of the final Rad51 molecule from 
the repair site, thereby explaining earlier observations of 
temporal overlap between Rad51 and Rad1-Rad10 oc- 
cupancies at repair sites [14]. In support of this model, in 
a study by Antony et al., in vitro dissociation of Rad51 
filaments was found to occur distal to the 5 end of the 
nucleoprotein filament [15]. Rad1-Rad10 recruitment 
may thus require only partial dissociation of Rad51 fila- 
ments. In another possible scenario, following DNA  
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Figure 4. Model for Rad1-Rad10 recruitment to sites 
of SDSA in the presence of rad51K191R. (a) In 
wild-type cells, I-SceI-induced strand breaks (1) are 
resected (2) to give 3 singlestranded regions. ATP- 
bound Rad51 (blue boxes) is recruited to form the 
presynaptic (3) and synaptic filaments (4), along with 
Rad52 (not shown). The invading strand is copied by 
DNA polymerase (4 and 5) templated from homolo- 
gous base pairing on the sister chromatid (shown in 
red). After DNA synthesis, Rad51 hydrolyzes the 
bound ATP (6, distorted blue boxes) and rapidly 
dissociates. The newly synthesized strand anneals 
with the broken chromosome (7). Overlap between 
the newly annealed strands is removed by Rad1- 
Rad10 (7, yellow box), leading to ligation of the nick 
(8) and gap filling of the opposite strand (9). (b) In 
the rad51K191R strain, the initial steps of SDSA (10 
- 14) are similar to wild-type. Following new DNA 
synthesis, however, Rad51-K191R protein cannot 
hydrolyze ATP and dissociates very slowly from the 
synapse (15). Other factors, possibly helicases (16, 
green triangle) may stimulate Rad51-K191R displa- 
cement by unwinding the newly synthesized DNA 
and liberating it so can anneal with the broken chro- 
mosome and be trimmed by Rad1-Rad10 (17, yellow 
box). The combination of slow spontaneous disso- 
ciation by Rad51-K191R and accessory factor dis- 
placement (if any) result in a lowered ability to 
recruit Rad1-Rad10. 
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strand invasion and synthesis using the sister chromatid 
as a template, the nascent strand may re-invade the 
original chromatid, forming a Holliday Junction, as has 
been proposed [27]. Subsequent resolution of this struc- 
ture can involve Rad1-Rad10. If some measure of dis- 
sociation of Rad51 filaments must occur before the 
Holliday Junction is resolved, such a mechanism would 
explain both the previously observed temporal overlap of 
Rad51 and Rad1-Rad10 at repair sites, as well as the 
defect we observed in the Rad51-K191R mutant in the 
present study. 

A study by Fung et al. showed that the Rad51-K191R 
protein is defective in presynaptic filament formation in 
response to ionizing radiation [28]. In light of this data, it 
may seem that the observed attenuated, but not ablated, 
recruitment of Rad1-Rad10 to DSB sites in the presence 
of Rad51-K191R may be due to delayed kinetics of 
nucleoprotein filament formation rather than disrupted 
filament disassembly. Close inspection of data from that 
study, however, reveals that the defect in presynaptic 
filament formation occurs only up to 2 hours after in- 
duction of DNA damage. At 3 or more hours after DNA 
damage induction (a similar time point to that examined 
in our study), more Rad51-K191R is found to be bound 
to DNA compared to wild-type Rad51. So, although the 
kinetics of Rad51-K191R filament formation may be 
altered very early in the damage response, several hours 
after damage induction, the principal defect of Rad51- 
K191R is in filament disassembly. 

If Rad1-Rad10 recruitment can occur in the absence of 
Rad51 ATPase catalyzed auto-dissociation, as our data 
suggest, then accessory factors, such as repair helicases, 
may be involved in removal or regulation of Rad51. One 
such helicase, Srs2, blocks Rad51-mediated S phase re- 
combination and also inhibits Rad51-induced release 
from cell cycle checkpoint arrest. Srs2 has been shown to 
clear Rad51 filaments by binding Rad51 and allos- 
terically triggering ATP hydrolysis [15]. It therefore 
seems unlikely that the modest Rad10 recruitment ob- 
served in rad51K191R experiments is due to Srs2 disso- 
lution of filaments containing rad51K191R mutant pro- 
teins. Another helicase, Sgs1, regulates chromosome 
synapsis and may directly induce dissociation of pre- 
synaptic filaments [29-34]. Experiments in strains har- 
boring Srs2 or Sgs1 deletions may shed light on the me- 
chanism by which Rad51 participates in the recruitment 
of Rad1-Rad10. 

We believe that spontaneous dissociation of Rad51- 
K191R (as opposed to helicase-mediated dissociation) 
does not contribute significantly to Rad10 recruitment to 
SDSA sites in rad51K191R cells. Experiments addres- 
sing the spontaneous dissociation of Rad51 filaments in 
vitro show that Rad51 dissociates from single-stranded 
DNA very slowly in the absence of ATP [15]. Further- 

more, in our study, Rad10-YFP focus formation at SDSA 
sites in the rad51K191R strain amounted to approxi- 
mately 20% that which we observed in the RAD51 strain 
(4.6-fold vs 24-fold, respectively), even though the resi- 
dual ATP hydrolysis activity of Rad51-K191R has pre- 
viously been shown to be less than 5% that of Rad51 
[25]. Figure 4 illustrates our model—partial dissociation 
of Rad51, facilitated by other repair factors such as 
helicases, induces recruitment of Rad10 to SDSA sites. 
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