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unwinding activity.
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(Bacl(ground: The mechanism of DSB end resection in yeast nuclease deficient mrell mutants and Mrell nuclease-
independent ATM activation in mammalian cells remains unclear.
Results: Mrell binds to DSB ends and also promotes end bridging. Rad50, Xrs2, and Sae2 potentiate Mrell-catalyzed DNA

Conclusion: Mrell nuclease activity is dispensable for DNA binding and unwinding activity.
Significance: These studies reveal a novel mechanism of processing of DSBs by MRX-Sae2 complex.

J

Saccharomyces cerevisiae RAD50, MRE11, and XRS2 genes
are essential for telomere length maintenance, cell cycle check-
point signaling, meiotic recombination, and DNA double-
stranded break (DSB) repair via nonhomologous end joining
and homologous recombination. The DSB repair pathways that
draw upon Mrell-Rad50-Xrs2 subunits are complex, so their
mechanistic features remain poorly understood. Moreover, the
molecular basis of DSB end resection in yeast mrell-nuclease
deficient mutants and Mrell nuclease-independent activation
of ATM in mammals remains unknown and adds a new dimen-
sion to many unanswered questions about the mechanism of
DSB repair. Here, we demonstrate that S. cerevisiae Mrell
(ScMrel1) exhibits higher binding affinity for single- over dou-
ble-stranded DNA and intermediates of recombination and
repair and catalyzes robust unwinding of substrates possessing a
3’ single-stranded DNA overhang but not of 5’ overhangs or
blunt-ended DNA fragments. Additional evidence disclosed
that ScMrell nuclease activity is dispensable for its DNA bind-
ing and unwinding activity, thus uncovering the molecular basis
underlying DSB end processing in mrell nuclease deficient
mutants. Significantly, Rad50, Xrs2, and Sae2 potentiate the
DNA unwinding activity of Mrell, thus underscoring func-
tional interaction among the components of DSB end repair
machinery. Our results also show that ScMrel1 by itself binds to
DSB ends, then promotes end bridging of duplex DNA, and
directly interacts with Sae2. We discuss the implications of
these results in the context of an alternative mechanism for DSB
end processing and the generation of single-stranded DNA for
DNA repair and homologous recombination.
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Among the various types of DNA damage, DNA double-
stranded breaks (DSBs)? are the most lethal forms, which, if left
unrepaired, will lead to genome instability and/or cell death
(1-4). To maintain the genome integrity, organisms have
evolved several mechanistically different pathways for DSB
repair: nonhomologous end joining (NHE]) and homologous
recombination (HR) being the two major pathways (1—4). Both
the pathways are essential for genome maintenance; however,
stages of the cell cycle regulate the choice between the two DSB
end repair pathways. NHE] functions all through the cell cycle,
whereas HR is active only postreplicative stages of the cell cycle,
i.e., in the S and G, phases, during which the sister chromatids
are more easily available to serve as repair templates (5-9). A
common step in recombinational DNA repair pathway is the
resection of 5’ ends on each side of the DSB, leading to the
formation of 3’ single-stranded tails, which are also required for
activation of the ATM/ATR (ataxia telangiectasia and Rad3-
related protein)-mediated checkpoint response (1-4).

In Saccharomyces cerevisiae, RAD50, MRE11, and XRS2
genes are essential for homologous recombination and DSB
repair (via NHEJ and HR), telomere length maintenance, cell
senescence, and cell cycle checkpoint signaling (10-21). Sev-
eral lines of evidence indicate that Mrel1-Rad50-Xrs2 subunits
(henceforth called MRX complex) are the essential early com-
ponents of DSB end repair (1-4). S. cerevisiae mutants harbor-
ing deletion of any one of the MRX complex genes are as sen-
sitive as a triple gene deletion mutants to DNA-damaging
agents (10—16, 18 -22). Moreover, a number of studies have
shown that the MRX(N) complex is a part of a larger surveil-
lance machine that contains several repair and DNA damage
checkpoint proteins (1-4). For example, MRX complex
requires Sae2 for the removal of covalently bound Spo11 to the
DSBs, as well as for efficient resection of the DSB to generate

2 The abbreviations used are: DSB, double-stranded DNA break; AFM, atomic
force microscope; ATM, ataxia telangiectasia mutate; HR, homologous
recombination; MRX. Mre11-Rad50-Xrs2 proteins; NHEJ, nonhomologous
end-joining; ODN, oligonucleotide; ssDNA, single-stranded DNA.
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extended 3'-ended ssDNA tails (23—31). Although Sae2 has
intrinsic nuclease activity (30), its relevance and role in DSB end
processing remains unclear. In S. cerevisiae, other studies have
shown the existence of two functionally redundant pathways of
DSB end resection downstream of MRX and Sae2 (32—34). The
first involves Exol, whereas the second is a protein complex
comprising of Sgs1-Rmil-Top3 and Dna2 nuclease (1-4, 35).

The formation of DSBs trigger the recruitment of MRX(N)-
Sae2/CtIP complex to the DSB ends, which then exert both
structural and catalytic functions (1-4, 35). Genetic studies in
S. cerevisiae have shown that both MRX complex and Sae2 are
required for the repair of DSBs associated with repetitive DNA
and the processing of DNA secondary structures (36 —39). Sev-
eral studies have demonstrated that Mrel1 exhibits Mn>* -de-
pendent 3’ to 5’ exonuclease activity on DNA substrates,
including nicked substrates, possessing blunt-ended or 5’ pro-
truding ends and endonuclease activity on single- and nonca-
nonical DNA substrates (18, 21, 22, 40—46), whereas Sae2
exhibits ssDNA endonuclease activity (30). Also, Rad50 nega-
tively regulates Mrell nucleolytic activity, and repression was
alleviated upon ATP hydrolysis by Rad50, indicating that ATP
and ADP function as allosteric effectors (46, 47). In agreement
with these findings, structural studies show that Rad50 nega-
tively regulates Mrell nuclease activity by blocking the active
site of Mrel1, and hydrolysis of ATP disengages Rad50 subunit,
thus unmasking the active site of Mrel1 (48). Furthermore, the
human Mrel1-Rad50-Nbsl complex has been shown to pos-
sess weak ATP-stimulated DNA unwinding and does not need
ends for DNA binding activity (49, 50), and hMrell by itself can
bind both ssDNA and dsDNA and catalyze the annealing of
complementary ssDNA molecules (51). Intriguingly, Mrell
nuclease activity is dispensable for the resection of DSBs in
vegetatively growing yeast cells, although it is essential for the
processing of meiotic DSBs, which are covalently bound on the
5’ strand to the Spoll protein (21, 22, 28, 34, 36, 41). Further
complicating the picture, Mrell nuclease activities are not
required for the activation of ATM after DNA damage in mam-
mals (52).

The crucial step that determines the choice of DNA repair
pathways and the efficiency of HR is the resection of DSB ends
(1-4). Although studies have provided important insights into
our understanding of the biochemical and structural aspects of
the MRX(N) complex, the relevant mechanistic roles of indi-
vidual subunits remain unclear. Recent genetic data define a
two-step mechanism for DSB end resection. First, the nuclease
activity of MRX-Sae2 complex generates 50 —100 nucleotide 3’
overhangs (1, 4, 22, 35). The second step involves two pathways
and two sets of components that promote bulk resection (1, 4,
22, 35). Despite advances in our understanding of how organ-
isms and cells respond to DSBs, questions remain. For example,
the molecular basis underlying DSB end resection in S. cerevi-
siae mrell nuclease deficient mutants and Mrell nuclease-
independent activation of ATM in mammalian cells remains
unknown (21, 27, 37, 40, 41, 52). In this study, we have per-
formed a comprehensive analysis of the role of S. cerevisiae
Mrell in the processing of DSB ends using a variety of DNA
substrates. Our results show that ScMrell, by itself, binds to
double-stranded DNA ends and catalyzes significant unwind-
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ing of DNA structures possessing only 3’ ssDNA overhangs,
and its cognates Sae2, Rad50, and Xrs2 stimulate the DNA
unwinding activity of ScMrell. Interestingly, ScMrell nuclease
activity is dispensable for its intrinsic DNA unwinding activity.
Altogether, these results reveal important insights into the
mechanism of DSB end processing and support a model in
which Sae2, Rad50, and Xrs2 positively regulate the ScMrell-
mediated DNA unwinding activity via direct interactions or
through allosteric effects on the DNA or cofactors.

EXPERIMENTAL PROCEDURES

Expression and Purification of MRX and Sae2 Proteins—
S. cerevisiae Mrell was overexpressed in and purified from
Escherichia coli BL21 (DE3) pLysS as described previously (46).
mrell alleles (D16A and D56N) were generated by one-step
PCR-mediated strategy using primers 1 and 2 for D16A allele
and primers 3 and 4 for D56N allele: primer 1, D16A (5'-
ATAAGGATTTTAATTACTACAGCGAATCATGTGGGT-
TAC-3'); primer 2, D16A (5'-GTAACCCACATGATTCGCT-
GTAGTAATTAAAATCCTTAT-3'); primer 3, D56N (5'-
GACATGGTTGTACAGTCCGGTAATCTTTTTCACGTGA-
TAAG-3'); and primer 4, D56N (5'-CTTATTCACGT-
GAAAAAGATTACCGGACTGTACAACCATGTC-3'). The
mutant proteins were overexpressed in and purified from E. coli
BL21 (DE3) pLysS to homogeneity using the same purification
protocol as was used for wild-type Mrel1 protein (46). S. cerevi-
siae Rad50 was overexpressed in strain BJ5464 and purified to
homogeneity as described previously (43). S. cerevisiae Xrs2
was overexpressed in E. coli BL21 (DE3) pLysS and purified to
homogeneity as described previously (45). S. cerevisiae SAE2
construct was kindly provided by Dr. Tanya Paull (University of
Texas, Austin, TX). S. cerevisiae SAE2 gene was subcloned into
pET21a, with forward primer (5'-TACTTCCAGCATATGCT-
GACTGGTGAA-3’) harboring a Ndel site and reverse primer
(5'-GTACAAGAAAGCGGCCGCACATCTAGCATA-3') with
a Notl site. Further, pET21a-SAE2 construct was transformed
into the expression host E. coli C43 (DE3) strain (Novagen).
The cells were grown in LB broth until A, = 0.4 at 37 °C, and
then isopropyl B-p-thiogalactopyranoside was added to a final
concentration of 1 mm to induce the expression of Sae2 protein.
The cells were further grown at 13 °C for 18 h, harvested by
centrifugation at 5000 X g for 10 min. The pellet was resus-
pended in buffer A (10 mm Tris-HCI, pH 8, 150 mm NaCl, 5 mm
2-mercaptoethanol, and 10% (v/v) glycerol). The cells were
lysed by an Ultrasonic processor set to 60% amplitude for 5 min
and centrifuged at 72,000 X g for 90 min. The supernatant was
applied onto a pre-equilibrated cobalt affinity column (5-ml
bed volume) by gravity. The column was washed with buffer A
containing 10 mm imidazole. The bound protein was eluted
with a linear gradient of 20 to 800 mM imidazole in buffer A.
Fractions from the column were analyzed by SDS-PAGE (10%
(w/v) polyacrylamide gel), and peak fractions containing Sae2
were pooled and dialyzed against buffer B (10 mm Tris-HCI, pH
8, 10% glycerol, 1 m NaCl, and 5 mMm 2-mercaptoethanol). The
dialysate was applied onto a pre-equilibrated Superdex 75 gel
filtration column (120-ml bed volume), and peak fractions con-
taining Sae2 were pooled. The resulting protein was 99% pure
as ascertained by SDS-PAGE and Western blotting with cus-
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tom made anti-ScSae2 antibody (Imgenex). The fractions con-
taining Sae2 were combined and dialyzed against storage buffer
(10 mm Tris-HCIL, pH 7.5, 150 mm NaCl, and 10% glycerol), and
aliquots were stored at —80 °C.

Construction of DNA Substrates—Synthetic ODNs used in
this study are depicted in supplemental Table S1. DNA sub-
strates used in this study are shown schematically in supple-
mental Table S2. The ODNs were labeled at the 5" end by using
[y-**P]ATP as described (53). DNA substrates were generated
by annealing the appropriate combinations of ODN:ss, as indi-
cated in Table 2. For each substrate, stoichiometric amounts of
purified ODNs were added to 100 ul of 0.3 M sodium citrate
buffer (pH 7) containing 3 M NaCl. The ODN mixtures
annealed by incubation at 95 °C for 5 min and then by slow
cooling to 4 °C over a period of 2 h. Annealed substrates were
gel-purified by electrophoresis on a 6% (w/v) polyacrylamide
gel in 44.5 mMm Tris borate buffer (pH 8.3) containing 0.5 mm
EDTA. We excised the bands corresponding to the DNA
substrates from the gel, and DNA was eluted into TE buffer
(10 mmM Tris-HCI, pH 7.5, 1 mm EDTA) precipitated with 0.3
M sodium acetate (pH 5.2) and 95% (v/v) ethanol. The pellet
was washed with 70% ethanol, dried, and resuspended in 20
wl of TE buffer.

Electrophoretic Mobility Shift Assays—DNA binding activity
of ScMrell was assayed in a 20-ul reaction mixture containing
20 mm Tris-HCI (pH 7.5), 0.1 mm DTT, and 100 pg/ml BSA
with a fixed amount (3 nm) of 5’ >*P-labeled DNA substrate and
indicated concentrations of ScMrell. After incubation at 37 °C
for 60 min, the reaction was stopped by the addition of 2 ul of
loading dye (0.1% (w/v) of bromphenol blue and 0.1% (w/v)
xylene cyanol in 20% glycerol). Reaction mixtures were sepa-
rated on a 6% native PAGE in 89 mM Tris borate buffer (pH 8.3)
at 80 V for 3 h at 4 °C. The gels were dried and exposed to the
phosphorimaging screen, and images were acquired using
Fuji FLA-5000 phosphorimaging device and subsequently by
autoradiography. The bands were quantified in UVI-Tech
gel documentation station using UVI-Band Map software
(version 97.04), and the data were plotted using GraphPad
Prism (version 5.0). The results were analyzed by nonlinear
regression equation. The slope of the curves yielded the indi-
cated K, values.

DNA Unwinding Assay—The indicated amounts of ScMrell
or other proteins (where specified) were incubated with 3 nm 5’
32P_labeled DNA in 20 ul of assay buffer containing 20 mm
Tris-HCI (pH 7.5), 0.1 mm DTT, and 100 ug/ml BSA. After
incubation at 37 °C for 30 min, the reaction was stopped by the
addition of EDTA, SDS, and proteinase K to final concentra-
tions of 10 mm, 1%, and 10 pug/ml, respectively, and 5 nM ssDNA
complementary to the unlabeled strand. However, we note that
addition of unlabeled strand is not essential for Mrell-cata-
lyzed unwinding reaction. The reaction mixtures were further
incubated for an additional 15 min at 37 °C. Reaction mixtures
were separated on a 12% nondenaturing polyacrylamide gel in
89 mm Tris borate buffer (pH 8.3) at 80 V for 14 h at 4 °C. The
gels were dried and exposed to a phosphor screen, and images
were acquired using phosphorimaging with a Fuji FLA-5000
device or autoradiography. The bands were quantified in UVI-
Tech gel documentation station using UVI-Band Map software
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(version 97.04), and the data were plotted using GraphPad
Prism (version 5.0).

Surface Plasmon Resonance Measurements—All of the mea-
surements were performed on BIAcore 2000 optical biosensor
(GE Healthcare) at 30 °C. Immobilization of proteins, binding
experiments, and data analysis were performed according to
the manufacturer’s protocol (GE Healthcare). In a typical
experiment, 1200 and 1300 response units/flow cell of ScMrell
and ScSae2, respectively, were immobilized on a CM5 chip
using the amine coupling method. Flow cell 1 was used as a
control. Proteins were diluted in running buffer (10 mm HEPES,
pH 7.4, 150 mm NaCl, 3 mm EDTA, and 0.005% NP20) at con-
centrations ranging from 2 to 400 nMm and injected at a flow rate
of 30 ul/min. Regeneration was carried out by 4 M MgCl,. The
kinetic fitting was carried out with Biacore evaluation software
using 1:1 Langmuir binding model to obtain the equilibrium
and kinetic constants.

Far Western Analysis—Increasing amounts of BSA or
ScMrell in buffer consisting of 20 mm Tris-HCI (pH 7.5) and
0.1 mMm DTT was applied to a nitrocellulose membrane. The
membrane was blocked with buffer A (10 mm HEPES, pH 7.4,
100 mMm NaCl, and 1 mm EDTA) containing 5% (w/v) nonfat
milk. After incubation at 24 °C for 2 h, the membranes were
incubated with Mrel1, Xrs2, or Sae2 in buffer A for 12h at4 °C
and washed six times at 10-min intervals with buffer A contain-
ing 0.001% Nonidet P-40. The membranes were then incubated
with anti-Mrell, -Xrs2, or -Sae2 antibodies, rinsed, and incu-
bated with horseradish peroxidase-conjugated anti-rabbit anti-
body. The signals were visualized using chemiluminescence
detection. Anti-Mrell antibody was obtained from BD Biosci-
ences. Anti-Xrs2 and anti-Sae2 antibodies (custom made by
Imgenex India Pvt. Ltd., Bhubaneswar, India) in rabbits using
the synthetic epitope CSKQSRHSRSATSRSRGS (correspond-
ing to amino acid residues 811-828 of ScXrs2) and epitope
CSDTVIHEKDNDKENKTR (corresponding to ScSae2 amino
acid residues 148 —165 of Sae2) and characterized as described
(53).

DNA Bridging Assay—Reaction mixtures (20 pl) containing
75 ng (4.2 kb) of linear DNA (generated by digestion of pET21a
circular plasmid DNA with HinclI), 40 mm Tris-HCI (pH 7.5),
10 mm DTT, and 10 mm MgCl, where specified were incubated
in the absence or presence of ScMrell. After incubation for 30
min at 37 °C, we added 10 mm MgCl,, 0.5 mm ATP, and 10 units
of T4 DNA ligase (Fermentas), and incubation was extended for
10 min at 37 °C. In experiments with Exolll, samples were fur-
ther incubated at 37 °C for 60 min in the presence of 5 units of
Exolll. Except in case of Fig. 3, lane 3, the reactions were ter-
minated by the addition of 1% SDS and 0.5 ug/ul proteinase K
and incubated for 30 min at 37 °C. The samples were analyzed
by electrophoresis through 1.2% agarose in 45 mMm Tris borate
buffer (pH 8.3) containing 1 mm EDTA at 60 V for 5 h and
visualized by staining with ethidium bromide.

AFM Imaging—The samples were imaged in air using a sili-
con tip on nitride lever AFM probe (Agilent Technologies;
force constant, 21-98 N/m) and Agilent AFM controller oper-
ated in the tapping mode. Binding reactions were carried out at
37 °C for 20 in a buffer (10 ul) containing 20 mm Tris-HCl (pH
7.5),5mm MgCl,, 10 ug/mllinear pVZ77 plasmid DNA (5.5 kb)

JOURNAL OF BIOLOGICAL CHEMISTRY 11275



Unwinding of DSB Ends by MRX-Sae2 Complex

@ Nuclease Domain
A - g
DNA binding  DNA binding
Phosphoesterase motifs domain domain
11 I v \% (a) (b)
mrellD16A4
13
ScMrell RIL ITT|DNHVG YN
EcSbeDRILHTS[DWHLGQN
hMrell KILVATIDIHLGFM
mrel 1164
Cd &
& N i
© & > & &
(kDa) ﬁ\‘) @5 v )

116
66

45

35

25
BPB _P

(b) Nuclease Domain
A e -
DNA binding  DNA binding
Phosphoesterase motifs domain domain
I 0O m Iv Vv (@) (b)
mrellD56N

EcSbeD AIIVAGIDVFDTGSPP
hMrell FILLGG[DLFHENKP S
mrel 173N

{
ScMrell MVVQSGELF HVNKP S

&
KkDa & &
(kDa) & <

(@)

FIGURE 1. Proteins used in this study. a and b, schematic linear representation of Mre11 domain organization. Alignment of S. cerevisiae Mre11 phosphoe-
sterase motifs | (a) and Il (b) with E. coli SbcD and human Mre11. An arrow indicates the site of point mutations mre11°'* (@) and mre11°°¢N (b) within the
conserved phosphoesterase motifs. Purified protein preparations were analyzed by electrophoresis through 7.5% polyacrylamide gel and Coomassie Blue
staining. ¢, wild-type ScMre11 and mre11°'%* and mre11°°¢N mutant proteins. d, ScSae2. Lanes indicated by Marker contain molecular size markers. BPB,

bromophenol blue.

and with indicated concentrations of ScMrell, before the sam-
ple was deposited on a mica surface. A 5-ul aliquot of the reac-
tion mixture was deposited on freshly cleaved mica for 90 s,
rinsed with sterile Milli-Q water, and air-dried. Imaging was
done at a resolution of 512 X 512 pixels. Raw data were selected
with the Picoimage software, and the same was used to “flatten”
AFM images with second order polynomial fitting. The scan
frequency was typically 1.5 Hz per line, and the modulation
amplitude was a few nanometers.

RESULTS

Purification of S. cerevisiae Wild-type Sae2 and Mrel I and Its
Mutant Proteins—S. cerevisiae wild-type Sae2 and Mrell were
expressed in and purified from E. coli as described under
“Experimental Procedures.” To investigate the role of con-
served amino acid residues in the phosphoesterase motif I and
II in DNA binding (Fig. 1, 4 and b), we constructed two mrell
alleles (D16A and D56N) by site-directed mutagenesis. Mrell
mutant proteins were expressed in and purified from E. coli.
SDS-PAGE analysis of wild-type ScSae2 and ScMrell and its
variants indicates that they are homogenous (Fig. 1, ¢ and d).
Further confirmation of the identity of the purified recombi-
nant proteins was ascertained by determining the sequences of
the N-terminal 10 amino acid residues and by Western blotting
analysis with antibodies (BD Biosciences) specific for ScMrell
and ScSae2 (data not shown). In agreement with previous stud-
ies (36, 54), ScMrell mutant proteins were devoid of nuclease
activity (data not shown).
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ScMrell Binds More Tightly to 70-mer ssDNA and Beyond
than to Shorter ssDNA—The idea that MRX/N is recruited to
the DSB ends to generate duplex DNA with a single-strand
overhang is supported by numerous observations in many
model organisms and mammalian cell lines (1-4). Conse-
quently, a comprehensive understanding of how Mrel1 binds
to multiple divergent target DNA substrates is crucial for
reconstructing the fidelity and efficiency of DSB end resection
networks in vivo. Using the assay conditions defined previously
(45, 46), we investigated the of ability of ScMrell to bind to
varying lengths of >*P-labeled ssDNA, ranging from 20- to 100-
mer length of random sequence. Their ability to fold into DNA
secondary structural motifs was minimized as described previ-
ously (55). The results show that ScMrell formed a distinct
complex with 20-mer ssDNA, which increased in a dose-de-
pendent manner (supplemental Fig. S1a). However, even at the
highest concentration tested (250 nm), all of the DNA mole-
cules were not bound to the protein. Similarly, binding to
30-50-mer ssDNA revealed that the abundance of Mrell-
DNA complexes increased concurrent with increase in the
length of ssDNA (supplemental Fig. S1, b—i). Again, all the DNA
molecules were not bound to the protein. Beyond a length of
70-mer ssDNA, ScMrel1 exhibited very rapid and robust bind-
ing and reached saturation at relatively low protein concentra-
tions compared with shorter ssDNA substrates.

Quantification of these results revealed that the formation of
ScMrell-ssDNA complexes was higher with substrates in the
range of 70-100-mer ssDNA, whereas the extent of complex
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TABLE 1

Dissociation rate constants for binding of ScMre11 to varying lengths
of single- and double-stranded DNA

K,
nm
Single-stranded DNA
20-mer 176
30-mer 147
40-mer 97
50-mer 75
60-mer 57
70-mer 42
80-mer 32
90-mer 22
100-mer 11
Duplex DNA

20 bp 641
30 bp 577
40 bp 537
50 bp 396
60 bp 222
70 bp 176
80 bp 105
90 bp 85
100 bp 36

formation with other ssDNA substrates was relatively weak
(supplemental Fig. S1j). We determined the binding affinity of
ScMrell to varying lengths of ssDNA (K,). We found that
ScMrellp showed the strongest binding affinity for 100-mer
ssDNA (K, =~ 11 nm), compared with ssDNA substrates of
shorter length (Table 1). We conclude that ScMrell, like
hMrel1 (51), exhibits high affinity for ssDNA, and its binding is
length-dependent, and a minimum length of 90-100-mer
ssDNA is sufficient to form a high affinity complex.

Length-dependent Binding of ScMrell to Double-stranded
DNA—To further characterize the DNA length dependence,
we investigated the binding affinity of ScMrel1 for dsDNA con-
taining random sequence. We reasoned that the binding behav-
ior of ScMrell to dsDNA may be similar; therefore, we exam-
ined its binding to 20-100-bp fragments using gel mobility
shift assays. The reactions were performed as described above,
except that the indicated double-stranded DNA substrate was
replaced by ssDNA of similar length. Interestingly, ScMrell
exhibited similar dsDNA length-dependent binding affinity
(supplemental Fig. S2, a—i). Quantification of these results indi-
cated that the extent of binding was 5—15-fold higher to sub-
strates beyond a length of 80 bp (supplemental Fig. S2j). The K,
values for binding of ScMrel1 to dsDNA substrates were deter-
mined as described above (Table 1). These results, in agreement
with hMrell (51), indicate that ScMrell exhibited higher
binding affinity for ssDNA over dsDNA and that the affinity
was strongly influenced by the length of DNA. We note how-
ever that ScMrell binding to shorter lengths of DNA sub-
strates was not saturable. We speculate that it may be due to a
lack of stable binding of ScMrell to DNA, which is in close
agreement with relatively high K values (see below). To vali-
date the relative affinities of binding to different lengths of sin-
gle- and double-stranded DNA, we carried out competition
assays to determine substrate preference. Consistent with the
above results, competition experiments showed that ScMrell
had much higher binding affinity for the longer than for the
shorter lengths of either single-stranded or duplex DNA sub-
strates (data not shown).
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TABLE 2

Dissociation rate constants for binding of ScMre 11 to recombinational
DNA repair intermediates

DNA Structures Ky (nM)
.JL.  CQruciform Bubble 158
‘hI{ Replication Fork 175
"= Flayed duplex junction 177
=z 5 Flap 192
=||||= Holliday Junction 275
< 3 Flap 328
—_— 5 Overhang 368

ScMrell Binds to Intermediates of DNA Recombination and
Repair—Repetitive DNA motifs in the genome, which can fold
into putative physiological DNA substrates such as cruciforms,
triplexes, slipped structures, G-quadruplexes, and Z-DNA, are
thought to function as regulatory elements and mutation hot
spots and also serve as potential sources of genome instability
(56, 57). Furthermore, genetic studies in S. cerevisiae have
implicated a role for Mrell nuclease activity in the resolution of
recombinational DNA repair intermediates (36, 37). However,
the molecular basis of their resolution has remained elusive. To
this end, synthetic ODNs were used to construct a variety of
intermediates in recombination and repair (58, 59). ScMrell
exhibited higher binding affinity for the replication fork, cruci-
form DNA over that of its structural analog, the Holliday junc-
tion, among the substrates tested (supplemental Fig. S3, com-
pare b with a and f). Similarly, ScMrel1 showed relatively high
affinity for the flayed duplex over the 5’ flap and partial duplex
with a 5" overhang (supplemental Fig. S3, compare ¢ with 4 and
2). Under these conditions, we obtained sigmoidal dose-re-
sponse curves, indicative of apparent positive cooperativity in
the binding ScMrell to these substrates (supplemental Fig.
S3h).

The quantitative data from these studies indicate that
ScMrell exhibits high affinity to replication fork, cruciform
DNA, and flayed duplex (Table 2). Although the sizes of flap
duplex substrates are identical, ScMrell exhibits ~2-fold
higher affinity for the 3’ flap structure compared with that of
the 5’ flap structure, thereby excluding the possibility that the
differences in affinities are not due to differences in the size of
the substrates. ScMrell showed significantly lower affinity
(8-10-fold) for the Holliday junction with an apparent K, value
of 275 nM, compared with those previously reported for a num-
ber of Holliday junction binding and/or resolvases (60).

ScMrell Catalyzes Unwinding of Duplex DNA with 3" Over-
hangs, but Not of 5" Overhangs or Blunt-ended DNA Fragments—
DNA end resection is a multistep process involving multiple
components that can be divided into distinct steps: an initial
resection step during which a short oligonucleotide tract is
removed from the 5’ strand, followed by a second step of long
range end resection to generate extensive tracts of ssDNA. The
MRX-Sae2 complex catalyzes the initial resection step, whereas
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FIGURE 2. ScMre11 binds to DSB ends, promotes end bridging, and catalyzes unwinding of duplex DNA. Radiolabeled DNA substrate (3 nm) (depicted at
the top of each gelimage) was incubated in a buffer containing 20 mm Tris-HCl (pH 7.5), 1 mm DTT, 100 ng/ml BSA,0.1 mm EDTA, and the reaction products were
separated and visualized as described under “Experimental Procedures.” Lane 1 (marked C), DNA substrate alone; lane 2 (marked A), heat-denatured DNA
substrate; lanes 3-9, reaction mixtures contained 100, 200, 300, 400, 500, 600, and 700 nm ScMre11, respectively. The filled triangle on top of the gel image
denotes the increasing concentration of ScMre11. Panel (i), 20-bp blunt duplex. Panel (ii), 20-bp duplex with 20-mer 5’ ssDNA overhang. Panel (iii), 20-bp duplex
with 20-mer 3’ ssDNA overhang. Panel (iv), frame a, a typical AFM image of linear plasmid DNA (5.5 kb) in the absence of ScMre11. Frames b-i, linear plasmid DNA
(10 wg/ml) was incubated with 2 nm ScMre11 as described under “Experimental Procedures.” Representative AFM images showing ScMre11 binding to both
ends of linear dsDNA. Panel (v), frames a-d, same conditions as in panel (iv). Shown are randomly selected AFM images showing the coexistence of ScMre11
promoted end bridging of linear dsDNA molecules and ScMre11 binding to both the ends. Frame e, an AFM image of a linear dsDNA molecule apparently
completely bound by ScMre11. Here, we incubated DNA under conditions as in panel (iv), but in the presence of 14 nm ScMre11. Green arrows indicate ScMre11
binding, and naked DNA is indicated by red arrows. DNA fragment lengths were measured as described previously (62). Blue arrows indicate unbound ScMre11.

the long range end resection comprises of two distinct path-
ways: the first step is promoted by Exol, and the second employs
Sgs1-Top3-Rmil complex together with Dna2 (1-4). Addi-
tional evidences suggest that Dna2 nuclease is redundant with
Mrell nuclease; however, Dna2 does not replace the complete
absence of Mrell (34, 61). Mrell exhibits 3’ to 5" exonuclease
activity on double-stranded DNA (31, 42—-46). In addition,
hMrell stimulated by Nbs1 catalyzes a modest amount (~6%)
of unwinding of blunt-ended duplex DNA or duplex DNA con-
taininga 3’ ssDNA overhang in the absence of ATP in a divalent
cation-dependent manner (49). Because the unwinding activity
has not been studied further, we sought to characterize the
unwinding activity of MRX complex, in the absence as well as
the presence of Sae2, using short duplexes and a wide variety of
replication/recombination intermediates.

In the first set of experiments, which were motivated by
observations by Paull and Gellert (49), we investigated the
requirement for 3’ or 5" ssDNA overhangs for the unwinding
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activity of ScMrell. To this end, we used three different sub-
strates: blunt-ended 20-bp duplex and 20-bp duplexes with a
20-mer ssDNA overhang either at the 3’ or 5’ end, and moni-
tored DNA unwinding as described under “Experimental Pro-
cedures.” We observed that ScMrell was unable to unwind
either blunt-ended duplex or the same substrate containing a 5’
overhang (Fig. 2, panels (i) and (ii)). On the other hand,
ScMrell catalyzed efficient unwinding of duplex DNA con-
taininga 3’ overhang in a dose-dependent manner (Fig. 2, panel
(iii)). These results also indicated that the unwinding reaction
was essentially complete within 30 min at 37 °C. ScMrel1 binds
both the splayed substrates to a similar extent (supplemental
Fig. S3c), thereby negating the possibility of thermally
induced DNA strand separation of duplex DNA containing a
3’ ssDNA overhang. Although the basis for this difference is
unclear, it is likely that ScMrell requires a 3’ end for loading
onto and translocation in a 3" — 5’ polarity while it unwinds
duplex DNA.
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ScMrell Binds to DSB Ends and Promotes End Bridging
between Linear Duplex DNA Molecules—Previous AFM studies
have reported that S. cerevisiaze Rad50-Mrell complex, or its
human counterpart, promotes bridging of linear DNA mole-
cules (62— 64). The fact that ScMrel1 alone was able to bind and
catalyze robust unwinding of DSB ends (Fig. 2, panel (iii))
prompted us to test whether it can directly bind to the DSB
ends. We formed ScMrell-DNA complexes under conditions
as described above, except that Mn>" was omitted in the reac-
tion buffer to inhibit its nuclease activity. Aliquots of the reac-
tion mixtures were deposited onto the mica surface and visual-
ized in the AFM. In agreement with DNA end binding activity
shown for Rad50-Mrell or MRX complexes (62—64), we
observed that ScMrell by itself binds to both ends of dsDNA
(Fig. 2, panel (iv)) and, more importantly, promotes end bridg-
ing of unit length molecules to form concatemers (Fig. 2, panel
(v)). At higher concentrations where all of the DNA molecules
were bound by ScMrell as ascertained in EMSA, we observed
binding of ScMrell to internal sites of the DNA fragment (Fig.
2, panel (v), frame e). Nevertheless, both the visualization of
Mrell binding to the DSB ends and its ability to promote inter-
molecular joining of linear DNA molecules are consistent with
its role in the NHE] pathway.

To ascertain DNA bridging activity of ScMrell, we per-
formed in vitro ligation assay with linear duplex DNA. In the
absence of ScMrel1, incubation with DNA ligase alone resulted
in the formation of concatemers (Fig. 3, lane 3). Upon the addi-
tion of ScMrell, concatemer formation was significantly
enhanced (Fig. 3, lanes 5 and 6), although the extent may be
underestimated because the presence of both unwinding and
end bridging activities within the same protein would tend to
work against one another. In control reactions where DNA
ligase was omitted or in the presence of Exolll, we did not
observe concatemer formation (Fig. 3, lanes 2, 7, 8, and 9).

ScMrel 1-catalyzed DNA Unwinding as a Function of Length—
To correlate the duplex DNA length to ScMrell catalyzed
unwinding activity, we constructed a series of molecules with
different lengths of duplex region (ranging from 20 to 80 bp), all
of them having a 20-mer 3’ ssDNA overhang. In particular, we
wanted to examine the ability of ScMrell to unwind duplex
DNA substrates to generate extended ssDNA regions. Using
increasing concentrations of ScMrell with a fixed amount each
of the substrate, we monitored the efficiency of the unwinding
reaction. As shown in Fig. 4, ScMrel1 catalyzed unwinding was
robust on 20- and 30-bp duplex DNA substrates and then pro-
gressively decreased as the length of the duplex region was
increased to 70 bp (Fig. 4, compare fwith a and b). The unwind-
ing activity was essentially undetectable with 80-bp duplex
DNA under identical conditions (Fig. 4, compare g with /1). We
conclude first that ScMrell catalyzes efficient unwinding of
duplex DNA containing a 3’ ssDNA overhang but not of blunt-
ended or duplex DNA containing a 5" ssDNA overhang and
second that ScMrell binds to duplex DNA, unwinds and then
terminates its unwinding activity after 80 bp, unless an end is
reached before the limit.

ScMrell Unwinds Intermediates of Recombination/Repair—
The Mrell complex is thought to play a central role in both
homology-directed repair and NHE] (1-4, 35). Moreover,
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FIGURE 3. ScMre11 promotes bridging between linear DNA molecules to
form concatemers. The assay was performed as described under “Experi-
mental Procedures. ” Lane 1, 1-kb DNA ladder; lanes 2 and 7, linear double-
stranded DNA alone; lane 3, ScMre11 incubated with linear dsDNA in the
absence of MgCl, and ATP; lane 4, linear dsDNA in the presence of DNA ligase;
lanes 5,6, 8,and 9, incubated with 400 and 800 nm ScMre11, respectively, and
then with T4 DNA ligase. Lanes 8 and 9, reaction mixtures were digested by
Exolll. The arrows on the right-hand side indicate products formed by bridging
between linear DNA molecules. The asterisk denotes a product generated by
ScMre11 nuclease activity in the presence of MgCl..

recent studies have shown that Mrell complex, specifically its
nuclease activity, plays an essential role in processing of the
stalled replication forks, thereby helping to maintain genome
integrity during replication stress (65-70). To understand the
mechanism of processing of stalled replication forks and other
intermediates by MRX complex better, we considered whether
ScMrell could unwind replication and recombination inter-
mediates, such as the Holliday junction and flayed duplex sub-
strates. To this end, we performed unwinding experiments as
described above, except that the ssDNA-containing substrates
were replaced by Holiday junction or flayed duplex substrates,
containing 20-mer ssDNA overhangs either at the 3’ or 5’ ends.
We note that tailed Holliday junction intermediates exist in the
cell during damage to replication forks (64). We found that
ScMrell was able catalyze the unwinding of both the Holliday
junction and flayed duplex substrates containing 3" ssDNA
overhangs in a dose-dependent manner (Fig. 5, b and ). How-
ever, Mrell was unable to catalyze the unwinding of the Holli-
day junction to its constituent ssDNA under these conditions.
By contrast, ScMrell failed to catalyze the unwinding of DNA
substrates that contained 5" ssDNA overhangs (Fig. 5, @ and c).

Mrell Catalyzed DNA Unwinding Is Independent of Its
Nuclease Activity—To investigate whether ScMrell nuclease
activity is important for its DNA unwinding activity, we gener-
ated two mrel 1 alleles with substitutions of conserved residues
in phosphoesterase motifs I (D16A) and II (D56N) of its
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FIGURE 4. ScMre11 catalyzes DNA unwinding and separation of complementary single strands. The indicated *?P-labeled DNA substrate (3 nm) contain-
ing duplex regions of different lengths and ends possessing 20-mer 3’ overhangs (depicted at the top of each gel image) were incubated in a buffer containing
20 mm Tris-HCl (pH 7.5), 1 mm DTT, 100 wg/ml BSA, 0.1 mm EDTA, and the reaction products were separated and visualized as described under “Experimental
Procedures.” Lane 1 (marked C), DNA substrate alone; lane 2 (marked A), heat-denatured DNA substrate; lanes 3-9, reaction mixtures contained 100, 200, 300,
400, 500, 600, and 700 nm ScMre11, respectively. The filled triangle on top of the gel image denotes the increasing concentration of ScMre11. g, 20-bp duplex
DNA with 20-mer 3’ ssDNA overhang; b, 30-bp duplex DNA with 20-mer 3’ ssDNA overhang; ¢, 40 bp duplex DNA with 20-mer 3’ ssDNA overhang; d, 50-bp
duplex DNA with 20-mer 3’ ssDNA overhang; e, 60-bp duplex DNA with 20-mer 3’ ssDNA overhang; f, 70-bp duplex DNA with 20-mer 3’ ssDNA overhang; g,
80-bp duplex DNA with 20-mer 3" ssDNA overhang; h, graphical representation of percentage of displaced single strand with increasing concentration
ScMre11. Each data point in the graph is the average of three independent experiments. The error bars indicate S.E. The data were subjected to nonlinear
regression analysis in GraphPad PRISM (version 5.00), using the equation for one site-specific binding with Hill slope.

nuclease domain (Fig. 1, a and b). These point mutations in
ScMrell have been shown individually to abolish its endo-
and exonuclease activity (18, 20, 36). Purified S. cerevisiae
mrel I°*** and mrelIP*®N proteins were then examined for
their ability to bind ssDNA and exhibit ssDNA nuclease activ-
ity. As shown in Fig. 6 (¢ and b), both the mutant proteins
retained the ssDNA binding activity and behaved similar to the
wild-type protein. We determined the DNA unwinding activity
on a 20-bp partial duplex tethered to 20-mer 3" ssDNA over-
hang. As shown in Fig. 6 (c and d), both mrelI®'** and
mrel I°°°N mutant proteins exhibited rapid and efficient DNA
unwinding activity. Indeed, the extent of DNA unwinding cat-
alyzed by both mre11°'°* and mre11”°*™ mutant proteins was
similar to that of the wild-type ScMrell (Figs. 2, panel (iii),
and 4a).

Stimulation of ScMrell Catalyzed DNA Unwinding by
Rad50, Xrs2, and Sae2 Proteins—We showed previously that
the ScMrell nuclease activity is allosterically regulated by
Rad50 and ATP (46), which has been corroborated by x-ray
crystallographic studies (48). These observations prompted us
to investigate whether the DNA unwinding activity of ScMrell
is also subjected to regulation by proteins that are known to
interact with Mrell during DSB end repair. For our purpose,
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we used an 80-bp DNA duplex having a 20-mer 3’ ssDNA over-
hang because ScMrell alone was essentially inactive on this
substrate (Fig. 4g). Fig. 7 shows the results of a typical experi-
ment for each of these proteins. In one set of experiments, we
examined the ability of DSB end repair proteins such as Rad50,
Xrs2, and Sae2 individually on Mrell to catalyze unwinding of
32P-labeled substrate as described above. We observed that
none of these proteins by themselves, or ScRad50-Mrell, were
able to catalyze DNA unwinding (Fig. 7, lanes 3-5, 7, and 10).
We then tested the ability of Xrs2 and Sae2 to stimulate
ScMrell catalyzed DNA unwinding in a dose-dependent man-
ner. As shown in Fig. 7 (lanes 8, 9, 11, and 12), the addition of
either Xrs2 or Sae2 potentiated the extent of DNA unwinding
activity. On the other hand, the ability of Rad50 to stimulate
DNA unwinding activity of ScMrell was dependent on ATP,
implying that ATP serves as a key allosteric effector in the
unwinding reaction (Fig. 7, compare lanes 5 and 6). Most
important, Rad50 and Xrs2, which are devoid of nuclease activ-
ity, were able to stimulate the unwinding activity of Mrell.
Because the exonuclease activity of Mrell is of the opposite
polarity to that expected for resection of DSBs, our results sug-
gest that the DNA unwinding activity Mrell, in conjunction
Rad50, Xrs2, and Sae2, might provide an alternate mechanism
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FIGURE 5. ScMre11 catalyzes unwinding of flayed duplex DNA and Holliday junction containing 3’ ssDNA overhangs. The indicated 3?P-labeled DNA
substrate possessing 20-mer ssDNA overhangs (3 nm) either at the 3’ or 5" ends (depicted in the gel image at the top) was incubated in a buffer containing 20
mm Tris-HCl (pH 7.5), 1 mm DTT, 100 wg/ml BSA, 0.1 mm EDTA, and the reaction products were separated and visualized as described under “Experimental
Procedures.” Lane 1 (marked C), DNA substrate alone; lane 2 (marked A), heat-denatured DNA substrate; lanes 3-9, reaction mixtures contained 100, 200, 300,
400,500, 600, and 700 nm ScMre11, respectively. The filled triangle on top of the gel image denotes the increasing concentration of ScMre11. Reaction products
were separated and visualized as described under “Experimental Procedures.” g, flayed duplex DNA with 20-mer 5’ ssDNA overhang; b, flayed duplex with
20-mer 3’ ssDNA overhang; ¢, Holliday junction with 20-mer 5’ ssDNA overhang; d, Holliday junction with 20-mer 3" ssDNA overhang.
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FIGURE 6. ScMre11 nuclease deficient mutant proteins bind ssDNA and promote unwinding of duplex DNA. The indicated >2P-labeled 30-mer ssDNA
fragment or partial DNA duplex possessing 20-mer 3’ ssDNA overhang (3 nm) of the indicated length (depicted at the top of gel images) were incubated in a
buffer containing 20 mm Tris-HCl (pH 7.5), 1 mm DTT, 100 wg/ml BSA, and 0.1 mm EDTA, and the reaction products were separated and visualized as described
under “Experimental Procedures.” a and b, ssDNA binding activity of mutant Mre11 proteins. Lane T (marked C), DNA substrate alone; lanes 2-9, reaction
mixtures contained 25, 50, 100, 125, 150,175, 200, and 250 nm of mre11P'* (a) or mre11°5®N (b), respectively. c and d, DNA unwinding activity of mutant
ScMre11 proteins. Lane 1 (marked C), DNA substrate alone; lane 2 (marked A), heat-denatured DNA; lanes 3-9, reaction mixtures contained 100, 200, 300, 400,
500, 600, and 700 nm of mre11°"%A () or mre11°°®N (d), respectively. The filled triangle on top of the gel image denotes the increasing concentration of ScMre11
nuclease deficient mutant protein.

2 1

for the generation ssDNA intermediates for DSB end repair complexes with MRX in the context of DNA (71). Direct inter-

and HR.

Direct Interaction between S. cerevisiae Mrell and Sae2—
The aforesaid findings posit that stimulation of ScMrell
unwinding activity by Rad50, Xrs2, and Sae2 might involve
their direct interaction. Multiple studies have demonstrated
strong interaction among the three MRX subunits (1—4); how-
ever, Sae2 has not yet been shown to bind directly with either
MRX complex or with any of its subunits. Rather, Sae2 formed
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action between Mrell and Sae2 may not have been detected for
a variety of technical reasons including experimental condi-
tions or insufficient sensitivity of the assay. We investigated the
possibility of direct interaction between ScMrell and ScSae2
using two fairly sensitive techniques. First, we used Far Western
blotting, a technique that has been widely used to study pro-
tein-protein interactions under nondenaturing conditions (72).
Purified ScMrell or BSA was immobilized onto the nitrocellu-
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lose membranes. The membranes were treated with blocking
buffer, washed, and then incubated with ScMrell, ScXrs2, or
ScSae2. Following incubation, the membranes were washed
and probed with anti-ScMrell, -ScXrs2, or -ScSae2 antibodies.
The antigen-antibody complexes were detected by chemilumi-
nescence reaction (72). We observed specific binding between
Xrs2 and Mrell (used as positive control) (Fig. 8a, middle
panel). The same pattern was also seen for ScSae2, indicating
direct physical interaction between Sae2 and Mrell (Fig. 84,
bottom panel). Under similar conditions, we observed no meas-
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FIGURE 7. Rad50, Xrs2, and Sae2 proteins stimulate DNA unwinding
activity of ScMre11. Radiolabeled 80-bp duplex DNA possessing 20-mer
ssDNA overhang at the 3’ end (3 nm) (depicted in the gel image on the top)
was incubated in a buffer containing 20 mm Tris-HCl (pH 7.5), 1 mm DTT, 100
ng/mlBSA, and 0.1 mm EDTA, and the reaction products were separated and
visualized as described under “Experimental Procedures.” Lane 1, DNA sub-
strate alone; lane 2, heat-denatured DNA substrate. The remaining lanes con-
tained 300 nm ScMre11 alone (lane 3), 300 nm ScRad50 alone (lane 4), 300 nm
ScRad50 + 300 nm ScMre11 (lane 5), 300 nm ScMre11 + 300 nm ScRad50 + 5
mm ATP (lane 6), 700 nm ScXrs2 alone (lane 7), 300 nm ScMre11 + 300 nm
ScXrs2 (lane 8),300 nm ScMre11 + 700 nm ScXrs2 (lane 9), 700 nm ScSae2 (lane
10), 300 nm ScMre11 + 300 nm ScSae2 (lane 11), and 300 nm ScMre11 and 700
nm ScSae2 (lane 12), respectively.
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urable binding of Mrel1 to BSA (Fig. 8a, top panel). The results
support the notion of the existence of physical interaction
between ScMrell and its cognate Sae2. To corroborate the far
Western blot results, Western blot analysis was performed on
cell-free lysates to ascertain the specificity of complex forma-
tion. As shown in supplemental Fig. S4, we observed specific asso-
ciation between ScMrel1 and ScXrs2 and between ScMrell and
ScSae2.

Second, to determine whether ScMrell and ScSae2 interact
directly in real time, we used plasmon resonance spectroscopy,
a sensitive technique for quantitative affinity measurements
involving biomolecules (73). We immobilized ScMrell and
ScSae2 on CM5 sensor chips to a surface density of 1200RU and
1300RU, respectively, and then injected various concentrations
of the indicated analyte into the fluid chamber. In control
experiments, we observed no measurable binding of ScMrell,
ScSae2, or ScXrs2 either to CM5 sensor chips or chips tethered
with BSA (data not shown). On the other hand, we found that
immobilized ScMrell was able to interact with ScMrell or
ScXrs2 (Fig. 8, b and d), and the analyzed data, according to a
simple 1:1 Langmuir equation, yielded K, values of 2.3 X 10~ %M
and 0.91 X 10~ ® M, respectively (Table 3). We have used the
same approach to measure the interaction between ScMrell
and Sae2. The results indicated that ScMrell binds directly to
Sae2 (Fig. 8c) and appears to be specific, and the analyzed data,
according to a simple 1:1 Langmuir equation, yielded a K, value
of 1.92 X 10~ ® m (Table 3), similar to that of ScMrel1 binding
to ScXrs2. We conclude that ScMrell immobilized on CM5
sensor chip provides appropriate specificity and conformation
for interaction with ScMrell and ScXrs2 and, more impor-
tantly, reveals direct interaction between ScMrell and ScSae2.
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FIGURE 8. S. cerevisiae Sae2 binds directly to its cognate Mre11. g, far Western analysis of interactions between ScMre11 and ScSae2. Increasing concen-
trations of homogeneous preparation of Mre11 or BSA (25-200 nm) were spotted (from left to right) on nitrocellulose membranes. After blocking with nonfat
milk, the membranes were incubated with ScMre11 or ScSae2; probed with anti-Mre11, anti-Xrs2, or anti-Sae2 antibodies; and developed as described under
“Experimental Procedures.” b-d, sensorgrams showing homotypic and heterotypic interactions between Mre11, Xrs2, and Sae2 proteins. b, sensorgrams
showing homotypic association of ScMre11; ¢, sensorgrams showing heterotypic interactions between ScMre11 and Sae2; d, sensorgrams showing hetero-
typic interactions between ScMre11 and Xrs2. The arrows (from left to right) indicate the time points used for injection of protein and buffer, respectively.

TABLE 3
Kinetic rate constants for homotypic and heterotypic interaction between ScMre11, Xrs2, and Sae2
Interaction K, Ky K, K,
Mgt - Y M
Mrell-Xrs2 4.94 X 10° 33X10°3 29.9 X 107 0.91 X 10°®
Mrell-Sae2 2.11 X 10° 3.96 X 102 8.62 X 107 1.92 X 1078
Mrell-Mrell 2.76 X 10° 2.64 X 1072 22.7 X 107 237 X 10°®
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DISCUSSION

In this study, we show that Mrell, which was thought to be
simple in its DNA binding preferences, can bind multiple DNA
structures that are physiologically relevant to DNA repair and
HR. ScMrell exhibits higher binding affinity for single- over
double-stranded DNA and intermediates of recombination and
repair and catalyzes robust unwinding of the substrates that
have 3’ ssDNA overhangs but not of 5 ssDNA overhangs or
blunt-ended DNA. Additional evidence suggests that ScMrell
nuclease activity is dispensable for the DNA binding and
unwinding activity. Importantly, Rad50, Xrs2, and Sae2 poten-
tiated the unwinding activity of Mrell. Consistent with its
pivotal role in DSB end processing, we show direct interaction
between Sae2 and Mrell. Our results have broad implications
for understanding the mechanism of DSB end processing and
generation of ssDNA during DNA repair and HR, as well as
activation of the ATM/ATR cell cycle checkpoint signaling
pathway.

The results presented here, together with the literature data
(22, 42, 45, 49, 51), point out the fact that ScMrell possesses
certain functional characteristics of ssDNA-binding protein.
ScMrellhas a 5-fold higher affinity for single- and double-
stranded DNA as the length was increased from 40- to 70-mer
ssDNA or 40- to 90-bp duplex DNA. These results indicate that
a minimum length of 60-mer ssDNA or 90-bp duplex DNA is
needed for the formation of a high affinity complex between
ScMrell-DNA. Interestingly, ScMrell showed the ability to
interact with putative physiological DNA substrates that are
known to arise during replication of palindromic sequences and
DNA repair/recombination. In contrast, the unwinding activity
catalyzed by hMrell or hMRN complex was much weaker (49).
This discrepancy may be attributed to the source of proteins
and/or differences in the assay conditions.

Genetic studies in S. cerevisiae have shown that Mrell
nuclease activity is required for processing of meiotic DSBs and
DNA hairpins but is not essential for resection of DSB ends
generated by the HO endonuclease (35). Notably, mrell
nuclease defective mutants show only mild sensitivity to DNA-
damaging agents and weak resection defects compared with the
mrellA and other mrell mutant cells (1-4). Our findings sug-
gest that Mrell indeed has a role in DSB end processing but is
independent of its nuclease activity. What is the biological sig-
nificance underlying the specific binding of ScMrell to inter-
mediates of recombination and repair? A large body of evidence
supports the view that the Mrel1l complex plays a key role in the
process of DNA replication (65—70); however, the mechanism
is less well characterized. The observation that Mrel1 exhibits
striking selectivity toward replication fork and flayed duplex is
consistent with its demonstrated role during “normal” replica-
tion or under conditions of replicative stress (70). Similarly,
genetic studies have shown that the E. coli SbcCD complex, the
Rad50-Mrell complex functional homolog, is essential for the
processing of DNA secondary structures that arise during rep-
lication/recombination (37, 74, 75).

Biochemical and structural studies suggest that Rad50 and
Mrell subunits are allosterically coupled to each other, and
Rad50 negatively regulates the nuclease activity of Mrell,
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FIGURE 9. Model for processing of DSB ends by MRX-Sae2 complex. Each
horizontal line represents a DNA strand with polarity as indicated. Our find-
ings support the idea that Mre11 or its nuclease deficient mutant protein
(oval), by itself, binds (potentially in a cooperative manner) to the DSB ends
and catalyzes unwinding of duplex DNA leading to the separation of comple-
mentary strands, a process that is stimulated by Rad50 (light gray triangle),
Xrs2 (pear shape), and Sae2 (pac man shape). See text for details.

which is alleviated by ATP (46, 47, 48, 76 —80). Furthermore,
the crystal structure data of archaeal Mrel1 suggest that DNA
molecules act as allosteric ligands, inducing conformational
changes in the MRN complex (80), which may aid in the
recruitment of other DSB end repair factors. Intriguingly,
although ssDNA is a prerequisite for DSB end repair and HR, as
well as ATM activation, Mrell nuclease activity is not (52).
Costanzo and co-workers (81) subjected this idea to a series of
elegant experiments and found that the MRN complex was
required for the generation of ssDNA and activation of check-
point pathways.

Genetic studies in S. cerevisiae suggest that MRX complex in
concert with Sae2 catalyze the removal of ~50-100 nucleotide
residues from the 5’ end of the DSBs (1—4). These intermedi-
ates are subjected to extensive resection by the concerted action
either by Sgs1/Top3/Rmil, Dna2, and RPA or Exol and RPA to
generate long 3’ ssDNA (which ranges from ~500 nucleotides
to a few kilobases in size) (22, 33, 34, 61, 82— 89). Recent studies
have revealed that Sgs1, Dna2, and RPA constitute a minimal
set of proteins needed for resection of DSBs in an ATP-depen-
dent manner, and the MRX complex stimulates the end resec-
tion activity (61). The addition of MRX-Sae2 to such reactions
elicited strong stimulation of Exol activity (60 -300-fold), and
more importantly, MRX or Sae2 alone could stimulate degra-
dation of the 5" strand catalyzed by Exol as well as synergistic
stimulation when added simultaneously (71). These studies
also discerned that resection was more efficient when the sub-
strate was preresected by MRX-Sae2, indicating that stimula-
tion may involve cooperative binding in the context of DNA
substrates by Exol, MRX, and Sae2 (70). These results are con-
sistent with the notion that MRX complex, or its individual
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subunits, in concert create a processed intermediate that is
stimulatory to the Exol and Sgsl-Dna2-mediated resection
(35). However, further work is required to elucidate the finer
points of this speculation by direct assays.

CONCLUSIONS

Altogether, our findings support the idea that ScMrell, in
addition to its intrinsic nuclease activity, possesses significant
DNA unwinding activity. Moreover, our results shed light on
the conundrum underlying DSB end resection in mrell
nuclease deficient mutants. Fig. 9 shows, in accordance with the
hypothesis proposed by Paull and co-workers (71), an inte-
grated model for DSB end binding and unwinding by the com-
ponents of MRX-Sae2 complex. After the removal of Spoll-
oligonucleotide complex from the 5 end by the combined
action of MRX-Sae2 complex, Mrell alone or MRX-Sae2
nuclease resects the 5'-ended strand or unwinds the duplex
DNA to generate long 3" ssDNA tracks; this reaction is inde-
pendent of Mrell nuclease activity. Furthermore, these find-
ings may help to explain why mrell nuclease deficient mutants
exhibit mild sensitivity to DNA-damaging agents and weak
resection defects, compared with mrelIA cells (21, 22, 27, 37,
40, 41). Together, these results support and expand our under-
standing of the mechanism(s) underlying MRX-Sae2 promoted
DSB repair. Given the complexity of the DSB repair pathway,
understanding of how it is put together and how it contributes
to the maintenance of genome integrity will likely lead to the
discovery of “emergent” properties.
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