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To repair DNA double-strand breaks by homologous recombina-
tion, the 5’-terminated DNA strands must first be resected to pro-
duce 3’ overhangs. Mre11 from Saccharomyces cerevisiae is a 3’ —
5’ exonuclease that is responsible for 5’ end degradation in vivo.
Using plasmid-length DNA substrates and purified recombinant
proteins, we show that the combined exonuclease and endonucle-
ase activities of recombinant MRX-Sae2 preferentially degrade the
5’-terminated DNA strand, which extends beyond the vicinity of the
DNA end. Mechanistically, Rad50 restricts the Mre11 exonuclease in
an ATP binding-dependent manner, preventing 3’ end degradation.
Phosphorylated Sae2, along with stimulating the MRX endonucle-
ase as shown previously, also overcomes this inhibition to promote
the 3’ — 5’ exonuclease of MRX, which requires ATP hydrolysis by
Rad50. Our results support a model in which MRX-Sae2 catalyzes 5'-
DNA end degradation by stepwise endonucleolytic DNA incisions,
followed by exonudeolytic 3’ — 5’ degradation of the individual
DNA fragments. This model explains how both exonuclease and
endonuclease activities of Mre11 functionally integrate within the
MRX-Sae2 ensemble to resect 5'-terminated DNA.
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NA double-strand breaks (DSBs) represent one of the most

cytotoxic forms of DNA damage (1). Eukaryotic cells pos-
sess two main pathways for DSB repair, nonhomologous end-
joining (NHEJ) and homologous recombination (HR) (2).
NHE]J is a fast, cell-cycle independent but inaccurate process
that restores DNA integrity by ligating the broken DNA mole-
cules (3). In contrast, HR is a template-directed pathway that
restores DNA integrity in a mostly accurate manner by using
DNA information stored in a homologous DNA template (4). In
contrast to NHEJ, the DNA ends in HR must be extensively
processed to reveal 3’-terminated ssDNA overhangs in a process
termed 5" DNA end resection (5). The resulting 3’ overhangs are
necessary for the downstream steps of the HR pathway to search
for a homologous sequence and prime DNA synthesis (2).

The Mrell-Rad50-Xrs2/NBS1 complex (MRX in Saccharo-
myces cerevisiae, MRN in humans) recognizes, signals, and ini-
tiates the repair of DSBs (6-9). Specifically, the MRX/MRN
complex has key roles in DNA end resection. These functions
include a nucleolytic role of Mrell in the vicinity of the DSB,
termed short-range resection, as well as structural functions to
promote the recruitment of Dna2 and Exol nucleases that
function further downstream and catalyze long-range resection
(10-16). The Mrell nuclease in S. cerevisiae is particularly im-
portant when DNA ends are bound by Ku or Spoll or contain
secondary DNA structures (17-22). The Mrell nuclease and
Sae2/CtIP/Ctpl likely are more important for resection in other
organisms, including fission yeast and humans (23, 24).

The involvement of the Mrell nuclease in 5" DNA end re-
section had been puzzling, because Mrell was first characterized
as a 3’ —» 5’ exonuclease, which has the opposite polarity to that
required for resection (25). Physical assays instead clearly dem-
onstrated that in vivo Mrell1 is responsible for degradation of the
5’-terminated DNA strand (13). The degradation of the 5’ strand
can proceed up to approximately 300 nt in length, which has
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been observed in both vegetative and meiotic cells, particularly in
the absence of the long-range resection pathways (13, 26). Re-
section of DNA ends by the Mre11 nuclease is likely initiated by
an endonucleolytic DNA cleavage of the 5’ strand. This mode of
resection was first established in yeast meiotic cells, in which the
breaks are formed by Spol1, which remains covalently bound to
the 5" end. Spol1 was found attached to short DNA fragments,
indicative of endonucleolytic cleavage during the subsequent
processing (21, 27, 28). In vegetative cells, the Mrell nuclease
helps remove Ku and stalled topoisomerases, demonstrating an
important yet nonessential function of the Mrell nuclease in
vegetative cells as well (20, 23, 29-31). Using a reconstituted
system, we and others have shown that phosphorylated Sae2
(pSae2), or pCtIP in humans, promotes the Mrell nuclease
within the MRX/MRN complex to cleave the 5'-terminated DNA
strand endonucleolytically adjacent to protein-bound DSBs. The
MRX-pSae2 ensemble could cleave DNA ~15-20 nt away from
a streptavidin block and up to ~35-40 nt away from a Ku-bound
DSB, in accordance with the larger DNA-binding site size of Ku
(17, 18, 32-34). However, the DNA clipping next to a DSB-
bound protein block cannot explain the capacity of MRX to
resect 5'-terminated DNA further away from the break, as ob-
served in cells (13, 26).

The Mrell endonuclease function integrates with the ATPase
of Rad50 (11, 32-35). In contrast, Mrell is a 3'-5’ exonuclease
on its own (11), and the interplay of the Mrel1l exonuclease with
Rad50 and Sae2 has not been defined to date. Here we show that
Rad50, in the presence of ATP, strongly restricts the exonuclease
of Mrell. These results show that the 3’—=5" exonuclease activity
of the MRX complex is very limited, explaining why the 3" end is
protected. pSae2 can partially overcome this inhibition, which
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requires ATP hydrolysis by Rad50. However, because pSae2 also
promotes the endonuclease of MRX as shown previously (33), the
exonuclease and endonuclease reactions of MRX-pSae2 likely
compete with each other. Using plasmid-length DNA substrates,
we found that the combined activities of the MRX-pSae2 ensemble
preferentially degrade the 5'-terminated DNA strand beyond the
immediate vicinity of the DNA end. These findings strongly sup-
port a model in which the 5’-terminated DNA strand near a DSB is
degraded by stepwise clipping by MRX-pSae2 and does not re-
quire a separate protein block. In this model, the 3'=5" exo-
nuclease activity of Mrell, also controlled by Rad50 and pSae2, is
limited to degrade the short DNA fragments between the endo-
nucleolytic cleavage sites. Taken together, these results define a

mechanism that explains the preferential 5' DNA end degradation
by the MRX-pSae2 complex at DSBs.

Results

MRX and pSae2 Preferentially Degrade 5’ Terminated DNA Strands of
Blunt-Ended Plasmid-Length DNA Substrates. To study DNA end
resection by MRX and pSae2, we prepared individual compo-
nents of the MRX complex including Mrell, Rad50, and Xrs2,
as well as Mrel11-Rad50 (MR), Mrel1-Xrs2 (MX), and Mrell-
Rad50-Xrs2 (MRX) complexes (Fig. 14). Recombinant MRX
and pSae2 clip the 5'-terminated DNA strand next to Ku- or
streptavidin-bound DSBs (17, 18, 33). To study DNA processing
by MRX beyond the immediate vicinity of the DNA end, we
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Fig. 1. MRX and pSae2 preferentially degrade 5’ terminated DNA strands of blunt-ended plasmid-length DNA substrates. (A) Overview of selected proteins
used in this study. MR, Mre11-Rad50; MRX, Mre11-Rad50-Xrs2; MX, Mre11-Xrs2. The proteins were separated by electrophoresis in 4-15% gradient poly-
acrylamide gel and then stained with Coomassie blue. (B) A scheme of the annealing assay that uses radiolabeled oligonucleotides to detect ssDNA on re-
section of plasmid-length dsDNA. Oligonucleotides complementary to either the 5’ or 3’ strand at the position away from the DNA end indicated in each
panel were used. (C) Kinetics of blunt-ended 2.8-kbp-long dsDNA substrate degradation by T7 exonuclease (Top) or Exolll exonuclease (Bottom) detected by
the annealing assay. Oligonucleotides complementary to a region approximately 160 nt away from the DNA end were used to detect 5’ (5'_OligoA) and 3’
(3'_OligoA) end degradation. (D) Blunt-ended, 2.8-kbp-long dsDNA with free or streptavidin-blocked DNA ends was incubated with MRX and/or pSae2 for
25 min. The products were annealed with oligonucleotides detecting the resection of the 3’-terminated (Left) or 5'-terminated (Right) DNA strand. A rep-
resentative experiment is shown. The contrast of the image was enhanced to facilitate visualization of the annealing products. (E) Kinetics of DNA degra-
dation by MRX with pSae2. DNA degradation was analyzed by annealing of the reaction products with 5'_OligoA, which detects degradation of the 5'-
terminated DNA strand. The solid triangle represents the positions of the full-length DNA substrate and the initial resection products. Extended resection
products and products resulting from secondary cleavage are indicated in brackets. A representative experiment is shown. (F) Quantitation of 5’ strand
degradation in experiments similar to those shown in D but on 2.5 h of reaction time. n = 4. Error bars represent SEM. (G) Quantitation of 3’ end degradation
in experiments similar to those shown in D but on 2.5 h of reaction time. n = 4. Error bars represent SEM. (H) Quantitation of 5’ degradation in experiments
similar to those shown in D but on 2.5 h of reaction time, performed in the presence of RPA. n = 4. Error bars represent SEM. (/) Reactions as in D but with
dsDNA substrates of different lengths, incubated for 2.5 h. The solid triangles represent the positions of the full-length DNA substrate and the initial resection
products. Extended resection and products resulting from secondary cleavage are indicated in brackets. Representative experiments are shown. (J) Degra-
dation of randomly labeled 2.2-kbp-long DNA by Mre11, MRX, and pSae2. The reaction products were analyzed on 15% denaturing gel.
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used blunt-ended plasmid-length DNA substrates. We moni-
tored resection by the annealing of radiolabeled oligonucleotides
that were complementary to either the top (5’-terminated) or the
bottom (3’-terminated) DNA strand at a position approximately
160 nt away from the end (Fig. 1B). Resection of the 5'-
terminated DNA strand allows annealing of the top strand
probe, while the resected 3’-terminated strand anneals with the
bottom strand probe. As expected, T7 exonuclease gave a signal
with the top strand probe indicating resection of the 5'-
terminated DNA strand (Fig. 1C, Top), consistent with its
5’3’ polarity of DNA degradation. In contrast, the Escherichia
coli’s 3’5’ exonuclease ExolIl produced a strong signal only
with the 3’-specific probe (Fig. 1C, Bottom).

We next monitored DNA degradation by MRX with or without
pSae2. Unexpectedly, we found that the MRX-pSae2 ensemble on
its own preferentially degraded the 5'-terminated DNA strand, as
the degradation of the 3’-terminated strand was much weaker
after 25 min of reaction (Fig. 1D). The 5’ strand degradation by
MRX was strongly stimulated by pSae2, as very little signal was
detected in assays containing MRX alone, and no signal was de-
tected with pSae2 alone (Fig. 1D). Kinetic experiments revealed
that the fraction of the resected 5'-terminated strand increased
with time (Fig. 1E). The 3’ overhang was then cleaved off in a
secondary event, giving rise to a faster-migrating species (Fig. 1E),
in agreement with the known capacity of recombinant MRX to
cleave at junctions of ssDNA and dsDNA and at secondary DNA
structures (11). After 2.5 h, more than 50% of 5" DNA ends were
resected beyond 160 nt by MRX-pSae2 (Fig. 1F). In contrast,
degradation of the 3’-terminated strand was much weaker and
became undetectable after 2.5 h (Fig. 1G and SI Appendix, Fig. S1
A and B). Of note, the efficacy of DNA degradation was un-
affected by streptavidin blocks at the DSBs (Fig. 1 D, F, and G and
SI Appendix, Fig. S1C). These results demonstrate that a separate
protein block is not necessary for the resection capacity of the
MRX-pSae2 ensemble, and that the degradation involves endo-
nucleolytic DNA cleavage. The reaction was promoted by the
ssDNA binding replication protein A (RPA), which resulted
in >75% 5’ strand degradation at 2.5 h (Fig. 1H and SI Appendix,
Fig. S1D). The stimulatory function of RPA is in agreement with
the idea that RPA may serve as a protein block to direct the
MRX-pSae2 endonuclease (17, 18). Also with RPA, the degra-
dation of the 3'-terminated strand was much less efficient than the
degradation of the 5’ strand (SI Appendix, Fig. S1 D and E). The
preferential degradation of the 5" strand by MRX-pSae2 was not
affected by the length of the DNA substrate (Fig. 17). We ob-
served a notable degradation of the 5’ strand at ~125 and ~160 nt,
but not at ~280 nt, away from the end (SI Appendix, Fig. S1F).
Finally, pSae2 likewise stimulated DNA resection by MRX in
reactions monitored by total DNA staining with GelRed (S/
Appendix, Fig. S1 G and H).

The preferential degradation of the 5’-terminated DNA strand
cannot result from exonucleolytic DNA degradation, because the
Mrel1 exonuclease has the opposite, 3'—5’ polarity (11). Rather,
the results suggest a model in which the 5’-end degradation stems
from a stepwise endonucleolytic cleavage, which is more efficient
than the competing exonucleolytic degradation of the 3’ end. The
3’5’ exonuclease of Mrell would then be limited to degradation
of the short DNA fragments between the endonucleolytic cleavage
sites. To test this hypothesis, we prepared a randomly labeled
blunt-ended 2.2-kbp-long dsDNA molecule and subjected to
MRX and pSae2. We observed DNA fragments of ~25 nt in
length as well as mononucleotide products (Fig. 1J), in agreement
with the above model. Our experiments in summary demonstrate
that the 3'=>5" MRX exonuclease alone cannot efficiently resect
long lengths of blunt-ended DNA. When together with pSae2, the
ensemble preferentially resects DSBs with a 5’ polarity that is re-
quired for HR rather than degrading the 3'-terminated DNA

Cannavo et al.

strand. This reconstituted 5’ DNA degradation can proceed beyond
the vicinity (>160 nt) of the DNA end, as observed in vivo (13).

Rad50 Inhibits the Mre11 Exonuclease in an ATP-Binding-Dependent
Manner. To understand the mechanisms underlying the preferen-
tial 5 DNA degradation by MRX-pSae2, we set out to better
define the regulation of the nuclease activities of the MRX-pSae2
ensemble. It has been established that the Mrell endonuclease
generally requires Rad50 and pSae2 but can function as an exo-
nuclease on its own (11, 33, 36). Whether Mrell exonuclease
activity is regulated within the MRX-Sae2 complex has not been
defined. To monitor the Mrell exonuclease, we next used an
oligonucleotide-based dsDNA substrate (Fig. 24). The exonu-
cleolytic degradation of the top DNA strand was blocked by
phosg)horothioate bonds at the 3’ end. The bottom DNA strand
was “?P-labeled at the 5’ end, which allowed us to monitor its
degradation in the 3’'—5’ direction (Fig. 24). As established,
Mrell is a 3'-5’ exonuclease (SI Appendix, Fig. S24) (11). The
exonuclease of Mrell was not affected by ATP or the non-
hydrolyzable analog ATP-y-S (SI Appendix, Fig. S2 A and B). We
also found that the observed nucleolytic activity was intrinsic to
Mrell, because the Mrell 125-126 HD-LV mutant (Mrell ND)
with a disrupted nuclease active site did not show any activity (S
Appendix, Fig. S2 C and D) (37). Under our conditions, the exo-
nuclease of Mrell was not notably affected by Xrs2 independent
of the nucleotide cofactor (SI Appendix, Fig. S2 E and F).

We next supplemented the Mre11 nuclease reactions with various
concentrations of Rad50 (Fig. 2B). We observed that Rad50 mod-
erately inhibited Mrell exonuclease in a concentration-dependent
manner without ATP, but its inhibitory effect was much more
pronounced in reactions containing ATP and especially with ATP-
y-S (Fig. 2 C and D) (11). Quantitation of these experiments
revealed that 25 nM Mrell alone degraded ~50% of the bottom
DNA strand within 30 min. With ATP, an equimolar concentration
of Rad50 (25 nM) inhibited the Mrell exonuclease by ~2.5-fold,
with ATP-y-S, the inhibition was ~20-fold (Fig. 2 C and D). In
contrast, ADP inhibited Mrell and Rad50 only moderately (S/
Appendix, Fig. S2 G and H). AMP-PNP, another nonhydrolyzable
ATP analog, inhibited MR similarly to ATP-y-S and comparably to
ADP-vanadate, a transition state analog (SI Appendix, Fig. S2 G and
H) (38). These results suggest that ATP binding, but not ATP hy-
drolysis, by Rad50 limits the Mrell exonuclease.

To further confirm this conclusion, we expressed and purified
the Rad50 K40A mutant (Rad50 KA hereinafter), which is be-
lieved to be impaired in ATP binding and hydrolysis (35) (Fig.
2B). As wild-type Rad50, Rad50 KA very weakly inhibited the
Mrell exonuclease without ATP; however, in contrast to wild-
type Rad50, Mrell exonuclease together with Rad50 KA was
not strongly affected by the nucleotide cofactor (Fig. 2 E and F).
Furthermore, ATP (and ATP-y-S) inhibited the exonuclease of
the MR and MRX complexes, but not the exonuclease of the
MX complex, confirming the specific role of Rad50-ATP in
Mrell exonuclease inhibition (SI Appendix, Fig. S2I). This in-
hibitory function of Rad50 was apparent in reaction buffers with
various magnesium and manganese concentrations (compare S/
Appendix, Fig. S2I with Fig. 2 C and D). The nuclease activity in
reactions with Mrell and Rad50 was dependent on the integrity
of the nuclease motif of Mrell, as expected (SI Appendix, Fig.
S2J). Collectively, these experiments establish that Rad50, in
complex with Mrell, limits its exonuclease activity in an ATP
binding-dependent manner. The limited 3'—5’ exonuclease ca-
pacity of MRX under physiological conditions in the presence of
ATP likely explains why the 3’ end at DSBs in vivo is largely
protected from degradation.

pSae2 Promotes Mre11 Exonuclease When Rad50 Is Present. We next

set out to determine whether pSae2 regulates the exonuclease
activity of the MRX complex. We observed that in the presence of
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Fig. 2. Rad50 inhibits the exonuclease of Mre11 in an ATP-binding—dependent manner. (A) Scheme of the 5’ end-labeled DNA substrate used to monitor the

3'>5’ exonuclease of Mre11 and its partners. Phosphorothioate (PTO) bonds prevent the 3'—5’ exonucleolytic degradation of the top DNA strand. (B)
Coomassie blue-stained polyacrylamide gel (10%) of the indicated Rad50 variants. (C) DNA degradation by Mre11 in the presence of various concentrations of
Rad50 without ATP, with ATP, or with nonhydrolyzable ATP-y-S. The reaction buffer contained 5 mM Mn?* and 0.1 mM Mg?*. (D) Quantitation of experi-
ments such as in C. n = 3. Error bars represent SEM. (E) Experiments as in C showing DNA degradation by Mre11 but with various concentrations of the ATP
binding-impaired Rad50 K40A (Rad50 KA) variant. (F) Quantitation of experiments such as in E. n > 3. Error bars represent SEM.

ATP, pSae2 clearly promoted the exonuclease of MRX (Fig. 34)
and the MR complex (Fig. 3 B and C). The nuclease required the
integrity of the Mrell nuclease active site, and pSae2 alone did
not support DNA degradation, confirming that the nuclease is
intrinsic to Mrell (Fig. 34). Sae2 is phosphorylated by multiple
kinases, including cyclin-dependent kinase (CDK) and Mec1/Tell,
in a cell cycle- and DNA damage-dependent manner (36, 39).
Sae2 phosphorylation is essential for its stimulatory effect on the
MRX endonuclease near protein-blocked ends (33, 36). In exo-
nuclease assays, pSae2, in contrast to lambda phosphatase-treated
Sae2 (Sae2-A), stimulated DNA degradation by the MR complex
(Fig. 3 B and C and SI Appendix, Fig. S34). pSae2 stimulated
DNA degradation by MR, as assayed by overall substrate utiliza-
tion, but the effect was more pronounced when we quantitated the
appearance of small DNA degradation products <~15 nt long
(compare Fig. 3C and SI Appendix, Fig. S34). The CDK site of
pSae2 at S267 specifically needs to be phosphorylated, as the
nonphosphorylatable pSae2 S267A (pSae2 SA) mutant was in-
efficient in MR stimulation (Fig. 3 D and E and SI Appendix, Fig.
S3B) (36, 39). In contrast, the phosphomimetic pSae2 S267E
(pSae2 SE) variant stimulated the exonuclease of MR by ~2.6-
fold, compared with ~3.3-fold stimulation by wild-type Sae2 (Fig.
3 D and E and SI Appendix, Fig. S3B).

We next examined the MX complex. As above, we observed
that Rad50 inhibited the MX exonuclease (Fig. 3 F and G; all
reactions were carried out with ATP). pSae2, but not Sae2-A, was
able to overcome this inhibition (Fig. 3 F and G). In contrast to
MR or MRX, under our conditions, pSae2 did not promote the
exonuclease of Mrell alone, showing that Rad50 is needed for
the observed stimulatory effect (SI Appendix, Fig. S3 C-E). Our
observation that pSae2 similarly stimulated the MR and MRX
complexes shows that Xrs2 does not play an essential role in
mediating the stimulatory effect of pSae2 on the exonuclease
activity of MRX, although it may have a stimulatory function
under other conditions (18).

Although the kinetic experiments with oligonucleotide-based
substrates showed gradual DNA degradation from the 3’ end,
indicating that the exonuclease activity of Mrell was likely
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stimulated (Fig. 3B), it is possible that some of the DNA deg-
radation occurred through an endonucleolytic mechanism. To
differentiate between these two possibilities, we next used a
plasmid-length DNA substrate. Because blunt-ended DNA was
not efficiently degraded by the 3'>5" exonuclease of MRX, we
used DNA with ~28-nt-long 5" overhangs, which provides a good
substrate for the MRX exonuclease. Indeed, using this substrate,
we detected 3’-end degradation by MRX (Fig. 3H). In agreement
with our observations that pSae2 promotes the 3'—5" exo-
nuclease of MRX, pSae2, but not Sae2-A, stimulated the deg-
radation of the 3’-terminated recessed DNA strand by ~2.4-fold.
The degradation was dependent on the nuclease of Mrell and
required ATP (Fig. 3H). The same results were obtained in ex-
periments in which we varied the pSae2 concentration (approx-
imately twofold stimulation with 40 nM Sae?2; Fig. 3/) or in which
we annealed labeled probes complementary to various distances
from the end (S Appendix, Fig. S3F), as well as in a kinetic assay
(SI Appendix, Fig. S3G). In contrast to MRX, pSae2 did not
stimulate the nuclease of Mrell without Rad50 (SI Appendix,
Fig. S3H). We note that pSae2 also promoted the degradation of
the 5’-terminated DNA strand (Fig. 3/), but the efficiency of the
5’-overhanged substrate resection by MRX-pSae2 was much
lower than that of the blunt-ended substrate (compare Fig. 3/
and Fig. 1E).

We next used a similar substrate as shown in Fig. 24, but la-
beled the bottom DNA strand at the 3’ end, and repeated the
nuclease reactions with Mrell, Rad50, pSae2, and ATP (Fig.
4A4). In this case, the DNA degradation resulted in a single de-
tectable product of a very small size, confirming the 3'—5’ exo-
nucleolytic mode of DNA degradation starting at the 3’ end.
Interestingly, this experiment revealed that Rad50 inhibited
Mrell already during the cleavage of the first terminal nucleo-
tide from the 3’ end bearing the **P-label (Fig. 4 4 and B). This
result was also obtained when Rad50 was titrated into reactions
containing Mrell (SI Appendix, Fig. S4 A and B), irrespective of
the relative manganese acetate (Mn®") and magnesium acetate
(Mg*") concentrations (SI Appendix, Fig. S4 C and D), and also
when Rad50 was added to the MX complex (SI Appendix, Fig. S4 E
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and F). In contrast, pSae2 did not affect the first cleavage event
(Fig. 44, compare lanes 3 and 4 and lanes 7 and 8, and B), in
agreement with previously reported data (33). Thus, pSae2 promotes
the exonucleolytic degradation of DNA by MR downstream of the
first cut. We obtained similar results in the presence of Xrs2 (Fig. 4
C and D). Collectively, these results suggest that pSae2 promotes
Mrell exonuclease when Rad50 is present.

The Stimulation of Mre11 Exonuclease by pSae2 Requires ATP
Hydrolysis by Rad50. To determine whether the stimulation of
Mrell exonuclease by pSae2 requires ATP hydrolysis by Rad50,
we compared the effect of pSae2 on the exonuclease of MRX in
reactions with various nucleotide cofactors and their analogs.
pSae2 did not notably affect the exonuclease of MRX in reac-
tions without ATP (Fig. 5 A and B) or with ADP (SI Appendir,
Fig. S5 A-C), and could not rescue the inhibition of the MRX
exonuclease with nonhydrolyzable ATP-y-S (Fig. 5 C and D),
AMP-PNP or ADP-vanadate (SI Appendix, Fig. S5 A-C). Strikingly,

Cannavo et al.

pSae2 promoted MRX activity only in the presence of ATP (Fig. 5
E and F), or when ADP was coupled with the ATP regeneration
system consisting of pyruvate kinase and phosphoenolpyruvate (SI
Appendix, Fig. S5 A-C). As above, we note that pSae2 stimulated
overall substrate degradation only moderately, while it promoted
the extent to which DNA was degraded (SI Appendix, Fig. S5 B and
C). Furthermore, even in the presence of ATP, pSae2 did not
promote the exonuclease of MX in conjunction with the Rad50 KA
variant that is not able to bind and hydrolyze ATP (Fig. 5 G and H).
Thus, pSae2 promotes the exonuclease of MRX when ATP hy-
drolysis is allowed. The requirement of nucleotide cofactor for the
stimulation of MRX by pSae2 in exonuclease assays was identi-
cal to that required for endonucleolytic cleavage of DNA sub-
strates with streptavidin-blocked ends (S7 Appendix, Fig. S5D) (33).
Collectively, our data suggest that pSae2 stimulates both the
exonuclease and the endonuclease of MR and MRX when
Rad50 hydrolyzes ATP.
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was incubated with Mre11, nuclease-dead Mre11 125-126 HD-LV (Mre11
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The Rad50S Mutant Is Refractory to the Regulatory Control by Sae2.
Alani et al. (40) identified separation of function rad50 alleles
(rad50S) that in contrast to rad50A, confer lower sensitivity to

DNA-damaging drugs, but similarly to rad50A, block the re-
section of meiotic Spoll-bound DNA breaks. We previously
reported that the Rad50 K81I variant (Rad50 KI, a Rad50S
mutant) fails to clip dsSDNA near protein-blocked DNA ends
(33, 40) and fails to physically interact with pSae2 (36, 41, 42).
We show here that Rad50 KI in complex with ATP also inhibited
the exonuclease of Mrell, although not to the same extent as
wild-type Rad50 (Figs. 2B and 6). However, in contrast to wild-
type Rad50, pSae2 did not notably promote the exonuclease of
Mrel1-Rad50 KI-ATP (Fig. 6). Therefore, the Rad50 KI mutant
is largely refractory to the regulatory control by pSae2, in agree-
ment with a defect in its physical interaction with pSae2 (36).

Discussion

In the absence of the long-range DNA end resection pathways in
vivo, the short-range resection catalyzed by MRX and Sae2 can
degrade the 5’-terminated DNA strand up to ~300 nt away from
the end, while the 3’ end is largely, but not completely, protected
(13, 26, 43, 44). Here we reconstituted the short-range resection
with purified recombinant proteins. Using plasmid-length DNA
substrates, we showed that the MRX-pSae2 ensemble resects
blunt-ended DNA with a striking preference toward the 5'-
terminated DNA strand, without any requirement for an addi-
tional protein block. Our experiments support a model in which
multiple MRX-pSae2 complexes likely resect the 5’-terminated
strand by stepwise incisions (Fig. 74). The endonucleolytic cuts
are followed by exonucleolytic degradation of the short frag-
ments between the incision sites. In this model, one MRX-
pSae2 unit directs DNA cleavage by the adjacent complex and
in this way fulfills the requirement for a “protein block” identi-
fied in our previous work (33). MRX oligomerization at DSBs
would also explain why the complex forms foci readily detectable
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(A) A kinetic assay showing the degradation of 5'-labeled dsDNA by MX,
Rad50 K81l (Rad50 KI, corresponding to Rad50S), and pSae2. The reaction
buffer contained ATP, 5 mM Mg?*, and 1 mM Mn?*. (B) Quantitation of
overall substrate utilization from assays such as shown in A. n = 3. Error bars
represent SEM. (C) Quantitation of products <15 nt from assays such as
shown in A. n = 3. Error bars represent SEM.

by fluorescence microscopy (45). Finally, multiple DSB-bound
MRX complexes can serve as a platform to amplify DNA dam-
age signaling via ATM/Tell, as even a single unrepaired DSB
causes a cell cycle arrest (46).

In meiotic cells, it has been previously observed that a fraction
of the Spol1 transesterase was initially bound to DNA fragments
up to ~300 nt long, which decreased in length over time (28).
This observation suggests that MRX-pSae2 may first cleave
DNA at a position distant from the DNA break (Fig. 7B);
however, the 3’ end must be protected from the 3'—5’ exonu-
cleolytic degradation by MRX (13). Spol1 in meiotic cells may
have such a function (despite binding to the 5’ end), while Ku
can protect the end in vegetative cells (17, 18). However, Ku is
not an obligate component of the recombination machinery and
thus is unlikely to be required to direct DNA cleavage by MRX-
pSae2. In the stepwise resection model (Fig. 74), the MRX and/
or pSae2 complex might remain bound to the DNA end on
endonucleolytic cleavage to protect it from exonucleolytic deg-
radation by other MRX complexes. Likewise, the generation of a
3’ overhang would render it unsuitable for degradation by the
MRX exonuclease, explaining why a separate protein block is
not needed, particularly in vegetative cells. However, our data do
not exclude the possibility that the distant-first cleavage (Fig. 7B)
occurs in a fraction of cases, particularly in meiotic cells, where
the architecture of the region surrounding Spol1 cleavage sites is
tightly controlled, which might provide a signal for distant
endonucleolytic DNA cleavage (47). Accordingly, the MRX-
pSae2 ensemble can cleave next to internal protein blocks,
such as nucleosomes (18). The resection end points correlated
with nucleosome positions in Mrell-dependent resection in
yeast cells (26). However, whether nucleosomes served as entry
points for Mrell or represented termination sites could not be
distinguished (26).

Cannavo et al.

It also remains to be established how DNA near internal
protein blocks is cleaved to guarantee the 5'-specific strand
degradation. To this point, it is possible that two MRX com-
plexes may be separated by a DNA loop, which could explain the
distant-first cleavage (Fig. 7C). Alternatively, the MRX complex
could slide along dsDNA, providing such a signal. Indeed, the
MRN complex was observed to diffuse along dsDNA in single
molecule assays and to move past nucleosomes (48). While it
appears that nucleosomes must be cleared or remodeled to allow
long-range resection (49-51), more research is needed to define
the interplay of MRX and pSae2 with chromatin.

We have shown here that under physiological conditions, when
Mrell is in complex with Rad50, the 3'—5’ exonuclease of
Mrell is restricted. The inhibition requires ATP binding, but not
ATP hydrolysis by Rad50. This result may explain why the 3'—5’
exonuclease activity of Mrell does not notably resect 3'-
terminated strands at DSB sites in vivo (13). The inhibition of
the Mrell exonuclease by Rad50 is relieved by pSae2, which in-
volves ATP hydrolysis by Rad50. As pSae2 at the same time also
stimulates the endonucleolytic DNA cleavage by MRX (33), these
reactions likely compete with each other. Our data demonstrate
that the 5’-end degradation that involves endonucleolytic cleavage
is clearly preferred when blunt-ended DNA is used.

The stimulation of both the exonuclease and the endonuclease
of MRX by pSae2 is dependent on ATP hydrolysis by Rad50.
Therefore, we hypothesized that pSae2 might control the
Mrell nuclease indirectly by regulating ATP hydrolysis by Rad50.
However, we note that we failed to detect a direct effect of
pSae2 on ATP hydrolysis by MR or MRX complex in ATPase
assays. Because MRX hydrolyzes ATP nonproductively, we believe
that the productive ATP hydrolysis that facilitates DNA degrada-
tion by the MR or MRX complex might represent only a small
proportion of the total ATP hydrolyzed by Rad50 and thus was
undetectable in our attempts. Alternatively, pSae2 may help couple
ATP hydrolysis by MRX with DNA degradation by Mrel1 without
notably affecting the overall rate of ATP hydrolysis.

Several structural studies have demonstrated that the MR
complex undergoes dramatic structural changes on ATP binding
and hydrolysis by Rad50, which extend into the Mrell nuclease
active site (52-55). These transitions were proposed to regulate
the balance between MR functions in NHEJ and signaling, which
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stepwise endonucleolytic incisions. In this model, one MRX-pSae2 complex
promotes cleavage by another complex that binds DNA at an adjacent site.
The endonucleolytic cleavage is followed by exonucleolytic degradation of
the DNA fragments between the incision sites in a 3'=5’ direction. Degra-
dation of the 5’ strand protects the 3’ end from 3'-5’ exonuclease of MRX.
(B) Data from yeast meiotic cells suggest that the first endonucleotic DNA
cleavage occurs further away from the end (28). (C) A model that is a
combination of A and B. One MRX-pSae2 complex may direct 5' strand
cleavage by another complex that binds DNA further away from the end.
Details are provided in the text.
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require ATP binding, unlike those in resection and HR, which
require ATP hydrolysis. In archaea that lack Sae2/CtIP, these
ATP-dependent conformation changes likely occur without a
dedicated protein cofactor (52, 54, 55). We propose that pSae2/
CtIP might represent a part of this switching mechanism in
eukaryotic cells. This hypothesis is further supported by our
previous observation that phosphorylation of Sae2 promotes its
physical interaction with Rad50 (36). However, the exact
mechanism of how pSae2 and Rad50 ATPase functions integrate
to regulate Mrell remains to be demonstrated directly.

In summary, our results suggest that Rad50 and pSae2 turn
Mrell, a 3’ - 5 exonuclease, into a molecular machine that
preferentially degrades 5’-terminated DNA strands at DSB sites
in a stepwise manner. We believe this mode of DNA degradation
can help overcome any obstacles present not only at DNA ends,
but also at sites internal to the DSBs. This short-range DNA
degradation in turn facilitates the long-range resection pathways
acting downstream to promote HR.

Materials and Methods

Preparation of Recombinant Proteins. All proteins were expressed in Spo-
doptera frugiperda 9 (5f9) cells according to standard procedures. Unless
indicated otherwise, frozen pellets of infected Sf9 cells were resuspended at
4 °C in extraction buffer containing 50 mM Tris-HCl pH 7.5, 5 mM B-mer-
captoethanol, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF),
30 pg/mL leupeptin, and protease inhibitor mixture (P8340, 1:400; Sigma-
Aldrich). The suspension was incubated for 20 min with gentle agitation.
Then one-half volume of 50% glycerol was added, followed by 6.5% volume
of 5 M NadCl (final concentration 325 mM). The proteins were extracted
during a 30-min incubation with gentle agitation. The soluble extract was
obtained on centrifugation at 55,000 x g for 30 min.

Recombinant Mre11 was obtained using pFB-MBP-Mre11-His vector cod-
ing for Mre11-His. The soluble extract was bound to amylose resin (New
England Biolabs), followed by extensive washing with wash buffer con-
taining 50 mM Tris-HCl pH 7.5, 5 mM p-mercaptoethanol, 1 M NaCl, 1 mM
PMSF, and 10% (vol/vol) glycerol. Mre11 was eluted with elution buffer
containing 50 mM Tris-HCl pH 7.5, 5 mM p-mercaptoethanol, 300 mM Nacl,
1 mM PMSF, 10% (vol/vol) glycerol, and 10 mM maltose. The MBP tag was
cleaved with PreScission protease for 2 h at 4 °C. Imidazole was added to a
final concentration of 10 mM, and Mre11 was bound to NiNTA resin
(Qiagen). The resin was washed with buffer A1 containing 50 mM Tris-HCI pH
7.5, 5 mM B-mercaptoethanol, 1 M NacCl, 0.5 mM PMSF, 10% (vol/vol) glyc-
erol, and 40 mM imidazole. Then the resin was washed with buffer
A2 containing 50 mM Tris-HCl pH 7.5, 5 mM B-mercaptoethanol, 150 mM
NaCl, 0.5 mM PMSF, 10% (vol/vol) glycerol and 58 mM imidazole. The pro-
teins were eluted with buffer B containing 50 mM Tris-HCl pH 7.5, 5 mM
B-mercaptoethanol, 150 mM NacCl, 0.5 mM PMSF, 10% (vol/vol) glycerol, and
300 mM imidazole. Mre11 125-126 HD-LV mutant (Mre11 ND) was prepared
in an identical way. The yield was ~0.5 mg Mre11 from 400 mL of Sf9 cells.

Recombinant Xrs2-FLAG was prepared using pTP694 vector (a gift from
T. Paull). The soluble extract was prepared with an extraction buffer containing
only 0.5 mM B-mercaptoethanol and no EDTA. The soluble extract was then
incubated with anti-FLAG M2 affinity resin (Sigma-Aldrich). The resin was
first washed with wash buffer 1 containing 50 mM Tris-HCI pH 7.5, 0.5 mM
p-mercaptoethanol, 300 mM NacCl, 0.5 mM PMSF, 10% (vol/vol) glycerol, and
0.1% (vol/vol) Nonidet P-40. The washing was very extensive (1.5 h, ~150 mL
of buffer per 0.5 mL resin). The resin was then extensively washed with wash
buffer 2 containing 50 mM Tris-HCl pH 7.5, 0.5 mM f-mercaptoethanol,
150 mM NacCl, 0.5 mM PMSF, and 10% (vol/vol) glycerol. Xrs2 was eluted
with wash buffer 2 supplemented with 200 pg/mL 3x FLAG peptide (Sigma-
Aldrich). The yield was ~50 pg from 400 mL of Sf9 cells. Recombinant wild-
type Rad50-FLAG and mutants were prepared similarly using pFB-Rad50-
FLAG vector and its variants. The yield was ~100 pg from 800 mL of Sf9 cells.

The MR complex was prepared using vectors coding for Mre11-his
(pTP391 provided by T. Paull) and untagged Rad50 (pFB-Rad50) as de-
scribed previously (56). In brief, the proteins were coexpressed in Sf9 cells,
and the soluble extract was incubated with NiNTA resin. The MR complex
was then further purified on HiTrap Q and HiTrap S ion exchange chroma-
tography columns. The MX and MRX complexes were purified by coex-
pression in Sf9 cells using vectors coding for Mre11-His, Rad50, and Xrs2-
FLAG, as described previously (33, 57).

pSae2 was prepared as described previously in the presence of phosphatase
inhibitors (36). The A phosphatase treatment was carried out as described
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previously (36). The pSae2 S267A and S267E variants were prepared in the
same way as wild-type pSae2 in the presence of phosphatase inhibitors. Yeast RPA
was expressed in E. coli from p11d-scRPA vector (a kind gift from M. Wold,
University of lowa) and purified as described for human recombinant RPA (58).

DNA Substrate Preparation. To prepare the 5-labeled 70-bp-long dsDNA sub-
strate, the bottom-strand PC217 was first labeled with [y->*P]ATP (PerkinElmer)
and T4 polynucleotide kinase (New England BioLabs) according to the manu-
facturer’s instructions. (The oligonucleotides used in this study are listed
in SI Appendix, Table S1.) The reaction was terminated and purified twice
on a G25 column (GE Healthcare). The labeled bottom strand was then
annealed with twofold excess of the unlabeled top strand PC216_5XSS in 1x
T4 polynucleotide kinase buffer (New England BiolLabs). The 3’-labeled
substrate was prepared similarly, except the bottom DNA strand was la-
beled with [a-32P] cordycepin 5'-triphosphate (PerkinElmer) and terminal
transferase (New England BioLabs). The streptavidin-blocked 70-bp-long
DNA substrate was prepared as described previously with oligonucleotides
210 and 211 (33). Internal thymidine (T, in bold) contained a biotin label
where indicated.

The 5 overhanged 2.7-kbp-long DNA substrate was prepared by the di-
gestion of the pOH-S vector by Stul (New England BioLabs), followed by Nb.
BbvC1 (New England Biolabs) and partial heat denaturation, as described
previously (59). The blunt-ended 2.8-kbp-long DNA substrates without or with
biotin labels at the end, as indicated, were prepared as described previously
using pAttP-S vectors, annealed oligonucleotides (210 and 211 for all experi-
ments except Fig. 1/), and ®C31 integrase (59). The oligonucleotides used for
preparation of the 2.8-kbp-long substrate used in Fig. 1/ were PC206 and 209
(33). PCR was used to generate the 1.7- and 1.0-kbp substrates in Fig. 1/. Pri-
mers PL_for and PL_rev-1000 were used for preparation of the 1.0-kbp sub-
strate and PL_for and PL_rev-1700 primers for the 1.7-kbp substrate.

The randomly labeled 2.2-kbp-long DNA substrate was prepared by PCR-
based amplification using the pFB-MBP-NBS1-His vector as template and
primers NBS1_F and NBS1_R. The PCR was carried out under standard con-
ditions, and supplemented with 1 pM [a->2P] dCTP (PerkinElmer) on top of
the 200 pM cold dCTP. The PCR product was purified first with a PCR puri-
fication kit (Qiagen) and subsequently with Chroma Spin G400 column
(Clontech). The final concentration of the labeled DNA was estimated by
comparing labeled DNA with various dilutions of unlabeled DNA of a known
concentration. The DNA samples were separated by agarose gel electro-
phoresis and stained with GelRed.

Nuclease Assays. Unless indicated otherwise, the assays were carried out in a
15-pL reaction volume. The reaction buffer contained 25 mM Tris-acetate pH 7.5,
1 mM DTT, 0.25 mg/mL BSA (New England BioLabs), 1 nM (in molecules) DNA
substrate (both oligonucleotide-based and plasmid-length, unless indicated
otherwise), and indicated concentrations of Mn?* and Mgz+. All reactions with
plasmid-length DNA substrates contained 5 mM Mg?* and 1 mM Mn?*. As
described, the reactions were further supplemented with 1 mM of ATP (GE
Healthcare), ATP-y-S (Cayman Chemical Company), ADP (Alfa Aesar), AMP-PNP
(Sigma-Aldrich), or sodium orthovanadate (Vi; Sigma-Aldrich) or contained no
additional cofactor. Unless indicated otherwise, reactions with ATP also con-
tained an ATP regeneration system that included 80 U/mL pyruvate kinase
(Sigma-Aldrich) and 1 mM phosphoenolpyruvate (Sigma-Aldrich).

The reactions were assembled on ice, and recombinant proteins (as in-
dicated) were added last. The assays were carried out at 30 °C for 30 min
unless indicated otherwise. The reactions were terminated with 0.5 pL of
0.5 M EDTA, 0.5 uL of 10% SDS, and 0.5 pL of proteinase K (14-22 mg/mL;
Roche), followed by a 30-min incubation at 50 °C. Terminated reactions with
oligonucleotide-based DNA were then mixed with an equal volume of
loading dye (95% formamide, 20 mM EDTA, and 1 mg/mL bromophenol
blue). Then 15 puL of the sample from each reaction was separated by de-
naturing polyacrylamide electrophoresis as described previously (59). A 5'-
labeled low molecular weight marker (J76410; Affymetrix) was used where
indicated. The gels were dried on 3MM paper (Whatman), exposed to
storage phosphor screens, and analyzed using a Typhoon imager (GE
Healthcare). The data were quantitated using ImageJ.

Degradation of the substrate (indicated as substrate utilization) was
determined by calculating the percentage of unreacted substrate com-
pared with a control lane (100%). We note that due to the resolution of the
gel, this analysis might miss substrate shortening by 1-2 nt. Degradation
products smaller than 15 nt (products <15 nt) were quantitated as a per-
centage of these small fragments compared with the total signal in the
respective lanes.

The nuclease assays (15 uL volume) with plasmid-length DNA substrates
were terminated with 5 pL of STOP buffer (30 mM EDTA, 2% SDS, 30%
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glycerol, and 1 mg/mL bromophenol blue) and 1 pL of proteinase K (14—
22 mg/mL; Roche) for 30 min at 37 °C. Magnesium acetate was then added to
a final concentration 10 mM (free final magnesium concentration, 7.5 mM)
to facilitate subsequent DNA annealing. The reactions were then mixed with
one of five oligonucleotides 32P-labeled at the 5' end— 3’_OligoA, 5'_Oli-
goA, 5'_OligoB, 5'_0ligoC, or 3'_OligoD—using a threefold excess over the
DNA substrate (3 nM final concentration). The oligonucleotides of the “A”
series, 3'_OligoA and 5'_OligoA, anneal 100 nt away from the DNA end of
the 2.7-kbp-long substrate and 160 nt away from the DNA end of the 2.8-,
1.7-, and 1-kbp-long substrates, respectively (S/ Appendix, Table S1). In all
cases, the underscored sequences are complementary to the substrate DNA;
the GG overhangs were included to facilitate comparable labeling.
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The samples were heated to 60 °C for 5 min, and the annealing occurred
during a gradual cooling overnight. The samples were then separated by
electrophoresis in 1% agarose in TAE buffer (40 mM Tris, 20 mM acetate,
and 1 mM EDTA). The gels were dried on DE81 paper (Whatman) and pro-
cessed as described above. Degradation of the substrate was quantitated as
a percentage of annealed oligonucleotide over the total signal in the lane,
corrected for the excess of oligonucleotide used for annealing.
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