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ABSTRACT

Double strand DNA break repair (DSBR) comprises
multiple pathways. A subset of DSBR pathways, in-
cluding single strand annealing, involve intermedi-
ates with 3’ non-homologous tails that must be re-
moved to complete repair. In Saccharomyces cere-
visiae, Rad1-Rad10 is the structure-specific endonu-
clease that cleaves the tails in 3’ non-homologous
tail removal (3’ NHTR). Rad1-Rad10 is also an es-
sential component of the nucleotide excision repair
(NER) pathway. In both cases, Rad1-Rad10 requires
protein partners for recruitment to the relevant DNA
intermediate. Msh2-Msh3 and Saw1 recruit Rad1-
Rad10 in 3 NHTR; Rad14 recruits Rad1—-Rad10 in
NER. We created two rad1 separation-of-function al-
leles, rad1R203A,K205A and rad1R218A; both are de-
fective in 3 NHTR but functional in NER. In vitro,
rad1R203A,K205A was impaired at multiple steps in
3’ NHTR. The rad1R218A in vivo phenotype resem-
bles that of msh2- or msh3-deleted cells; recruit-
ment of rad1R218A-Rad10 to recombination interme-
diates is defective. Interactions among rad1R218A-
Rad10 and Msh2-Msh3 and Saw1 are altered and
rad1R218A-Rad10 interactions with RPA are com-
promised. We propose a model in which Rad1-Rad10
is recruited and positioned at the recombination in-

termediate through interactions, between Saw1 and
DNA, Rad1-Rad10 and Msh2-Msh3, Saw1 and Msh2-
Msh3 and Rad1-Rad10 and RPA. When any of these
interactions is altered, 3’ NHTR is impaired.

INTRODUCTION

Endogenous and exogenous DNA damage is a constant
threat to genome stability. As a result, many distinct DNA
repair pathways have evolved to cope with a wide variety
of DNA lesions, from replication errors (e.g. mismatch re-
pair; MMR) to UV lesions (e.g. nucleotide excision repair;
NER) to double-strand DNA breaks (e.g. homologous re-
combination; HR) (1). In addition to these apparently dis-
crete pathways, components of different pathways will co-
operate to allow repair of a broader range of lesions, such as
DNA interstrand cross-links (interstrand cross-link repair;
ICLR) (2). The Saccharomyces cerevisiae structure-specific
endonuclease Rad1-Rad10 (Xpf-Erccl in mammalian cells)
is involved in several distinct DNA repair pathways, includ-
ing NER, ICLR and specialized forms of HR that involves
3’ non-homologous tail removal (3’ NHTR) (2-5). The reg-
ulation of Rad1-Rad10 recruitment to these distinct DNA
lesions (and subsequent activation of its endonuclease activ-
ity) is a critical factor in ensuring appropriate DNA repair
pathway selection.

In NER, Radl4 interacts with Radl-Radl10; this in-
teraction is essential for recruitment of Radl-Radl0 to
NER lesions (6). Rad1-Rad10 has specificity for double-
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strand/single-strand DNA (ds/ssDNA) junctions with 3’
ssDNA (7,8) and is therefore recruited to the 5 side of
the bubble substrate generated around the lesion by other
NER factors. Rad1-Rad10 then cleaves the DNA 2-5 de-
oxyribonucleotides upstream of the ds/ssDNA junction (8);
Rad?2 cleaves on the other side of the bubble. The interven-
ing sequence is removed and new DNA is synthesized to fill
in the gap (4).

In a subset of double-strand break repair (DSBR) path-
ways, such as single-strand annealing (SSA) and some in-
stances of gene conversion, a recombination intermediate is
formed in which there is unannealed 3’ ssDNA tails (3’ non-
homologous tails; 3’ NHTs). These tails must be removed,
through 3’ NHTR, because DNA polymerases cannot use
an unannealed 3 OH group to prime DNA synthesis to
complete repair (3,5). Rad1-Rad10 is required to cleave the
3’ NHTs (9,10) and Rad1-Rad10 recruitment to recombi-
nation intermediates is dependent on both Sawl and the
MMR recognition complex Msh2-Msh3 (11,12). Sawl in-
teracts directly with Rad1-Rad10, stimulates its endonucle-
ase activity and the interaction is required for localization
of Rad1-Rad10 to the DNA substrate in vivo (12). This in-
dicates a direct role for Sawl in bringing Rad1-Rad10 to
the recombination intermediate.

Msh2-Msh3 is also required for recruitment of Radl-
Rad10, but in contrast to Saw1, it has been proposed to play
a more indirect role, by stabilizing the recombination in-
termediate through its interactions with the DNA, thereby
making it possible for Rad1-Rad10 to locate the structure
(12,13). Msh2-Msh3 is a structure-specific DNA-binding
protein. In MMR it recognizes and binds insertion/deletion
loops (IDLs) (14-16), preferentially binding the 5’ side of
the IDL (16,17). Msh2-Msh3 also binds the ds/ssDNA
junction formed in 3’ NHTR (16,18). Msh2-Msh3 ATP
binding and hydrolysis is affected by the DNA substrate
to which it is bound, with higher nucleotide turnover ob-
served in the presence of 3’ ssDNA flap substrates (19). How
this impacts 3 NHTR remains unclear, but mutations in the
Walker A motif of either Msh2 or Msh3 impair 3’ NHTR
(20,21).

Msh2-Msh3 localization to the recombination interme-
diate in the chromosome is largely dependent on RADS52
in vivo (12), presumably because the DSB is not processed
properly in its absence. RAD52 is not required for Msh2 re-
cruitment in a plasmid-based system (18). No other proteins
have been implicated in Msh2—Msh3 recruitment, although
the complex does interact with RPA (22), which could facil-
itate Msh2-Msh3 binding following the generation of 3’ ss-
DNA flaps to which RPA would bind. Msh2-Msh3 binding
to the recombination intermediate is independent of Rad1-
Rad10 and Sawl (12). Binding of Msh2-Msh3 to these
junctions is proposed to promote double-strand break re-
pair through recombination in the presence of homologous
sequences, but to allow unwinding of intermediates with
homeologous sequences, i.e. heteroduplex rejection (23,24).
Interactions between Radl-Rad10 and Msh2-Msh3 have
been demonstrated by yeast two-hybrid analysis and co-
immunoprecipitation experiments using yeast cell extracts
(25) and were proposed to aid recruitment of Rad1-Rad10,
although it is not clear whether these interactions are direct.

Sawl and Msh2-Msh3 have also been shown to in-
teract with each other in co-immunoprecipitation experi-
ments using cell lysates, (11), although these are not nec-
essarily direct physical interactions. In vitro transcription-
translation experiments indicated a direct interaction be-
tween Saw1 and Msh2 alone, supporting the idea of a direct
interaction with Msh2-Msh3 (11). Importantly, Saw1 also
has structure-specific DNA-binding activity with a prefer-
ence for DNA substrates with 3’ ssDNA tails (12). There-
fore, Rad1-Rad10, Msh2-Msh3 and Sawl have all been
shown to interact with one another (directly or indirectly)
and they all bind similar DNA substrates, with specificity
for ds/ssDNA junctions with 3’ ssDNA tails. The single-
stranded DNA binding protein complex RPA has also been
implicated in positioning Xpf-Erccl, the human homolog
of Rad1-Rad10, on specific DNA substrates in NER and
ICLR (26-30). These observations suggest the possibility
of competition and/or cooperation among these proteins in
initiating 3’NHTR, in which case the regulation and coor-
dination of these interactions would be critical in ensuring
proper function in 3’ NHTR.

In an attempt to understand the regulation of Radl-
Rad10 recruitment to 3’ NHTR intermediates, thereby ini-
tiating removal of the 3’ ssDNA tails, we focused on the N-
terminal region of Radl. Although the C-terminal portion
of Radl (and the mammalian homolog XPF) has been well-
characterized (6,12,31-35), relatively little is known about
the function of the N-terminal half of Radl. One study
demonstrated that the N-terminal 378 residues of XPF, the
mammalian homolog of Radl, retained non-specific DNA-
binding activity (36). This region has been implicated in
structure-specific recognition and its loss abrogated XPF-
ERCCI1 endonuclease activity in vitro (37). Point mutations
in this region of Xenopus XPF exhibited defects in position-
ing on ICLR substrates; analogous mutations have been
identified in human Fanconi anemia patients (38). We mu-
tated a series of conserved residues in the N-terminal por-
tion of Radl upstream of previously characterized alleles
and identified two separation-of-function mutants that were
functional for NER but defective in 3’ NHTR. Our analy-
sis of these mutations in vivo and in vitro indicate that the
radl mutant proteins are compromised in the regulation of
protein-protein interactions among Radl-Rad10, Msh2-
Msh3, Sawl and RPA, thereby abrogating 3’ NHTR func-
tion.

MATERIALS AND METHODS
Plasmids and yeast strain construction

All yeast transformations were performed using the lithium
acetate method (39). All plasmids, strains oligonucleotides
are listed in Supplementary Tables S1-S3.

Both low and high copy number RADI plasmids were
constructed. For both, the RADI gene was amplified from
genomic DNA (isolated from FY23) and included 500 base
pairs upstream to encode the endogenous RA DI promoter.
Xhol and BamHI sites were engineered at the upstream and
downstream ends of the PCR product, respectively, to al-
low cloning into pRS414 (4RS CEN plasmid—Ilow copy)
to generate pJAS33 and into pRS424 (2 plasmid—high
copy) to generate pRD1 (Supplementary Table S1). Both



plasmids carry the TRPI nutritional marker. The PCR frag-
ment was confirmed by DNA sequencing. The radl al-
leles were made by PCR-based site-directed mutagenesis
(oligonucleotides used are listed in Supplementary Table
S2), confirmed by DNA sequencing and sub-cloned into
pRD1. For overexpression of the radl alleles in Escherichia
coli, a Bsu361-MIul fragment containing each allele was
sub-cloned into pJAS21 (12), a pET15-based plasmid that
co-overexpresses His—Rad1l and untagged Rad10, each be-
hind their own T7 promoter. The plasmids carrying radl
alleles are listed in Supplementary Table S1.

The MSH2 and MSH3 overexpression plasmids
(pMMRS8 and pMMR 20, respectively) have been described
previously (40), as has the msh3KKAA overexpression
plasmid (41). An empty vector (pJAS104) was derived from
pPMMR20 and used as a negative control in SSA assays. To
create this plasmid, pMMR20 was digested with Bg/II and
Sall to remove MSH3. The ends were blunted by treatment
with mung bean nuclease and then ligated with T4 DNA
ligase (all cloning enzymes were from NEB).

SSA strains containing radl-3HA and radl D825A-3HA
were made previously as described in (Li, 2008). EAY 1141
and YMV80 were transformed with a PCR product of
radl R218A-3HA linked to the KAN M X marker.

Double strand break survival and mating type switching assay

EAY 1115 encodes a double non-homology at the MAT lo-
cus and carries a galactose-inducible HO endonuclease that
creates a DSB at the M AT locus (5). This strain was trans-
formed with low copy plasmids expressing RADI or radl
alleles and the efficiency of DSBR was assayed as described
previously (42). Briefly, cultures were grown to mid-log
phase in synthetic complete media lacking tryptophan (SC-
trp) in the presence of lactate as carbon source. DSBs were
induced by the addition of galactose for 30 min. Cultures
were washed, diluted and plated onto SC-trp plates. After
incubation at 30°C for 3 days, percentage survival was cal-
culated as the ratio of number of colonies that grew follow-
ing DSB induction relative to uninduced control. At least
two independent transformants of EAY 1115 were tested for
each radl allele and each set was tested in triplicate. To de-
termine mating type switching, 10-30 individual colonies
that survived DSB induction, from each transformant, were
mated with FY23 (MATa) and FY86 (MATa) on YPD and
replica plated on synthetic minimal media lacking lysine
and leucine to select for diploids. Those cells that were able
to mate with FY23 (MATa) had switched from MATa to
MATa following induction of the DSB and were therefore
competent for DSBR.

UV survival assays

A radl A:: KANMX was made in Saccharomyces cerevisiae
FY23. The strain was then transformed with high copy plas-
mids containing RADI or the radl alleles as well as an
empty vector. A single colony was used to start an overnight
in synthetic minimal media lacking tryptophan (SC —trp).
The overnight was grown to saturation ~12-16 h. For the
qualitative assays, the overnight was diluted 1 in 10 and the
ODyg( was determined. The ODyg of all strains was made
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equal before starting serial dilutions. Ten microliter each of
the undiluted and 10~!, 1072, 1073, 10~* and 10~ dilutions
were spotted on SC —trp plates. The plates were exposed to
0, 15and 45 s of UV at 1 J/m?/s. Immediately after UV ex-
posure, the plates were wrapped in foil and placed in a 30°C
incubator for 4 days. The plates were imaged using Gel Doc
(Bio Rad). For the assay shown, radl A, RADI and the radl
alleles were all tested side by side on the same day. For the
quantitative assays, cells were diluted and plated on SC —
trp. For the radl A, cells were exposed to 0, 3, 6,9, 15 and
30 J/m?. All other strains were exposed to 0, 15, 30 and 45
J/m?. Immediately after exposure, the plates were wrapped
in foil and placed in a 30°C incubator for 4 days. Percent sur-
vival was calculated as the ratio of the number of colonies
that grew following UV exposure relative to the unexposed
cells. At least two independent transformants of FY23 were
tested for each radl allele and each set was tested in tripli-
cate.

ICLR survival assays

In these assays, the strains tested were the same as those
used in the UV survival assays. The method was the same
as for the quantitative UV survival assays except that the
cells were plated on SC —trp + nitrogen mustard (HN,) or
cisplatin. The concentrations used are indicated in the fig-
ure. DMSO was used as the control for the cisplatin assay
and deionized H,O was used as the control for the HN, as-
say. For the assay shown, radl A, RADI and the radl alleles
were all tested side by side on the same day for the HN, and
cisplatin assays respectively.

DNA substrates and protein purification

DNA substrates were made as described previously (16).
The substrates used in this paper were the splayed Y
(LS1/LS3) and 3’ flap (LS1/LS3/LSI16), representing
model 3’ NHTR DNA intermediates.

Purification of 6XHis-Saw1, His—Rad1-Rad10 and His—
Radl1-Rad10/Sawl complexes was performed as described
previously (12) with one alteration. In all cases, the lysates
were cleared in an Ultracentrifuge (Beckman Coulter) at 95
000 x g for 1 h. The higher speed and additional time fur-
ther cleared the sample and the gel filtration elution profiles
were slightly changed although higher molecular weight
fractions containing His—Rad1, Rad10 and Saw1 were still
observed. Purification of the radl mutant complexes were
performed using the same procedure.

Yeast Msh2-Msh3 was purified as described previously
(19).

Yeast RPA was purified as described previously (43).

Rad10 antibody

His—Rad10 protein was overexpressed from pJAS19 in Es-
cherichia coli. His—Rad 10 was purified using nickel affinity
resin, as described for His-Rad1-Rad10, and eluted with
200 mM imidazole. The Rad10 was injected into rabbits to
generate antibodies. The antibody was tested for specificity,
and compared with the pre-immune bleed, with cell lysates
and purified proteins (data not shown).
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Gel mobility shift assays

Gel mobility shift assays were performed with His—
Radl/rad1R203A,K205A /rad1R218A-Rad10, as previ-
ously described (12). Briefly, reactions (10 pl) were per-
formed in 50 mM Tris—HCI (pH 8.0), 5 mM DTT with 0.1
pmol end-labeled DNA substrates. Purified protein was in-
cubated with the substrate in the absence of magnesium
and in the presence of EDTA, to prevent any endonucle-
ase activity. The reactions were electrophoresed through a
4% native 0.5x TBE gel at 130 V for 45 min. The gels were
dried and exposed to Phosphorlmager screen (Molecular
Dynamics) and quantified by ImageQuant (GE). All of the
shifted material within the lanes was quantified as ‘bound’
in these experiments, rather than a discrete product.

Endonuclease assays

Endonuclease assays were performed with His—
Radl/rad1R203A,K205A /rad1R218A-Radl0 as de-
scribed previously (12).

To test the effect of RPA on endonuclease activity, re-
actions were performed in RPA binding buffer (40 mM
HEPES-KOH, pH 7.5, 75 mM KCI, 5 mM MgCl,, | mM
DTT, 5% glycerol and 100 wg/ml BSA). Yeast RPA (80
nM) was pre-incubated with the 3'flap substrate for 10 min
at 30°C. Rad1-Rad10, rad1E349K—-Rad10 or rad1E706K—
Rad10 (200 nM) were then added and reaction mixtures
were incubated at 30°C for 1 h. Reactions were depro-
teinized by the addition of 100 wg Proteinase K and 0.1%
SDS. After a 15 min incubation at 30°C, the reactions were
loaded onto 10% native acrylamide gel and electrophoresed
at 250 Vin 1x TBE, for 45 min. The gels were dried and
then exposed to a Phospholmager screen. Quantification of
cleavage products was carried out using ImageQuant (GE).

SSA assays

EAY1141 contains two 205 bp URA repeats separated
by 2.6 kb containing an HO recognition sequence (44).
YMV80 contains two 1.3 kb leu2 repeats separated by 25
kb containing an HO recognition site (45). EAY 1141 and
YMV80 with various iterations were tested. Plasmids and
strains used are outlined in Supplementary Tables S2 and
S3, respectively. Cultures were grown to mid-log phase in
SC in the presence of lactate as carbon source. DSBs were
induced by the addition of galactose for 5 h. Glucose was
added to stop the induction and cells were diluted and
plated on SC plates. Assays with strains containing plas-
mids used the appropriate SC—amino acid(s) media and
plates. After incubation at 30°C for 4 days, percent survival
was calculated as the ratio of number of colonies that grew
following DSB induction relative to the uninduced control.
At least two independent transformants of EAY 1141 and
YMV80 were tested for each radl allele and each set was
tested in triplicate.

Western blotting

To detect the levels of Radl and radlR218A, cells con-
taining RADI::3XHA, radl::3XHA or radl A integrated at
the endogenous RADI locus were grown to mid-log phase.

Cells were harvested by centrifugation and resuspended in
IPP150 (10 mM Tris—HCI pH 8.0, 150 mM NaCl, 0.1%
NP-40). The cell pellets were flash frozen in liquid nitro-
gen and stored —80°C. Cells were ground with dry ice and
thawed on ice with the addition of Protease Cocktail In-
hibitor Set I (Calbiochem) and PMSF at a final concen-
tration of 1 mM. Lysates were cleared by centrifugation
at 95 000 x g at 4°C for 1 h. Equivalent amounts of pro-
tein (500 pg) from each lysate were incubated on ice for 20
min and then incubated with a-HA antibody at 4°C for 1 h,
with shaking. A 50% slurry of Protein A/G-Agarose beads
(Pierce) was added and reactions were incubated overnight
with rocking at 4°C. The beads were incubated on ice for 10
min and then collected by centrifugation. The beads were
washed three times with ice cold IP buffer (50 mM HEPES,
pH 7.5, 1 mM EDTA, 1% Triton X, 0.1% NaDOC). Beads
were resuspended in 1x Laemmli buffer (62.5 mM Tris—
HCl pH 6.8, 2% SDS, 10% glycerol, 5% B-mercaptoethanol,
0.025% bromophenol blue) and heated to 95°C for 8 min.
DTT was added to each reaction to a final concentration
of 5 wM. The immunoprecipitated material was separated
by electrophoresis through an 8% SDS polyacrylamide gel
and then transferred to nitrocellulose. The membrane was
blocked with 10% milk in TBS-T (20 mM Tris-HCI, 137
mM NaCl, 0.1% Tween 20) for 1 h. After several washes
with 1x TBS-T the membrane was probed overnight with
a-HA antibody (1:5000; Roche, CAS5), washed several times
with 1x TBS-T and then incubated with a-mouse IgG-
HRP (1:5000; Promega) for 20 min. Excess antibody was
removed by additional washes with 1x TBS-T. SuperSig-
nal West Dura Extended Duration Substrate was mixed in
1:1 ratio and placed on the membrane. The blot was imaged
using a ChemiDoc system (BioRad).

To detect Sawl levels, cleared lysates (as above) were
electrophoresed through 12% SDS polyacrylamide gels
and then transferred to nitrocellulose. The membrane was
blocked with 10% milk in TBS-T for 1 h. The membrane
was probed with a-Saw1 antibody (12) (1:1000) overnight,
washed and then incubated with « rabbit [gG-HRP (1:5000;
Promega) for 20 min. SuperSignal® West Dura Extended
Duration Substrate was mixed at a 1:1 ratio and placed on
the membrane. Proteins were imaged with a ChemiDoc sys-
tem (Bio-Rad).

Far western blotting

This method was adapted from (46). Proteins were spotted
on dry nitrocellulose membrane (0.45 pM, Bio-Rad). After
spotting, the membrane was blocked in TBS-T + 10% milk.
The membrane was washed with TBS-T and incubated with
His-Radl/rad1R203A,K205A /rad1R218 A—Rad10 at 4°C
with rocking overnight. The membrane was washed with
TBS-T and incubated with a-Rad10 antibody (1:1000) for
1 h. The membrane was washed with TBS-T and incubated
with Goat-aRabbit (1:4000; Thermo Scientific) for 20 min.
The membrane was washed with TBS-T. SuperSignal®
West Dura Extended Duration Substrate was mixed ata 1:1
ratio and placed on the membrane. The membrane was ex-
posed in a ChemiDoc (Bio Rad). Quantification was done
using Image Lab™ (Bio Rad). For each experiment, a stan-
dard curve of His-Radl/rad1R203 K205A/rad1R218A—



Rad10 was spotted. The experimental spots and standard
curves were incubated together at the 1° antibody step and
were treated together for the remainder of the experiment.

In vitro Co-immunoprecipitations

Reactions (100 pl) were performed in Co-IP Buffer (50 mM
HEPES, pH 7.5, 1 mM EDTA, 1% Triton X, 0.1% NaDOC,
15 wg BSA, £0.5 wg sonicated salmon sperm). His—Rad -
Rad10, rad1R203A,K205A-Rad10 or rad1R218A—Rad10
and Msh2-Msh3 were used in equimolar ratios. An excess
of 6 xHis—Saw1 was used. The proteins were incubated to-
gether on ice for 20 min. Antibody, 1 pl of a-Rad10 or «-
Sawl, was added and incubated at 4°C with rocking for 1
hour. Protein A/G Agarose (Pierce®) was added and in-
cubated at 4°C with rocking for 1 h. The supernatant was
removed and the beads were washed three times with Co-IP
buffer at room temperature. 1 x Laemmli Buffer was added
and the beads were heated to 95°C for 15 min. The eluate
was removed and analyzed by SDS-page (12%) gel followed
by Coomassie or Silver Staining (Bio Rad). Gels were im-
aged in a Gel Doc (Bio Rad) and quantified using Image
Lab™ (Bio Rad).

In vivo Co-immunoprecipitations

RADI and radlR218A were tagged with a C-terminal
3XHA tag at their genomic locus. Yeast lysates expressing
Rad1-3HA and rad1R218A-3HA were prepared by lysing
cells with glass beads in 0.6 ml cold IP150 solution (20
mM Tris—-HCI pH 8.0, 150 mM NacCl, 0.5% NP-40) sup-
plemented with protease inhibitor cocktail (Roche Life Sci-
ence). Anti-HA monoclonal antibody (Roche Life Science)
was added to pre-cleared cell lysate and incubated at 4°C for
90 min. A 50% slurry of Protein A/G Agarose (30 wl) was
added to the lysate to immunoprecipitate Rad1-Rad10 or
rad1R218A-Rad10, and the mixture was incubated for an
additional 30 min at 4°C. The beads were collected by cen-
trifugation and washed extensively with IP150. The bound
protein was eluted by the addition of 1x Laemmli buffer
and incubation at 95°C. The eluted proteins were sepa-
rated by SDS-PAGE, transferred to nitrocellulose. The pres-
ence of RPA was detected by immunoblotting using a-Rpal
polyclonal antibody.

RESULTS
Alanine mutations in the N-terminal region of Radl

While the C-terminal portion of Radl has been well-
characterized (6), little is known either functionally or
structurally about the N-terminal region of Radl (Figure
1A). This region is removed from the known enzymatic
functions of the protein (endonuclease activity, interactions
with Rad10 and Radl4). The analogous region of mam-
malian XPF protein has been implicated in DNA-binding
activity and correct positioning on DNA substrates (36—
38), although some work suggests that this region is not
likely responsible for specific ds/ssDNA junction interac-
tions (31,33). Residues in this region may be important
for protein-protein interactions (30,38). An alignment of S.
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cerevisiae Rad1 and human Xpfindicated that residues 179—
492 of Radl align well with residues 78-378 of Xpf (Fig-
ure 1B). To characterize this region of Radl in an unbi-
ased manner, conserved charged residues in this alignment,
which are more likely to be exposed and available for poten-
tial interactions with DNA and/or protein partners, were
changed to alanine, alone or in combination, to generate 10
radl alleles targeting residues 203 through 456 (Figure 1B).

For in vivo NER and 3’ NHTR assays using these radl
alleles, all ten mutants were subcloned into a high copy
number (2 ) plasmid under the control of the endogenous
RADI promoter. We found that the high copy number plas-
mid more completely complemented the radl A background
than the low copy (ARS CEN) plasmid in both NER and 3
NHTR in vivo assays (Supplementary Figure S1A and data
not shown).

All 10 radl alleles were tested for their ability to comple-
ment a radl A in 3’ NHTR, using a mating type switching
assay (9,20,42). This assay uses a yeast strain (EAY1042)
engineered to contain non-homology on either side of the
HO endonuclease cleavage site at the M ATa locus (Figure
2A). EAY 1042 is absolutely dependent on RAD! for sur-
vival of an HO-induced DSB; HO is induced by galactose
(42). Therefore, survival following treatment with galactose
is a measure of 3’ NHTR. Because this strain is also deleted
for HM Ra, repair of the break can only occur using HM Lo
as a template, resulting in a MATa to MATa switch upon
repair. This mating type switch can be monitored by mating
galactose survivors with MATa and M AT strains, allow-
ing us to account for inefficient DSB induction and possible
alternative repair pathways (e.g. non-homologous end join-
ing). Only cells that have repaired the DSB via a standard
pathway that includes 3'NHTR will have switched mating
type.

The radl A derivative of EAY 1042, EAY 1115, was trans-
formed with pRS414 or pRS414 carrying RADI (pRDI1) or
one of the 10 radl alleles (pRD2-11) under the control of
the endogenous R4 DI promoter. In this assay, the plasmid-
borne RADI supports ~ 80% survival and ~80% switching,
comparable to EAY 1042 (Supplementary Figure S1A) (42),
whereas the empty vector results in ~30% survival and ~0%
switching. Eight of the 10 radl alleles exhibited levels of sur-
vival and switching comparable to RADI (Supplementary
Figure S1B). Importantly, two alleles, radl R203A4,K205A4
and radl R218A, were severely compromised in both sur-
vival and switching, strongly indicating a defect in 3NHTR.
Survival rates were indistinguishable from the empty vector,
while switching was slightly higher than in the absence of
RADI (Supplementary Figure S1B; Figure 2B), compara-
ble to rates observed with msh3 A (42).

UV sensitivity assays revealed that all 10 rad! alleles re-
tained NER activity in vivo. Spot assays were performed
in both the EAY1115 (used for the 3 NHTR assay; data
not shown) and standard FY23 radl A backgrounds (Sup-
plementary Figure S1C), with similar results. Therefore
radl R203A4,K205A4 and radl R218A are separation of func-
tion mutations that retained NER activity but lost function
in 3’ NHTR. These phenotypes are the inverse of two radl
alleles identified by Guzder et al (2006) near the 3’ end of
radl (Figure 1A), which are proficient in 3’ NHTR but de-
fective in NER because they fail to interact with Rad14 (6).
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Figure 1. (A) Cartoon of the known functional regions of Radl. (B) Alignment of N-terminal portions of Radl and human XPF. Residues 179 to 462 of
Rad]1 were aligned with XPF by Blast (NCBI). Conserved and similar residues are indicated. Conserved, charged residues were mutated to alanine, either
individually or in clusters, by site-directed mutagenesis. Mutated residues are indicated in color. Residues mutated as a group are shown in the same color.

Ten mutations were created in RADI, spanning residues 203 through 456.

We performed more quantitative tests to determine NER
activity of the two mutants defective in 3’ NHTR, to evalu-
ate any potentially subtle changes (Figure 2C). In these as-
says, radl R218 A was indistinguishable from RADI UV sen-
sitivity, indicating that this allele is a complete separation-
of-function mutation. The radl R203 4, K205 A4 allele did ex-
hibit a mild sensitivity to UV light relative to RADI1, but
still retained significant NER activity when compared to the
empty vector (radl A) control. Spot assays for growth in the
presence of either cisplatin or nitrogen mustard similarly in-
dicated that these alleles support interstrand cross-link re-
pair (Figure 2D).

To test for any dominant negative effects of these
separation-of-function alleles, EAY 1042 (RADI) was
transformed with plasmid-borne radl R203A4,K205A4 or
radl R218A. Neither allele interfered with RADI function
in 3’ NHTR in this assay (Figure 2E), indicating that these
are loss-of function alleles.

In vitro DNA binding and endonuclease activities of radl sep-
aration of function alleles

Because both radl alleles exhibited significant NER
function in vivo, we anticipated that both would re-
tain in vitro DNA-binding and endonuclease activity. To

test this, both His-rad1R203A,K205A-Rad10 and His—
rad1R218A-Rad10 complexes were overexpressed in E. coli
and purified as described previously for His—Rad1-Rad10
(12) (see Materials and Methods). The overexpression and
purification profiles of the mutant complexes were indistin-
guishable from His—Radl-Rad10 and protein yields were
similar. Our previous work (12) demonstrated that, while
His-Rad1-Rad10 and His-rad1-Rad10 mutant complexes
did form discrete complexes with DNA substrates in gel mo-
bility shift assays, we often observed smearing and some ac-
cumulation in the wells, consistent with complexes that are
not completely stable through gel electrophoresis and/or
the possibility that multiple complexes are formed.

Both mutant complexes were able to bind splayed Y and
3’ flap DNA substrates (Figure 3), as determined by gel mo-
bility shift assay. His-rad1R203A,K205A—Rad10 appeared
to have a small decrease in affinity for the 3’ flap substrate.
With both substrates, His—rad1R203A,K205A-Rad10 ex-
hibited two discrete shifts and a significant amount of
smearing throughout the lanes, consistent with complexes
that are less stable as they migrate through the gel. This
could be a result of reduced or altered affinity for DNA
overall or possibly an increase in non-specific DNA-binding
activity.
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Figure 2. radl R203A4,K205A4 and radl R218A are separation of function mutations. (A) Cartoon of mating-type switch assay for DSBR requiring 3’ NHTR.
Strains contain a galactose-inducible HO endonuclease. A KanMX cassette was inserted at the M AT locus to create non-homology on either side of the
DSB, making mating-type switching dependent on RAD1 (42). (B) radl R203A4,K205A4 and radl R218 A are defective in the double non-homology mating-
type switch assay. The percentage of cells that survive the induced DSB (black bars) is indistinguishable from the radl A. The percentage of survivors that
have switched mating-type from a to « (white bars), indicating the cells have undergone repair involving 3’ NHTR, is very low. (C) radl R2034,K205A4
(red square) and radl R218 A4 (teal triangle) were tested in a quantitative UV survival assay. R4 D! (black circle) and radl A (dark red inverted triangle) are
also shown. Percent survival was calculated by determining the viability of cells exposed to UV relative to no UV exposure. Data represents the mean +
SEM of at least six independent experiments, with at least two independent transformants. (D) ICLR activity was tested in the presence of radl A, RADI,
radl R2034,K205A4, and radl R218A. Serial dilutions of saturated overnights were plated on media containing nitrogen mustard (HN>) or cisplatin. (E)
radl R203A4,K205A4 and radl R218A4 plasmids were transformed into EAY 1042 (RADI) and tested in the double non-homology mating type switch assay
to determine whether the alleles are dominant negative. As controls, the R4D! plasmid and the corresponding empty vector were also transformed into

EAY1042. Data represents the mean = SEM of at least three independent experiments.

In contrast, His-rad1R218A-Rad10 appeared to have
affinity for both substrates that was similar to the wild-
type protein; we observed 50% binding at approximately
the same protein concentration for both complexes. Inter-
estingly, in the presence of the splayed substrate, there are
multiple discrete higher molecular weight shifts observed
with both His—Rad1-Rad10 and His-rad1R218A—Rad10.
These higher order complexes may be a result of non-
specific protein-DNA interactions. However, the observa-
tion that these complexes form as a progression from the
lower discrete complex, combined with the fact that the sub-
strate is limiting and relatively short (49 bases; 31 double
stranded, 18 single-stranded for splayed) suggests that there
may be protein-protein interactions mediating these addi-
tional shifts. This will be tested in future experiments.

In contrast, in the presence of the 3’ flap substrate, the ki-
netics of the appearance of higher molecular weight shifts

was distinct for His—Radl-Rad10 and His-rad1R218A—
Rad10. At 100 and 200 nM, the shifts observed with His—
rad1R218A-Rad10 were similar to the shifts observed at
200-500 nM His—Rad1-Rad10. These bands then appear
to be more efficiently shifted to higher molecular weights at
~300 nM radlR218A-Rad10. Although these shifts were
somewhat less discrete than the shifts at lower protein con-
centrations, there do appear to be distinct species formed,
similar to those observed with the splayed substrate. Fur-
thermore, similar higher order complexes were observed
with the wild-type protein, albeit at lower levels through the
titration.

His-rad1R218A-Rad10 retained endonuclease activity
that was similar to His—Rad1-Rad10, except at the high-
est concentration of splayed substrate (Figure 4B, left).
His-rad1R218A—-Rad10 cleavage of 3’ flap substrates was
somewhat more efficient than His—Rad1-Rad10 (Figure 4B,
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Figure 3. DNA binding of rad] mutants. (A) DNA binding activity was determined by electrophoretic mobility shift assay with His—Rad1-Rad10, His—
rad1R203A,205A-Rad19 and His-rad1R218 A-Rad 10 purified from E. coli (see Materials and Methods). Binding to splayed (left panel) and 3’ flap (right
panel), 32P- labeled DNA substrates was tested. Each DNA substrate was incubated with increasing concentrations (100-500 nM) of protein. The bound
and free DNA are indicated. For His—Rad1-Rad10, the gel with the splayed substrate was electrophoresed for longer than the His-rad1R218A-Rad10
gel, resulting in greater resolution of the higher order complexes. Also for the splayed substrates, shifts from three different gels are shown. In the His—
radl1R218A-Rad10 panel, the middle two lanes were inverted. (B) Left panel: Percent binding to splayed Y DNA substrate. Right panel: Percent binding to
the 3’ flap DNA substrate. Quantification was performed using ImageQuant 5.2. Data represents the mean - SEM of at least three independent experiments.
His-Rad1-Rad10 (black circle), His-rad1R203A,K205A-Rad10 (red square), or His-rad1R218A-Rad 10 (teal triangle).

right). In contrast, His-rad1R203A,K205A-Rad10 exhib-
ited an ~4-fold decrease in cleavage activity with both DNA
substrates. The reduced activity is surprising, given that the
mutation is well-removed from the endonuclease active site
as well as the Rad10 interaction region (Figure 1A) and did
not affect DNA-binding. However, the changes to alanine
could nonetheless impact the conformation of the nucleo-
protein complex to reduce the efficiency of cleavage. This
reduced endonuclease activity could explain the mild defect
in NER. The stronger effect of this allele on the 3’ NHTR
phenotype could indicate that (a) 3’ NHTR is more sensitive
to the reduced endonuclease activity and/or (b) additional
steps in 3’ NHTR are impacted. Based on our examination
of protein-protein interactions (see below), we suggest that
it is a combination of both factors.

Altered interactions between Saw1l and mutant radl protein
complexes

We have previously demonstrated that Rad1-Radl0 in-
teractions with Sawl are required for Radl-Radl0 re-
cruitment to SSA recombination intermediates (12). We

further demonstrated that Radl-Radl0 forms a stable
complex with Sawl. Our in vivo results (above) sug-
gested that the interactions between Radl-Radl0 and
Sawl might be altered. Therefore we evaluated the di-
rect interactions between Sawl and rad1-R203A,K205A—
Rad10 or radlR218A-Radl10. First, we performed far
western analysis, in which increasing amounts of His—
Sawl were spotted on a nitrocellulose membrane. Af-
ter blocking, the membrane was probed with puri-
fied His-Radl-Rad10, His-radlR218A-Radl0 or His—
rad1R203A,K205A-Rad10. The presence of His—Radl-
Rad10 or His-rad1-Rad10 complex was then detected by
an a-Rad10 antibody (see Materials and Methods). In this
assay binding was weak, but the two mutant rad1-Rad10
complexes interacted with Sawl1 like Rad1-Rad10 (Supple-
mentary Figure S2A and B).

We also used purified His—Sawl, His—Radl-
Radl10 or His-radl-Radl0 complexes to perform co-
immunoprecipitation experiments, to assess interactions
when His—Sawl was not constrained by binding to the
membrane (Figure 5A). When mixed with His-Sawl at
stoichiometric concentrations, the a-Sawl antibody im-
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Figure 4. Endonuclease activity of His-rad1R203A,K205A-Rad10 is reduced. Endonuclease activity was determined by endonuclease assays with His—
Rad1-Rad10, His-rad1R203A,K205A-Rad10 and His-rad1R218 A-Rad 10 purified from E. coli. (A) Cleavage of the 32P-labeled splayed (left panel) and
3’ flap substrate (right panel). The DNA substrate was incubated with increasing concentrations (100-500 nM) of protein. The intact substrate (uncut)
and cleaved product (cut) are indicated. (B) Left panel: Percent endonuclease activity was determined with splayed Y DNA substrate. Right panel: Percent
endonuclease activity was determined with the 3’ flap DNA substrates. Quantification was performed using ImageQuant 5.2. Data represents the mean +
SEM of at least four independent experiments. His—Rad1-Rad 10 (black circle), His-rad1R203A,K205A-Rad 10 (red square) and His-rad1R218A-Rad10

(teal triangle).

munoprecipitated ~3-fold more His-radlR218A—Rad10
than His—Rad1-Radl0 (Figure 5B). It was not possible
to perform the reverse experiment because Sawl bound
non-specifically to the Protein A/G beads in the absence
of a-Saw1 antibody. These co-immunoprecipitation exper-
iments indicated that both mutant rad1-Rad10 complexes
retained their ability to interact with Sawl but that the
stability and/or stoichiometry of the interactions were
altered with His-rad1R218 A—-Rad10.

Rad1-Rad10/Sawl complex purification is altered in pres-
ence of rad1R203A,K205A-Rad10

His—Rad1-Rad10 and Sawl (untagged) co-purify through
two purification steps (metal affinity and gel filtration) fol-
lowing co-overexpression in E. coli (12). Therefore we evalu-
ated the ability of His—-rad1R203A,K205A-Rad10 and His—
rad1R218A-Rad10 to co-purify with Sawl and compared
the elution profiles of these proteins following gel filtration.

The first purification step was a Cobalt affinity resin,
to which the histidine tag of each Radl or radl complex
binds. While overexpression of all three protein complexes
was comparable (see Cobalt load fractions, Supplemen-
tary Figure S3A), we consistently observed less rad1, Sawl
and Radl0 binding and eluting from the Cobalt resin in
the presence of His-rad1R203A,K205A (Supplementary

Figure S3A). Furthermore, the relative amount of Sawl
that co-purified with this mutant complex was significantly
lower than with Rad1-Rad10 or with rad1R218A-Rad10
(Supplementary Figure S3B), suggesting that the tripartite
rad1-Rad10-Saw1 complex is destabilized.

In support of this idea, the elution profile of His—
rad1R203A,K205A-Rad10, Sawl and Radl0 is signifi-
cantly altered compared to that of His—Radl, Sawl and
Rad10. The elution fractions are indicated on the molec-
ular weight standard profile (Figure 5C), with the void elut-
ing by ~7.5 ml. Radl has a molecular weight of ~ 126 kDa,
Sawl is ~30 kDa and Rad10 is ~24 kDa. First, there is less
protein overall, consistent with less starting protein (Fig-
ure 5D). Second, the majority of His—rad1R203A,K205A
elutes in the highest molecular weight fractions, but there is
no detectable Rad10 in these fractions. Only a small amount
of Sawl is present (Figure 5SD). Third, Rad10 is exclusively
present in fractions 10 and 11, which corresponds to the
molecular weights of ~100 kDa, based on the standards.
Sawl is also readily detectable in these fractions but His—
rad1R203A,K205A is not. Unlike the wild-type complex
(or the His—rad1R218A complex) there are no fractions
in which all three proteins are detectable. This indicates
that the His—rad1R203A,K205A-Rad10/Saw1 complex ei-
ther does not form properly or is unstable such that it does
not persist through gel filtration. This observation provides
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Figure 5. radl complex interactions with Saw1 by co-immunoprecipitation (A, B) and gel filtration (C, D). (A) His-Rad1-Rad 10, His-rad 1R203A,K205A-
Rad10, and His-rad1R218A-Rad10 in the presence of BSA were incubated with (+) or without (-) 6xHis-Saw1. An a-Saw1 antibody was added to each
and then pulled down with Protein A/G agarose (Pierce®). The proteins were removed from the beads by boiling and analyzed on an SDS-page (12%)
gel, followed by silver stain. His—Radl/rad1R203A,K205A /rad1R218A and 6xHis-Saw1 are indicated with arrows. (B) The amount of His—Rad1-Rad10,
His-rad1R203A,K205A-Rad10 and His-rad1R218A-Rad10 that was pulled down by Sawl was quantified and internally normalized using Image Lab
(Bio Rad). Any non-specific interactions in the absence of 6xHis-Saw1 were also quantified and subtracted from the specific band. In each independent
experiment, the amount of His-rad1R203A,K205A-Rad10 (red) and His-radIR218A-Rad10 (teal) was set relative to His-Rad1-Rad10 (black). Data
represents the mean + SEM of four independent experiments. (C) Elution profile of broad range standards (Bio Rad) through the Superose 6 column
(GE Lifesciences). The molecular weights of the standards are indicated in kDa about the curve. The gel filtration fractions from the complex profiles
are indicated below the x-axis. The fraction numbers are the same for all three protein complexes. (D) Representative analysis of gel filtration fractions.
Fraction numbers start with #1 representing the highest molecular weight fractions following the void. Fractions were analyzed for His-Radl, His—
rad1R203A,K205A, His-radIR218A (Coomassie stain), Rad10 (western blot), and Sawl (western blot). The left and right panels from each gel or blot
were performed at the same time, in parallel.

an explanation of the in vivo 3 NHTR phenotype with this complex stoichiometry. This would be consistent with

allele. It is noteworthy that it appears to be the presence
of Sawl that disrupts the His—rad1R203A,K205A—Rad10
complex. In the absence of Sawl1, the elution profile of His—
rad1R203A,K205A-Rad10 is very similar to that of the
wild-type, consistent with the wild-type purification of the
complex used for the endonuclease on DNA-binding exper-
iments (Supplementary Figure S4A).

In contrast, the gel filtration profile of (His—
rad1R218A+Saw1+Rad10) is more similar to the wild-type
profile. There are several fractions in which all three pro-
teins co-elute, although these are shifted somewhat toward
higher molecular weights, perhaps suggesting an altered

enhanced co-immunoprecipitation of His-radlR218A—
Rad10 with Sawl (Figure 5A). Alternatively, there may
be some aggregation of the protein complexes. However,
the change in size appears to be specific to the presence
of Saw1 — the elution profile of His-rad1R218A-Rad10 is
similar to that of wild-type Rad1-Rad10 (Supplementary
Figure S4A). Furthermore, to assess any aggregation,
we centrifuged partially purified His—Radl-Rad10 and
His-rad1R218A-Rad10 and analyzed the supernatant by
gel electrophoresis. Following centrifugation, we recovered
~85-90% of the protein (Supplementary Figure S4B).



His-rad1R203A,K205A-Rad10 has reduced interaction with
Msh2-Msh3

Rad1-Rad10 recruitment to SSA intermediates is depen-
dent on Msh2-Msh3 as well as on Saw1, although the mech-
anism is unclear. It has been proposed that Msh2-Msh3’s
primary function in 3’NHTR is in binding and stabilizing
the 3’ flap DNA intermediate (13). This is primarily based
on the observation that Msh2-Msh3 is not required for
repair involving long direct repeats (12,13) and is consis-
tent with the DNA-binding properties of Msh2-Msh3 (16).
Consistent with this possibility, yeast two-hybrid and co-
immunoprecipitation experiments revealed interactions be-
tween Msh2-Msh3 and Rad1-Rad10, although these were
performed with yeast lysates and therefore could be direct
or indirect interactions (25). Either way, the functional sig-
nificance of this interaction is not known.

To determine whether Msh2-Msh3 and Radl-Radl10
interact directly, we first performed far western blotting.
Purified Msh2-Msh3 was spotted on nitrocellulose and
then incubated with His—Rad1-Rad10. After washing, the
presence of His—Radl-Radl0 was probed with a poly-
clonal a-Rad10 antibody followed by chemiluminescence.
His-Rad1-Rad10 was readily detected in the presence of
Msh2-Msh3 (Supplementary Figure S2C, D) but not BSA
(Supplementary Figure S2A), indicating a direct interac-
tion between these complexes. We confirmed this interac-
tion by co-immunoprecipitation (Figure 6). Purified Msh2-
Msh3 and His—Rad1-Rad10 were incubated together and
then protein was immunoprecipitated with a—Rad10 an-
tibody. Msh2-Msh3 was efficiently immunoprecipitated in
the presence of His—Radl1-Rad10 (Figure 6A, lanes 7 and
8); very little Msh2-Msh3 was immunoprecipitated in the
absence of His—Radl-Rad10 (Figure 6A, lanes 5 and 6),
although there is some interaction with the Protein A/G
beads. a-Msh2 antibody was also able to immunoprecipi-
tate His—Rad1-Rad10 when Msh2-Msh3 was present (data
not shown).

His-rad1R203A,K205A-Rad10 complex exhibited ~4-
fold lower binding to Msh2-Msh3 than His—Rad1-Rad10
in the far western blot (Supplementary Figure S2C and D),
revealing yet another defect in this protein complex. Thus
His-rad1R203A,K205A has reduced endonuclease activity
(Figure 4) as well as altered interactions with Sawl in the
context of the Rad1-Rad10/Saw1 ternary complex (Figure
5D) and Msh2-Msh3 (Supplementary Figure S2D). The al-
tered protein-protein interactions are specific to 3’ NHTR,
therefore these combined observations explain why this rad!
allele is more defective in 3 NHTR than NER, leading to a
separation-of-function phenotype. We did not characterize
this mutation further.

In contrast, His-rad1R218A-Rad10 binding to Msh2-
Msh3 was similar to that of His—Radl-Radl0 in the
far western assay (Supplementary Figure S2C and D).
Similarly, Msh2-Msh3 and His-rad1R218A-Rad10 co-
immunoprecipitated efficiently (Figure 6A, lane 9); in this
assay the interaction is similar to that observed with the
wild-type proteins (Figure 6B, left side). Interestingly, the
presence of non-specific DNA appeared to enhance the
interaction between His-radlR218A—Rad10 and Msh2-
Msh3 by ~2-fold (Figure 6A, compare lanes 9 and 10, Fig-
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ure 6B, right side); DNA did not appear to affect the inter-
action between His—Rad1-Rad10 and Msh2-Msh3 (Figure
6A, compare lanes 7 & 8, Figure 6B, right side). This could
be a result of His-radlR218A-Rad10 having a stronger
interaction with Msh2-Msh3 bound non-specifically to
DNA; Msh2-Msh3 has relatively high affinity for non-
specific DNA (16). Alternatively, His-rad1R218A-Rad10
may have an enhanced or altered interaction with the DNA
(Figure 3) that increases its interaction with Msh2-Msh3.

Msh2-Msh3 and Sawl1 interact directly

Both Saw1 and Msh2-Msh3 interact with Rad1-Rad10 and
both are required for the coordination of 3’ NHTR. Altered
interactions negatively impact 3 NHTR, as observed with
radl R203A4,K205A4. In contrast, His-radlR218A-Rad10
had enhanced interactions with these proteins in vitro.
Therefore we wondered whether the regulation or coordina-
tion of these interactions might be affected in the presence
of the radl R218A4 background.

We first examined whether Msh2-Msh3 modulates inter-
actions between Radl-Rad10 and Sawl and vice versa, in
vitro. Previous work has indicated that Saw1 and Msh?2 in-
teract (11); we sought to demonstrate a direct interaction
between Saw1 and the Msh2-Msh3 complex using purified
proteins before examining the interactions among Msh2-
Msh3, Radl-Rad10 and Sawl. Therefore we performed
co-immunoprecipitation experiments with purified Msh2—
Msh3 and His—Saw1. Msh2-Msh3 was efficiently immuno-
precipitated in the presence of His-Sawl and a-Saw1 anti-
body, indicating that these proteins interact directly (Figure
7A, lane 3).

We then incubated stoichiometric concentrations of His—
Rad1-Rad10, Msh2-Msh3 and His-Sawl and immunopre-
cipitated with a-Saw1 antibody (Figure 7B). All three pro-
teins were present in the immunoprecipitate, although there
was substantially more Msh2-Msh3 than Radl-Rad10. A
similar level of Msh2-Msh3 was co-immunoprecipitated in
the presence of His-Saw1 with the a-Saw1 antibody in the
absence of Radl-Radl10 (Figure 7B compare lanes 5 and
6). In contrast, in the presence of His-rad1R218A-Rad10,
the amount of rad1-Rad10 complex immunoprecipitated
by a-Sawl was increased ~2-fold relative to His—Radl-
Rad10 (Figure 7C). Because both His—Radl-Rad10 and
Msh2-Msh3 co-immunoprecipitate with His-Sawl, it is not
possible to discern whether the increased capture of His—
rad1R218A-Rad10 is a result of increased interactions with
Saw1l and/or Msh2-Msh3. In either case, these results are
consistent with altered protein-protein interactions in the
presence of rad1R218A.

radl R218 A phenotype is specific to Msh2—Msh3-dependent
DSBR

For defective coordination of radlR218A-Rad10, Sawl
and Msh2-Msh3 interactions to interfere with 3 NHTR
in the radl R218 A strain, Msh2-Msh3 must be required for
a function (or functions) in addition to its 3’ ssDNA flap
binding activity. To explore this further in vivo, we inte-
grated radl R218A::3HA into the endogenous RADI chro-
mosomal locus; Western blots indicated that rad1R218A—
3HA was expressed at levels comparable to Radl-3HA
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His-Rad1R218A-Rad10, respectively. Data represents the mean + SEM of at least four independent experiments.

(Figure 8A). We then assessed the effect of radl R218A4
on SSA, another DSBR pathway that requires 3 NHTR
(Figure 8B). Both Msh2-Msh3 and Sawl are required for
the SSA repair pathway when the direct repeats are short,
i.e. ~200 bp in length; both are required to recruit Radl-
Rad10 to SSA intermediates (Figure 8B) (12). However,
Msh2-Msh3 is not required for either repair or recruit-
ment of Radl-Radl0 when the direct repeats are ~1 kb
in length (12,13). Therefore we evaluated the radl R218A4
phenotype in SSA with both short repeat (EAY1141) and
long repeat (YMV80) backgrounds. In both strains back-
grounds, we compared survival (a proxy for repair) in
RADI, radl D825A, which is proficient in DNA interme-

diate binding but inactive for endonuclease activity (12),
and radl R218A strains. With short repeats (Figure 8C),
radl D825 A exhibited very low survival similar to the radl A,
as shown previously (12). Strains encoding radl R218A4 also
had a null phenotype in this strain background (Figure 8C),
consistent with the defect we observed in the mating-type
switch assay (Figure 2B). This strain was more sensitive to
UV light than wild-type (Supplementary Figure S5) but was
still significantly more resistant that radl A.

In the YMV80 background, which contains much larger
direct repeats, radl R218A exhibited only a minor SSA de-
fect (Figure 8D). In the radl R218A4 background, we ob-
served levels of repair comparable to that observed in the
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with Sawl. The proteins were removed from the beads by boiling and analyzed on an SDS-page (12%) gel. His—Rad1, His-rad1R218A, Rad10, Msh2,
Msh3, and 6xHisSawl1 bands are indicated with arrows. C. The amount of His—Radl, His-rad1R218A and Msh2- Msh3 that were pulled down by 6xHis-
Sawl was quantified using Image Lab (Bio Rad). Any non-specific interactions in the absence of 6xHis-Saw1 were also quantified and subtracted from
the specific band. In each independent experiment, the amount of His—Rad1-Rad10, His—rad1R218A and Msh2-Msh3 immunoprecipitated by 6xHis-
Sawlwas internally normalized. Left panel: The amount of His-rad1R218A-Rad10 (teal) immunoprecipitated by 6xHis-Sawlin the presence of Msh2—
Msh3, was set relative to the amount of His—Rad1-Rad10 immunoprecipitated under the same conditions (black). Right panel: The amount of Msh2-
Msh3 immunoprecipitated with 6xHis-Saw1 in the presence of His—Rad1-Rad10 (black) or His—rad1R218A—Rad 10 (teal) was internally normalized and

quantified. Data represents the mean = SEM of at least four independent experiments.

msh2A background (12). This observation demonstrates
that the radl R218A phenotype is specific to the Msh2—
Msh3-dependent repair pathway. Msh2-Msh3 has been hy-
pothesized to stabilize the 3 NHTR intermediate (13) and
is required for recruitment of Rad1-Rad10 to short recom-
bination intermediates in vivo (12). These data argue that
Msh2-Msh3 is directly involved in the initiation of the 3’
NHTR step of repair beyond simply stabilizing the SSA
3’ flap recombination intermediate to enable localization
of Radl-Rad10/Sawl to short regions of homology. In-
stead we propose that Msh2-Msh3 is part of a ‘handoff’
mechanism to efficiently recruit Rad1-Rad10 to 3’ non-
homologous DNA tails. Furthermore, these data suggest
that the radl R218A repair phenotype results, at least in
part, from a defect in the initiation step of Msh2-Msh3-
dependent 3’ NHTR.

rad1R218A recruitment to SSA intermediates is disrupted

If the initiation step of SSA is defective in the presence of
the radl R218A4 allele, one possibility is that recruitment of

radlR218A-Rad10 to the SSA recombination intermedi-
ates is compromised. To test this idea, we performed chro-
matin immunoprecipitation experiments to detect recruit-
ment (Figure 9A), as described previously (12). Rad1 is not
detectable at the recombination intermediate, as previously
noted (12) likely because it cleaves the 3’ flap and then disso-
ciates from the intermediate. In contrast, recruitment of the
endonuclease-deficient form of Radl, rad1D825A, is read-
ily detectable (12). Without cleavage activity, this protein is
presumably trapped at the intermediate.
rad1R218A-Rad10 was not efficiently localized at the
SSA intermediate, with or without a mutation in the en-
donuclease domain (Figure 9B, C). Gel mobility shift as-
says indicated that His-rad1R218A—Rad 10 is proficient at
binding 3’ flap substrates (Figure 3). These observations in-
dicate that lack of localization of the mutant radl protein
complex is a result of a defect in recruitment, not binding,
although altered binding (Figure 3) may be a factor in lo-
calization of rad1R218A—Rad10 in vivo. It is worth noting
that there is an increase in rad1R218A—Rad 10 compared to
wild-type Radl at both the proximal and distal sites at the



5088 Nucleic Acids Research, 2018, Vol. 46, No. 10

Cig
A>

e
& Qyo

Rad1l-HA

C
100+ SSA with short repeats
80
®
2= 60-
g
=
P 404
X
201
o-
» > » »
o > o N
& & o &
(”*b @é

S

100+

SSA with long repeats

% Survival

Figure 8. radl R2184 function in SSA. (A) radl R218A-3HA was integrated into the chromosome, replacing endogenous RADI. To determine expression
levels, a-HA antibody was used to immunoprecipitate HA-tagged protein from cell lysates grown to mid-log phase for radl R2184A-3HA, RADI-3HA,
and radl A w. A western blot of eluates was performed using a—HA antibody. radl A serves as a negative control. An arrow indicates the Radl-3HA
or rad1R218A-3HA band. (B) Cartoon of SSA in the EAY1141 (short ~250 bp ura3 repeats) and YMVS80 (long ~ 1.3 kb Jeu2 repeats) strains used to
assess 3’ NHTR.(C) Msh2-Msh3-dependent SSA assays with short repeats were performed. D. Msh2-Msh3-independent SSA assays with long repeats
were performed. Percent survival (induced/uninduced) was calculated by determining the viability of cells after a 5 hour induction of HO expression. Data
represents the mean £ SEM of at least six independent experiments with at least two independent isolates. The following strains were used: RAD/ (black),
radl A (dark red), radl D825 A (orange), radl R218 A (teal) and msh2 A (magenta).

later time points. This suggests that the protein complex is
recruited but is not stably established at the recombination
intermediate with short repeats; repair is fairly efficient with
longer repeat intermediates, even in the absence of MSH?2
(Figure 8D).

SAWI1 overexpression enhances SSA in radlR218A back-
ground

SAWI is required for the recruitment of Radl-Radl10 to
recombination intermediates, a key step in initiating 3’
NHTR. Therefore, we tested the effect of overexpressing
SAWI on SSA activity. SSA strains (short repeats) encod-
ing RADI or radl R218 A4 were transformed with a high copy
number (2) plasmid carrying SAWI under the control of
its endogenous promoter, which led to significant overex-
pression of Saw1 (Supplementary Figure S6A). It has been
observed that sumoylated Saw1 promotes UV survival (47),
but we considered the possibility that SAWI overexpres-
sion might interfere with NER. We observed no effect on
UV sensitivity, indicating that excess Saw1 does not inter-
fere with NER (Supplementary Figure S7A).

It has been noted previously that Sawl is unstable in the
absence of Radl (12), which is consistent with our obser-
vations (Supplementary Figure S6A). Notably, even when
overexpressed from the high copy number plasmid, Sawl1 is
stabilized by endogenous levels of Radl (or rad1D825A or
rad1R218A). This suggests that stabilization of increased
levels of Sawl does not require additional RADI to be
expressed. Recent mass spectrometry data with endoge-
nous proteins indicated that there is roughly 5 times more
Saw1 in the cell than Rad] under normal growth conditions
(48), consistent with the possibility that stoichiometric com-
plexes of Rad1-Rad10 and Saw1 are not required for Saw1
protein stability in vivo.

SAW1I overexpression had no effect on SSA in the pres-
ence of RADI or radlD825A4 (Figure 10A, B; Mann-
Whitney, P = 0.96 and 0.51, respectively). In contrast, over-
expression of SAW1I resulted in a ~2-fold increase (Mann-
Whitney, P = 0.045) in survival of an induced DSB in the
radl R218 A background (Figure 10C). This partial comple-
mentation supports the idea that the regulation of interac-
tions between Rad1-Rad10 and Saw1 impacts the efficiency
of the pathway.
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Rad1-Rad10 also forms stable complexes with Rad14 in
NER (49,50). We tested the possibility that Saw1 and Rad14
functionally compete with each other for interactions with
Rad1-Rad10in 3’ NHTR. When we performed SSA assays
in the absence of RADI14, we observed no difference in sur-
vival, indicating that the presence of Rad14 does not com-
promise 3’ NHTR (Supplementary Figure S7B).

Opverexpression of MSH3 interferes with SSA

If Msh2-Msh3-dependent initiation of SSA is impacted in
the radl R218A background, we reasoned that overexpres-
sion of MSH3 might affect 3’ NHTR. SSA strains (short
repeats) encoding RADI, radl D825A or radl R218A were
transformed with a plasmid carrying MSH3 under the con-
trol of a galactose-inducible promoter. Overexpression had
no effect on SSA in the presence of radlD825A4 (Figure
10E). In both RADI and radl R218 A strains, we observed a
small, but statistically significant decrease in SSA efficiency
compared to the presence of the empty vector (Figure 10D,
F, orange circles versus green squares; Mann-Whitney P =
0.05for RADI, P=0.01for radl R218A). This effect was en-
hanced by co-overexpression of MSH2 and MSH3 (Figure
10, blue triangles). This observation suggests that Msh2—
Msh3 interacts with Radl-Rad10 both on and off the
DNA, otherwise excess Msh2-Msh3 should have no effect
on SSA activity. Alternatively, the excess Msh2-Msh3 could
bind to the DNA intermediate and occlude Rad1-Rad10
access. To distinguish these possibilities, we overexpressed
the msh3 KKAA mutation, which abrogates specific DNA
binding activity of the Msh2-msh3KKAA complex (41).
In the presence of RADI, overexpression of msh3KKAA re-

duced SSA, similar to MSH2/MSH3 overexpression (Fig-
ure 10D, purple inverted triangles; Mann—Whitney P =
0.006), supporting the idea that the excess MSH complex
need not be bound to the recombination intermediate in
order to interfere with Rad1-Rad10 function. In contrast,
overexpression of msh3KKAA had no effect on the SSA
phenotype in the radl R218 A background (Figure 10F, pur-
ple inverted triangles; Mann-Whitney P = 0.82), suggesting
that, in this case, it is Msh2-Msh3 bound to the recombina-
tion intermediate that is causing the enhanced SSA defect.

MSH3 and SAW1 overexpression had opposite effects on
SSA efficiency in the presence of radl R218A in vivo (Figure
10C and F), indicating excess Msh2-Msh3 and Sawl can
suppress or enhance SSA, respectively. Therefore we tested
the impact of overexpressing both genes at the same time in
the radl R218A4 background (Figure 10F, pink diamonds).
Under these conditions, SSA efficiency was indistinguish-
able from that in the presence of the empty vectors alone
(Figure 10F, orange circles), the effect of overexpressing ei-
ther gene essentially canceling out the effect of the other (P
=0.8433; Mann—-Whitney). This suggests that a careful bal-
ance of protein factors is important for maximizing repair
efficiency.

RPA interacts with Rad1-Rad10 and stimulates its endonu-
clease activity; radl R218A disrupts these activities

Recent studies have indicated that interactions between
the mammalian homolog of Radl-Radl0 and RPA in-
fluence its activity in NER and ICLR (27,30). To assess
whether RPA plays a similar role in Rad1-Rad10-mediated
3’ NHTR, we first interrogated protein-protein interactions
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Figure 10. Overexpression of SAWI, MSH?2, and MSH3 impacts SSA efficiency. SSA assays with 205 bp ura3 repeats with a high copy (HC) plasmid con-
taining SAW1I (blue squares) or an empty vector (EV, orange circles) were performed in the presence of (A) RADI, (B) radl D825A, and (C) radl R218A.
(D) SSA activity was determined in RADI-3HA strains transformed with empty vectors (EV; orange circles), MSH3 (green squares), MSH2+MSH3
(blue triangles), msh3 KKAA (purple inverted triangles) or MSH3+SAWI (pink diamonds). (E) SSA activity was determined in radl D825A-3 HA strains
transformed with empty vectors (EV; orange circles), MSH3 (green squares), MSH2+MSH3 (blue triangles), msh3KKAA (purple inverted triangles)
or MSH3+SAWI (pink diamonds). (F) SSA activity was determined in radl R2184-3HA strains transformed with empty vectors (EV; orange circles),
MSH3 (green squares), MSH2+MSH3 (blue triangles), msh3KKAA (purple inverted triangles) or MSH3+SAWI (pink diamonds). Percent survival
(induced /uninduced) was calculated by determining the viability of cells after a 5 hour induction of HO expression. Data represents the mean + SEM of
at least six independent experiments, with at least two independent plasmid transformants.

between Radl-Radl0 and RPA in vivo. Using the HA-
tagged version of Radl or radlR218A expressed from its
endogenous locus, we performed co-immunoprecipitation
from cell lysates with a«HA antibodies and probed a west-
ern blot with a-Rfal antibody. In the presence of Rad1-HA,
Rfal co-immunoprecipitated (Figure 11A, lane 2), indicat-
ing that these proteins interact in vivo.

We next tested to see if this Rad1-Rad10/RPA inter-
action was functional in vitro. Using purified proteins, we
tested the effect of yeast RPA on Rad1-Rad10’s ability to
cleave a 3’ ssDNA flap substrate in vitro. This is a sub-
optimal substrate for Rad1-Rad10 (12). We demonstrated
that RPA is able to stimulate Radl-Rad10 endonuclease
activity on a 3’ flap substrate by ~2-fold (Figure 11B and
D). Importantly, SSB from E. coli did not stimulate Rad1-

Rad10’s endonuclease activity (data not shown). These ex-
periments were performed under conditions in which RPA
DNA-binding efficiency was between 50 and 85% (data not
shown). These observations are consistent with RPA play-
ing a role in positioning Radl-Rad10 on the DNA sub-
strate.

Notably, the interaction with RPA was lost in the pres-
ence of radlR218A-HA (Figure 11A, lane 3). Further-
more, in contrast to wild-type His—Radl-Rad10, His—
rad1R218A-Rad10 endonuclease activity was insensitive to
the presence of RPA (Figure 11C and D). These results indi-
cate that the interaction between Rad1-Rad10 and RPA is
important for the stimulation of catalytic activity and that
this interaction is disrupted in the radl R218 4 background.
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Figure 11. rad1R218A disrupts interaction with RPA. (A) Co-immunoprecipitation experiments from cells. Rad1-HA or rad1R218A-HA was immunopre-
cipitated with a-HA antibody and associated proteins were probed by western blot, using a—Rfal antibody. (B) A Representative gel of the endonuclease
activity of purified His—Rad1-Rad10 (200 nM) on 3’ flap substrates in the absence or presence of increasing concentrations of RPA. (C) Representative
gel of His-rad1R218A-Rad10 endonuclease activity in the absence or presence of RPA. (D) Quantification of multiple RPA titration experiments, using
multiple different preparations of His—-Rad1-Rad10 and RPA. (E) Quantification of stimulation of cleavage activity by RPA. Note that while the absolute
activity of Rad1-Rad10 and rad1R218A-Rad 10 in the absence and presence of RPA varies, the relative levels remain consistent. For both panels B and C,
the reactions shown were all run on the same gel; some unrelated lanes were cropped out of the images.

DISCUSSION

Distinct molecular requirements for Radl in NER and 3’
NHTR

In this study we identified two radl alleles within a poorly
characterized region of RA D] that exhibited separation-of-
function phenotypes; both were functional for NER and
severely impaired in 3’ NHTR. These phenotypes demon-
strated that there are distinct molecular requirements for
Radl in NER vs. 3’ NHTR, consistent with the different
requirements of the two pathways (Supplementary Figure
S8). For instance, recent work has implicated a role for
sumoylated Saw1 in NER, but not 3’ NHTR (47). Similarly,
different protein partners are required. Our results highlight
the importance of Msh2-Msh3 in 3’ NHTR.

Several factors contributed to the 3’ NHTR defect
in the rad2R2034,K205A background. First, the His—
rad1R203A,K205A-Rad10 exhibited a defect in endonucle-

ase activity (Figure 4), although this defect had a more mi-
nor effect on NER (Figure 2C) than on 3’ NHTR (Fig-
ure 2B). Second, His-rad1R203A,K205A-Rad10 was im-
paired in its interaction with Msh2-Msh3 (Supplementary
Figure S2C and D). Third, complex formation or com-
plex stability between His—rad1R203A,K205A-Rad10 and
Sawl was compromised, evident from the elution profiles
of both the Cobalt and gel filtration purification steps (Fig-
ure 5D, Supplementary Figure S3). This effect was spe-
cific to Sawl; His-rad1R203A,K205A-Rad10 purification
and gel filtration elution profile was similar to that of His—
Rad1-Rad10 (Supplementary Figure S4A and data not
shown). Because there were multiple in vitro defects with
His-rad1R203A,K205A-Rad10, it is difficult to pinpoint
a single cause for the 3’ NHTR phenotype to help define
the pathway (Supplementary Figure S8). A less robust in-
teraction between rad1 R203A,K205A-Rad10 and Msh2—
Msh3 could limit recruitment to recombination interme-
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diates, as could the instability of the rad1R203A,K205A—
Rad10 complex specifically in the presence of Sawl. Both
observations explain the 3 NHTR phenotype of this muta-
tion.

In contrast, His-rad1R218 A-Rad10 retained wild-type
endonuclease activity (Figure 4) and was able to inter-
act efficiently with Msh2-Msh3 (Figure 6, Supplementary
Figure S2C, D) and form a tripartite complex with Sawl
(Figures 5 and 7, Supplementary Figure S3). Nonethe-
less, differences from His—Radl-Radl0 were noted with
respect to protein-protein interactions, which could im-
pact biological function. First, His-rad1R218A-Rad10 ex-
hibited an increased interaction with Msh2-Msh3 in co-
immunoprecipitation experiments in the presence of non-
specific DNA (Figure 6), indicating a change in the strength,
stability and/or stoichiometry of binding. This change may
be revealed when one or both proteins interact with DNA.
Second, His-rad1R218A—Rad10 was more efficiently im-
munoprecipitated with His-Saw1 in the presence of Msh2-
Msh3 than His-Radl-Radl10 (Figure 7B and C). Co-
immunoprecipitation experiments suggest that this is due
to increased interactions between His-rad1R218A—Rad10
and His-Saw1 (Figure 5A and B) compared to His—Radl-
Radl10. Third, His-radlR218A-Rad10 no longer inter-
acted with RPA (Figure 11). These observations indicate
that the radl R218A mutation interferes with the normal
regulation and coordination of protein—protein interactions
among Rad1-Rad10, Msh2-Msh3, Saw1 and RPA that are
required to mediate 3’ NHTR (Supplementary Figure S8).

A more direct role for Msh2-Msh3 in recruiting Radl-
Rad10?

Msh2 has previously been shown to interact with Radl and
Sawl (11,25), presumably via Msh2-Msh3, and these in-
teractions have been proposed to play a role in protein re-
cruitment to the intermediate (11,25). Nonetheless, models
of 3 NHTR in the literature have focused on the role that
Msh2-Msh3 plays in stabilizing the recombination interme-
diate (e.g. (3,11-13). Based on our in vitro and in vivo re-
sults, we propose three distinct roles for Msh2-Msh3 at dif-
ferent steps in 3NHTR (Figure 12): (i) Msh2-Msh3 binds
and stabilizes recombination intermediates, perhaps block-
ing unwinding of the intermediate (23), (i1) Msh2-Msh3
interacts with Sawl and/or Radl-Radl10 to recruit and
retain the Rad1-Rad10/Sawl complex to the recombina-
tion intermediate and (iii) Msh2-Msh3 leaves the recom-
bination intermediate to allow cleavage, which we propose
also involves protein-protein interactions (see next section).
Alternatively, the interactions between Msh2-Msh3 and
Radl-Rad10-Sawl could enhance cleavage activity prior
to Msh2-Msh3 leaving the recombination intermediate. We
base this model on the following observations.

First, the 3’ NHTR defect in radl R218A4 was specific to
Msh2-Msh3-dependent repair pathways, i.e. SSA involving
short repeats (Figure 8). Consistent with this observation,
the switching efficiency of both radl alleles in the mating
type switch assay was more similar to that of an msh3 A than
a radlA (~10% versus ~0%) (Figure 2B) (20,42). These
data indicate that (i) the radl R218A4 mutation altered inter-
actions with Msh2-Msh3 and/or (ii) Msh2-Msh3-binding

to the recombination intermediate, which is independent
of Radl (12), is insufficient for rad1R218A-Rad 10 recruit-
ment in this genetic background. Both possibilities suggest
that Msh2-Msh3 is playing a more direct role in 3’ NHTR,
in addition to stabilizing the recombination intermediate.

Second, interactions among Msh2-Msh3, Sawl and
rad1R218A-Rad10 were altered in vitro. Specifically, His—
rad1R218A-Rad10 was more efficiently immunoprecipi-
tated by Sawl in the presence of Msh2-Msh3 than wild-
type His—Rad1-Rad10 (Figure 7B and C). These interac-
tions are potentially important for recruitment of Radl-
Rad10/Sawl to the recombination intermediate and/or
hand-off from Msh2-Msh3 to Radl-Radl10/Sawl, i.c.
Msh2-Msh3 leaving the intermediate.

Finally, overexpression of MSH3 or MSH2/MSH3
reduced SSA efficiency in both the RADI-3HA and
radl R218A-3HA backgrounds. The excess MSH complex,
which exhibits a dominant negative effect on 3’ NHTR, may
not be interacting with the recombination intermediate (it
is bound by endogenous levels of complex (18,42)). There-
fore, the inhibition of SSA may be a result of Rad1-Rad10
interacting with Msh2-Msh3 independent of the DNA, as
demonstrated here, in vitro (Figure 6). Consistent with this
possibility, overexpression of msh3KKAA, which has lost
specific DNA-binding activity (41) also reduced SSA effi-
ciency in the presence of RADI-3HA. This suggested that
Msh2-msh3KKAA (not bound to DNA) can interfere with
3’ NHTR, perhaps titrating Rad1-Rad10 away from the
recombination intermediate, thus interfering with the sta-
ble recruitment of Radl-Rad10 to the DNA intermedi-
ate, although it is possible that Msh2-Msh3 plays a role in
addition to Rad1-Rad10 recruitment. In contrast, overex-
pression of msh3KKAA did not negatively affect SSA effi-
ciency in the radl R218A4 background, suggesting that the
free MSH complex does not efficiently titrate rad1R218A—
Rad10 away from the 3 NHTR pathway. It is notable that
His-rad1R218A—-Rad10 interacts with Msh2-Msh3 better
than His—Rad1-Rad10 in the presence of DNA (Figure 6),
which may make it less titratable from the recombination
DNA intermediate.

Coordination between Rad1-Rad10, Sawl, RPA and Msh2-
Msh3

A loss or reduction in the ability of proteins to interact pro-
vides a clear explanation for the disruption of a biochemi-
cal pathway. However, enhanced interactions can be equally
detrimental in pathways that require transient contact and
‘hand-off” from one set of interactions to the next. We pro-
pose that the R218A change in Radl leads to altered, both
decreased and enhanced, interactions among Rad1-Rad10,
Msh2-Msh3, RPA and Sawl that disrupt 3’ NHTR (Figure
12, Supplementary Figure S8).

Through co-immunoprecipitation and far western anal-
yses, we demonstrated for the first time that both Radl-
Rad10 and Sawl form direct physical interactions with
Msh2-Msh3 (Figures 6 and 7, Supplementary Figure S2).
These proteins could interact simultaneously and be part
of the same complex. Alternatively, protein interactions
could shift during the process of 3’ NHTR. Direct interac-
tion between Msh2-Msh3 and Saw1 could mediate hand-
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C SSA Efficiency in vivo
Allele Bind Saw1 Int. RPA ChiIP*  Short Long Saw1 2-3 Saw1 +
DNA +2-3 Int./Stim. repeat repeat O/E O/E  Msh3 O/E
RAD1 ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ Same l Same
rad1R20A + +/- + +- NT NT NT NT NT NT NT NT NT
K205A
R218A ++ ++ ++ ++ +++ +++ - +/- - + T l Same

Figure 12. Cartoon model of protein-DNA and protein-protein interactions involved in 3’ NHTR. (A) Cartoon of the known protein-protein interactions
among Msh2-Msh3, Radl-Rad10, Sawl, RPA and SIx4 (11,12,25,47,53-55). Please note that the illustrated interactions in this cartoon are not intended
to indicate specific interaction domains. (B) Model for 3’ NHTR. (i) Double strand break processing results in a recombination intermediate with 3’ non-
homologous single-stranded DNA tails. (ii) The ssDNA tails are bound by RPA. (iii) Msh2-Msh3 binds the double-strand/single-strand DNA junction
(16). This step does not require other proteins in vitro but may be facilitated by RPA, which interacts with Msh2-Msh3 (22), or other factors in vivo. Msh2—
Msh3 stabilizes the intermediate to facilitate downstream steps of 3’ NHTR and aids in recruitment of Rad1-Rad10-Saw1. (iv) Msh2-Msh3 interacts with
Rad1-Rad10-Sawl1 to recruit the complex to the recombination intermediate. Msh2—-Msh3 interactions with Rad1-Rad10 and/or Saw1 may facilitate this
step. Interactions between RPA and Rad1-Rad10 aid in recruitment and/or positioning of Rad1-Rad10-Saw1 at the intermediate. Slx4 may also play a
role in positioning Rad1-Rad10-Saw! at the recombination intermediate (38). We propose that sequential protein-protein interactions are important for
properly positioning and stabilizing Rad1-Rad10 at the intermediate. (v) Rad1-Rad10-Saw1 binds the DNA junction and displaces Msh2-Msh3 from the
DNA. Alternatively Msh2-Msh3 may remain bound to the DNA and/or multi-protein complex to stimulate Rad1-Rad10 cleavage of the 3’ flap. (vi) The
3 tails are cleaved by Rad1-Rad10(-Saw1) and Rad1-Rad10-Saw1 leaves the DNA to allow DNA synthesis to fill in the gap (vii). (C) Summary of in vitro
and in vivo activities of RADI, radl R203A4 k205 A4 and radl R218A. Int. refers to interaction; Stim. refers to stimulation. A more comprehensive summary is
shown in Supplementary Figure S8. * ChIP performed in the presence of the endonuclease deficient rad1 D825A mutation, which is necessary to see radl
localization. ++ indicates wild-type levels of activity, in vitro or in vivo; +++ indicates increased activity relative to wild-type, + and +/— indicate decreasing
activity levels relative to wild-type; - indicates not detectable activity; NT indicates not tested.

off of Rad1-Radl10 to the DNA — or hold Radl-Rad10
poised for action until a further signal, e.g. SIx4 interac-
tions. rad1R218A interactions with both Msh2-Msh3 and
Sawl are altered in vitro, affecting one or more steps in
3’ NHTR (Figures 5-7, Supplementary Figure S2). Radl-
Rad10 interactions with RPA also appear critical for en-
hancing Rad1-Rad10 cleavage activity (Figure 11), similar
to a role for RPA in modulating Xpf-Erccl activity in mam-
malian NER and ICLR, at least in vitro (27,30). It is worth
noting that the integrated version of radl R218A4 was some-
what UV sensitive (Supplementary Figure S5), indicating
that an impaired interaction with RPA also impacts NER.

In mammalian systems, interactions between RPA and Xpf-
Erccl are important for efficient NER (26,27). These obser-
vations indicate that the coordinated set of protein-protein
interactions is disrupted in the radl R218 A background and
is consistent with a separation-of-function phenotype that
primarily affects 3 NHTR. We do note that the interac-
tion between Rad1-Rad10 and RPA is not required for re-
cruitment of Rad1-Rad10 to the recombination intermedi-
ate (data not shown) and so may be acting downstream of
recruitment.

We propose a model for the initiation of the 3NHTR of
DSBR in which Rad1-Rad10 forms a complex with Saw1,
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which is critical for the recruitment of Rad1-Rad10 to the
recombination intermediate (12) (Figure 12). Msh2-Msh3
binds the recombination intermediate thereby stabilizing
it, particularly in the presence of shorter repeats (Figure
12Bii) (13,18). Rad1-Rad10 is physically brought to the
ds/ssDNA junction and properly positioned for cleavage
through four sets of interactions (Figure 12Biii, iv): (i) be-
tween Sawl and DNA (12), (ii) between Rad1-Rad10 and
Msh2-Msh3 (bound to the DNA) (Figure 6, Supplemen-
tary Figure S2), (iii) between Saw1 and Msh2-Msh3 (bound
to the DNA) (Figure 7) and (iv) between Rad1-Rad10 and
RPA (bound to DNA) (Figure 11). When any of these inter-
actions is altered, 3’ NHTR is impaired. This is supported
by the following observations. First, in the presence of saw1
mutants impaired for interactions with either the DNA or
with Rad1-Rad10, Rad1-Rad10 recruitment to the DNA
intermediate is impaired and 3’ NHTR is blocked (12). Sec-
ond, overexpression of msh3KKAA reduced the efficiency
of SSA in the presence of RADI-3HA (Figure 10), sug-
gesting interactions between Rad1-Rad10 and Msh2-Msh3
OFF the DNA impair 3’ NHTR. Third, His-radR218A—
Rad10 has altered interactions with both Msh2-Msh3 and
Sawl in vitro and with RPA in vivo; this mutation blocks 3’
NHTR. This is consistent with a mismanagement of protein
complexes in the presence of rad1R218A that is sufficient
to disrupt the regulated coordination of protein-protein in-
teractions to mediate 3’ NHTR initiation. Altered interac-
tions with the DNA itself (Figure 3) may also play a role.
In particular, enhanced interactions between, for example,
radlR218A-Rad10 and Sawl could interfere with appro-
priate hand-off to the next step in the repair pathway, in-
cluding recruitment to the recombination intermediate via
interactions with Msh2-Msh3. Mutations that disrupt the
Msh2-Msh3/Rad1-Rad10 interaction will be important in
testing this model.

We propose that once Rad1-Rad10 is positioned, via in-
teractions with Msh2-Msh3 and RPA (Figure 12Biv) and
its endonuclease activity is activated, Msh2-Msh3 disso-
ciates from the DNA, either dissociating completely (Fig-
ure 12Bv) or handing Rad1-Rad10(-Saw1) off to the DNA
junction but remaining in contact with the multi-protein
complex at the recombination intermediate. Msh2-Msh3
ATP binding and/or hydrolysis may impact these dynamics
(19,20). Following cleavage, the DNA substrate for Msh2-
Msh3, Radl-Rad10 and Sawl is no longer present and
these proteins leave the DNA (Figure 12Bvi) to allow DNA
resynthesis to fill in the remaining gaps (Figure 12Bvii).

Thus far the role of S1x4 in 3’ NHTR remains unclear. It is
not required for recruitment of Rad1-Rad10 to the recom-
bination intermediate (12). It is, however, required for cleav-
age of the 3’ ssDNA tails (51) and mammalian SLX4 stim-
ulates XPF-ERCC1 endonuclease activity in ICLR (52).
Mammalian SLX4 has been proposed to be critical for
proper positioning of XPF-ERCCI on its ICLR substrates
(38). These observations suggest a role for SIx4 in coordi-
nating the mechanistic steps in 3’ NHTR downstream of
Rad1-Rad10 recruitment. One intriguing possibility is that
Msh2-Msh3 and Sawl co-operate to localize Rad1-Rad10
to the recombination intermediate, where it remains poised
for action until the arrival of SIx4 (Figure 12Biv).
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Supplementary Data are available at NAR Online.
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