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To repair a DNA double-strand break by homologous recombina-
tion, 5’-terminated DNA strands must first be resected to reveal 3'-
overhangs. This process is initiated by a short-range resection cat-
alyzed by MRE11-RAD50-NBS1 (MRN) stimulated by CtIP, which is
followed by a long-range step involving EXO1 or DNA2 nuclease.
DNA2 is a bifunctional enzyme that contains both single-stranded
DNA (ssDNA)-specific nuclease and motor activities. Upon DNA un-
winding by Bloom (BLM) or Werner (WRN) helicase, RPA directs the
DNAZ2 nuclease to degrade the 5’-strand. RPA bound to ssDNA also
represents a barrier, explaining the need for the motor activity of
DNA2 to displace RPA prior to resection. Using ensemble and
single-molecule biochemistry, we show that CtIP also dramatically
stimulates the adenosine 5'-triphosphate (ATP) hydrolysis-driven
motor activity of DNA2 involved in the long-range resection step.
This activation in turn strongly promotes the degradation of RPA-
coated ssDNA by DNA2. Accordingly, the stimulatory effect of CtIP
is only observed with wild-type DNA2, but not the helicase-
deficient variant. Similarly to the function of CtIP to promote
MRN, also the DNA2 stimulatory effect is facilitated by CtIP phos-
phorylation. The domain of CtIP required to promote DNA2 is lo-
cated in the central region lacking in lower eukaryotes and is fully
separable from domains involved in the stimulation of MRN. These
results establish how CtIP couples both MRE11-dependent short-
range and DNA2-dependent long-range resection and define the
involvement of the motor activity of DNA2 in this process. Our
data might help explain the less severe resection defects of
MRE11 nuclease-deficient cells compared to those lacking CtIP.
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NA double-strand breaks (DSBs) in eukaryotes are repaired

by end-joining or homology-directed pathways (1). End-
joining, including both nonhomologous and microhomology-
mediated subpathways, requires only minimal processing of the
DNA ends and may involve limited microhomology at the break
sites to facilitate ligation. Homologous recombination instead
utilizes genetic information stored in an intact DNA copy, usu-
ally the sister chromatid in vegetative cells, to serve as a
template for mostly accurate repair. There are several distinct
subpathways of homology-directed repair, including single-
strand annealing (SSA) that leads to large deletions, synthesis-
dependent strand annealing, break-induced replication, and ca-
nonical DNA double-strand break repair (1). While these
pathways differ in mechanisms and resulting genetic outcomes,
their common denominator is the first step, termed DNA end
resection. All recombination pathways are initiated by nucleo-
lytic degradation of the 5'-terminated DNA strand at DSB sites,
leading to extended stretches of 3’-terminated single-stranded
DNA (ssDNA), which are required for the downstream steps
in all of the respective pathways (2, 3). Extensive DNA end re-
section commits the DSB repair to recombination as resected
ends are no longer ligatable by end-joining pathways. Cyclin-
dependent kinases (CDKs) regulate DNA end resection to be
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allowed only in the S and G2 phases of the cell cycle, when sister
chromatids are available (4-9).

It has been established that DNA end resection generally
consists of two subsequent steps. In human cells, resection is
initiated by the MRE11-RADS50-NBS1 (MRN) complex, which
functions in conjunction with CtIP (10, 11). CtIP activates the
MRE11 endonuclease within the MRN complex (12, 13). The
activated MRN complex then preferentially cleaves the 5'-
terminated DNA strand past protein blocks. Therefore, this
step is particularly important to process DNA ends with non-
canonical structures, including bound proteins like Ku and
topoisomerase-DNA cleavage complexes, as well as secondary
DNA structures (14-18). CtIP is phosphorylated by multiple
kinases including CDK, ATM, and ATR. In particular, the T847
CDK site of CtIP must be phosphorylated to promote MRN,
which represents a mechanism that allows cell cycle-dependent
control of DNA end resection (5, 13, 19-21).

Downstream of this initial short-range processing, either of
two partially redundant nucleases catalyze long-range 5'-end
resection that can extend up to several kilobases in length
(22-27). The Exonuclease 1 (EXO1) degrades the 5’-terminated
DNA strand within double-stranded DNA (dsDNA). The
nuclease-helicase DNA2 instead degrades ssDNA and thus re-
quires a helicase partner to act upstream to unwind dsDNA,
which can be either the Bloom (BLM) or Werner (WRN) RecQ
family helicase (28-30). Both BLM/WRN and DNA2 function in
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conjunction with the single-strand DNA binding protein RPA,
which promotes DNA unwinding by BLM/WRN and directs
DNAZ2 to degrade the 5’-terminated ssDNA strand (31-33). The
structure of murine DNA2 revealed that the polypeptide pos-
sesses a central cavity through which ssDNA needs to thread
before it can be cleaved (33). As the size of the cavity only ac-
commodates ssDNA, bound proteins, including RPA, need to be
displaced prior to degradation (33, 34). The nuclease activity of
DNAZ2 is essential for its function in resection and cell viability
(24). However, DNA2 also has a conserved helicase domain (34,
35). Although the helicase-deficient DNA2 mutants are equally
lethal, the function of this activity has remained enigmatic (36).
The helicase of DNA2 in resection cannot replace the helicase of
BLM/WRN (26). The unwinding capacity of wild-type (WT)
DNA2 is very weak, and processive dsDNA unwinding is only
observed upon inactivation of the nuclease activity (29, 35, 37).
The motor activity of DNA2 was thus proposed to promote re-
section, not as a helicase to unwind dsDNA, but rather as an
efficient ssDNA translocase to act downstream of the RecQ
family helicase partner (38, 39). In this model, BLM and WRN
function as the lead helicases that unwind dsDNA. This provides
long stretches of RPA coated 5'-terminated ssDNA to DNA2,
which uses its motor activity to translocate along the ssDNA to
displace RPA and feed the ssDNA strand to the nuclease
domain (38).

The phenotypes of human CtIP-depleted cells or corre-
sponding Saccharomyces cerevisiae sae2A mutants were reported
to be more severe than those of MRE11/Mrell nuclease point
mutants, indicating that CtIP/Sae2 have additional functions that
go beyond stimulating the MRE11 nuclease. To this point, both
Sae2 and CtIP were described to possess an intrinsic nuclease
activity with functions in DNA end resection and beyond, which
could explain the phenotypic differences (40-42). However, the
Sae2/CtIP nuclease function in resection remains controversial
(12, 18, 43). Sae2/CtIP may also have a structural role in DNA
break repair to bridge DNA (18, 44). In yeast, sae2A mutants
were found to hyperactivate checkpoint signaling, and Sae2 was
shown to have a structural function to dampen checkpoint sig-
naling (45). Checkpoint-defective sae2A mutants exhibited
identical DNA damage sensitivity and resection defects as mrell
nuclease-dead mutants, showing that checkpoint hyperactivation
accounted for the differential phenotypes of the respective mu-
tants (45-47). In higher eukaryotes, however, the situation is
more complex. While some studies reported similar sensitivities
of MREI11 nuclease-deficient (resulting from point mutations or
small-molecule inhibitors) and CtIP-deficient cells (11), other
reports point out more severe defects upon CtIP depletion.
Specifically, in Xenopus egg extracts, complete inhibition of re-
section was observed upon depletion of EXO1 and CtIP, im-
plying that DNA2 requires CtIP to perform long-range resection
(48). Likewise, epistatic relationships between CtIP and DNA2
were found in chicken DT40 cells (49). Disruption of the
MREI11 nuclease active site did not dramatically reduce re-
section, in contrast to CtIP-deficient cells, which exhibited a
severe defect (50). Similarly, inactivation of the MRE11 nuclease
was less severe than disruption of CtIP in human TKG6 cells (50).
Finally, single-molecule analysis of DNA resection tracks showed
that CtIP contributes to fast resection at long distances from the
DNA end (51), which disagrees with the expected limited range
of the MRN-dependent short-range resection. Together, these
reports suggest that CtIP may promote long-range DNA end
resection by an unknown mechanism. In accord, CtIP was shown
to physically interact with and promote DNA unwinding by the
BLM helicase, as well as to modestly stimulate DNA degradation
by the DNAZ2 nuclease (52). Using ensemble and single-molecule
biochemistry, we show here that phosphorylated CtIP (pCtIP)
dramatically stimulates the motor activity of DNA2. This accel-
erates degradation of RPA-coated ssDNA by DNA2, showing
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the need for the motor activity of DNAZ2 to facilitate resection.
Our results show that CtIP is thus a cofactor not only of MREL11,
but also of DNA2, and demonstrate that the domains of CtIP
required for the stimulation of MRN and DNA?2 are physically
separate. Our data support a model where CtIP first activates the
MREI11 nuclease and then helps couple short-range resection
with the downstream long-range step by promoting DNAZ2.
These results might help explain the dramatic DNA end re-
section defect observed in CtIP-depleted human cells.

Results

CtlP Promotes DNA2-Dependent Long-Range DNA End Resection
Pathway. pCtIP functions as a cofactor of the MRN endonucle-
ase acting in the initial short-range DNA end resection pathway
(13) (SI Appendix, Fig. S14). Multiple studies, however, in-
dicated that deficiency of CtIP has a stronger impact on re-
section than mutations or inhibition of the MREI11 nuclease
(48-50) (SI Appendix, Fig. S1 B and C), suggesting that CtIP has
additional functions in resection beyond promoting MRE11. To
study the effect of CtIP on long-range DNA end resection
pathways in a defined system, we expressed and purified phos-
phorylated CtIP (pCtIP) in the presence of phosphatase inhibi-
tors, as well as DNA2, BLM, WRN, and EXO1 (SI Appendix,
Fig. S1 D-H) in Sf9 cells. Recombinant pCtIP did not promote
DNA degradation by EXO1 (SI Appendix, Fig. S2 A and B) but
stimulated DNA end resection by BLM-DNA2-RPA (SI Ap-
pendix, Fig. S2 C and D), as well as by WRN-DNA2-RPA
(Fig. 14, compare lanes 6 and 9, SI Appendix, Fig. S2E). To
understand the stimulation of resection by pCtIP in detail, we
next investigated its effect on the activities of BLM/WRN and
DNAZ2 individually. pCtIP stimulated DNA unwinding by BLM
approximately twofold (SI Appendix, Fig. S2 F and G), as well as
to a similar extent the nuclease of DNA2 on oligonucleotide-
based substrates (Fig. 1 B and C), as noted previously (52). In
contrast, pCtIP had only a very minor effect on DNA unwinding
by WRN (S Appendix, Fig. S2 H and I). The strongest stimu-
latory effect by pCtIP was observed when we assayed DNA un-
winding by nuclease-dead DNA2 D277A (Fig. 1 D and E). With
pCtIP, 0.25 nM DNA2 D277A unwound more than 50% of the
Y-structured DNA substrate, which was more than that unwound
by 30 nM DNA2 D277A without pCtIP, corresponding to >10-
fold stimulation (Fig. 1 D and E). Recombinant pCtIP thus
predominantly promotes the motor activity of DNA2. These
results indicate that CtIP functions as a cofactor in both short-
and long-range resection pathways. To confirm the physiological
relevance of our observations, we reasoned that the depletion of
CtIP, which affects both resection pathways simultaneously,
should result in the same DNA end resection defect as the de-
pletion of DNA2 in combination with chemical inhibition of
MREI11 nuclease, which affects both pathways individually. To
this point, we used an SSA reporter assay in U20S cells, which
requires resection of several thousand nucleotides (nt) in length
and which is often used as a physiological readout of DNA end
resection efficacy (53, 54). As shown in SI Appendix, Fig. S2J, the
depletion of CtIP almost completely abrogated SSA while the
depletion of DNA2 and the inhibition of the MRE11 nuclease by
small molecules had moderate effects. However, the combina-
tion of DNA2 depletion and MREI11 inhibitors resulted in re-
section defects comparable to the depletion of CtiP (SI
Appendix, Fig. S2J), in agreement with the model that CtIP is
involved in both resection pathways.

CtIP Dramatically Promotes Long-Range ssDNA Degradation by DNA2.
To define the function of pCtIP in regulating DNAZ2 in a simple
system, we next used an assay that monitors 5'—3’ degradation
of 3’ end-labeled fragments of ssDNA by WT DNAZ2. The use of
ssDNA bypasses the requirement for BLM or WRN helicase.
Previously, we demonstrated that the motor of DNA?2 particularly
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were separated by 1% agarose gel electrophoresis. Panel shows a representative experiment. Red asterisks indicate random labeling. (B) Representative 15%
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promoted the degradation of RPA-coated ssDNA (38) so we next
tested for a function of CtIP. Without pCtIP, the degradation of
ssDNA by DNA2 was slow (Fig. 24, lanes 3-7) and was, strikingly,
~10-fold stimulated when pCtIP was included in the reactions
(Fig. 24, lanes 9-13, Fig. 2B). While pCtIP appears to accelerate
ssDNA degradation by DNA2, it did not change the 5'—3’ polarity
of DNA degradation in the presence of RPA (SI Appendix, Fig.
S3 A and B). pCtIP also did not allow DNA2 to cleave ssDNA
endonucleolytically when DNA ends were blocked (SI Appendix,
Fig. S3 A and B). Likewise, pCtIP did not facilitate extensive
dsDNA degradation by DNA2 (SI Appendix, Fig. S3C), showing
that DNAZ2 is very unlikely to function independently of BLM/
WRN in DNA end resection, in agreement with cellular data (28).
Low nanomolar concentrations of both pCtIP and DNA2 were
required for maximal DNA degradation under our conditions
(Fig. 2 C=F). We note that 1 nM DNA2 in the presence of pCtIP
was more efficient in DNA degradation than 20 nM DNA2
without pCtIP (compare Fig. 2E, lane 7 with Fig. 24, lane 7),
highlighting the dramatic stimulation of the ssDNA degradative
capacity of DNA2 by pCtIP.

RPA protects the 3’-terminated ssDNA strand from degra-
dation by DNA2 (29, 31, 32). To explain the role of RPA in the
interplay of pCtIP and DNA2 and carry out reactions without
RPA, we next prepared an internally labeled substrate. Using
ssDNA randomly labeled at internal sites, we observed that RPA
inhibited ssDNA degradation, in agreement with our previous
data (38). pCtIP stimulated ssDNA degradation also without
RPA, but much greater stimulatory effect was observed in the
presence of RPA (Fig. 2 G and H). We conclude that pCtIP
promotes ssDNA degradation by DNA2, which becomes par-
ticularly important in the presence of RPA.

The Motor Activity of DNA2 Mediates the Accelerated ssDNA
Degradation with pCtIP. To define the mechanism of the stimu-
latory effect of pCtIP on the DNA2 nuclease, we set out to
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investigate the role of the ATPase-driven motor activity of
DNA2 in this process. Strikingly, pCtIP strongly stimulated
ssDNA degradation by DNA2 only in the presence of adenosine
5’-triphosphate (ATP) (Fig. 3 A and B). Importantly, pCtIP had
no activity on its own with or without ATP (Fig. 34, lanes 6 and
7). Furthermore, pCtIP did not notably promote ssDNA degra-
dation by the helicase-deficient DNA2 K654R variant with dis-
rupted ATPase active site (Fig. 3 C and D).

Using thin-layer chromatography (TLC), we found that pCtIP
strongly promoted the ATPase activity of WT DNA2 in the
presence of ssDNA as cofactor, both without and with RPA
(Fig. 3E and SI Appendix, Fig. S44). pCtIP also stimulated the
ATPase of nuclease-dead DNA2 D277A while no ATP hydro-
lysis was observed using the ATPase-deficient DNA2 K654R
variant, as expected (Fig. 3E). Using a kinetic ATPase assay
where ATP hydrolysis is linked to reduced nicotinamide-adenine
dinucleotide oxidation monitored spectrophotometrically, we
estimate the a;l)parent catalytic constant for DNA2 without
pCtIP of 3.4 s~ and 17.3 s~ in the presence of pCtIP, which
corresponds to approximately fivefold stimulation by pCtIP, in
agreement with the TLC assays (Fig. 3E). These experiments
together demonstrate the importance of the ATPase-driven
translocase activity of DNA2 in extended ssDNA degradation.

No DNA degradation was observed when using the nuclease-
deficient DNA2 D277A (Fig. 3 C and D), even in the presence of
pCtIP, further demonstrating that the observed nuclease activity
was intrinsic to DNA2 and not a result of nonspecific contami-
nation in our assays. Human pCtIP did not promote ssDNA
degradation by yeast Dna2, and, vice versa, phosphorylated yeast
Sae2 (pSae2) did not promote the nuclease of human DNA2
(Fig. 3F and SI Appendix, Fig. S4 B and C), implicating direct
species-specific interactions between the human polypeptides.
Furthermore, pSae2 did not notably stimulate yeast Dna2,
showing that the interplay described here is specific to higher
eukaryotes. The species-specific interplay of cognate human
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pCtIP and DNA2 suggested that the proteins might directly
physically interact. Indeed, FLAG-tagged DNA2 could readily
pull down pCtIP, demonstrating a direct physical interaction
(Fig. 3G). Together, these results establish that, by forming a
complex, pCtIP stimulates the ATPase-driven translocase activ-
ity of DNA2, which in turn accelerates its ssDNA degradative

capacity.

Single-Molecule Experiments Reveal the Acceleration of DNA
Unwinding Rate of DNA2 by pCtIP. To further mechanistically de-
fine the stimulation of DNA2 motor by pCtIP, we employed
magnetic tweezers, which monitor the position of a magnetic
bead linked by a single DNA molecule to a fixed surface. As
ssDNA is extended compared to dsSDNA, DNA unwinding can
be inferred from the relative position of the bead and DNA
extension curve. We could not directly monitor the DNA2 nu-
clease in our setup because DNA must be attached on both ends.
Instead, we analyzed the effect of pCtIP on DNA unwinding by
the nuclease-dead DNA2 D277A (Fig. 44). The mean velocity of
DNA2 D277A in the absence of pCtIP was 13 + 1 base pairs
(bp)/s (SEM), which was increased approximately sevenfold in
the presence of pCtIP to 86 + 4 bp/s (SEM) (Fig. 4 B and C and
SI Appendix, Fig. S54). In contrast, pCtIP had no effect on the
processivity of DNA2 D277A (SI Appendix, Fig. S5B). While the
motor activity of human DNA2 alone is slower than that of the
yeast ortholog (29, 37), we note that, in the presence of pCtIP,
the unwinding activity of human DNA?2 is faster than that by
yeast Dna2, making human DNA2 one of the most efficient
known motor proteins in eukaryotes.
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As pCtIP also modestly promotes DNA unwinding by BLM
(SI Appendix, Fig. S2 F and G) (52), we also assayed this stim-
ulatory effect by magnetic tweezers. The DNA unwinding by
BLM, as by other helicases from the RecQ family such as Sgs1, is
characterized by bursts of DNA unwinding, followed by re-
winding (Fig. 4D) (55). We observed ~1.5-fold stimulation of
DNA unwinding by BLM when pCtIP was included in the re-
action (Fig. 4 D and E). The mean BLM velocity in the absence
of pCtIP was 61 + 4 bp/s (SEM), and 91 + 4 bp/s (SEM) in the
presence of pCtIP. As with DNA2 D277A, pCtIP did not affect
the processivity of BLM (SI Appendix, Fig. S5C). Additionally,
pCtIP did not stimulate DNA unwinding by WRN (S7 Appendix,
Fig. S5 D-F), in agreement with the biochemical data (SI Ap-
pendix, Fig. S2 H and I). No DNA unwinding was observed
without ATP, or by CtIP alone (SI Appendix, Fig. S5 G-K). In
summary, pCtIP promotes the velocity of DNA unwinding by
both BLM and DNA?2 without affecting their processivity. The
effect of pCtIP on DNA2 motor is much greater than that on
BLM (compare Fig. 4 C and E).

Domains of pCtIP That Promote MRN and DNA2 Are Fully Separable.
The pCtIP protein is composed of an N-terminal tetramerization
domain, an unstructured central region—largely lacking in S.
cerevisiae—that binds DNA and contains a number of phos-
phorylation sites, and finally a conserved C-terminal domain that
is required to activate MRN, has a secondary DNA binding site,
and is likewise subject to phosphorylation (Fig. 54) (10, 13, 18,
56). A key cyclin-dependent kinase site, T847, which enables cell
cycle-regulated control of DNA end resection by licensing
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stimulation of MRN, is located within the C-terminal domain of
pCtIP (Fig. 5A4) (5). Only the N-terminal tetramerization and the
C-terminal domains bear limited similarity to yeast Sae2. To
identify pCtIP regions that are required for the stimulation of
DNA2, we designed pCtIP variants lacking stretches of amino
acids from the internal region, such as pCtIP A1l (lacking resi-
dues 350 to 600 including the DNA-binding region) and pCtIP A2
(lacking residues 165 to 790 comprising the entire region between
the tetramerization domain and the Sae2-like C-terminal domain).
As WT full-length pCtIP, these internally truncated variants were

expressed in Sf9 cells and purified in the presence of phosphatase
inhibitors to preserve phosphorylation. We observed that pCtIP
Al, but not pCtIP A2, was fully proficient in stimulating DNA2
(Fig. 5 B and C and SI Appendix, Fig. S6A4). This indicated that the
region in pCtIP between residues 350 and 600 containing the
DNA binding domain is dispensable for the stimulation of DNAZ2,
and the stimulatory activity is dependent on a region upstream or
downstream of these residues. We also prepared the C-terminal
domain of pCtIP alone (pCtIP A3, containing residues 790 to 897),
and a mutant lacking this C-terminal domain (pCtIP A4) (Fig. 54).
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Fig. 4. Single-molecule experiments demonstrate accelerated DNA2 motor activity in the presence of pCtIP. (A) Sketch of the employed magnetic tweezers
assay and the DNA construct carrying a 40-nt 5’ flap to allow loading of either helicase. (B) Representative DNA unwinding events of the DNA2 nuclease-dead
mutant (D277A, 25 nM) in the absence (orange) and presence (green) of pCtIP (25 nM). Both reactions were also supplemented with 25 nM human RPA. (C)
Histograms of the observed unwinding velocities for nuclease-dead DNA2 (n = 40 traces for each case). (D) Representative DNA unwinding events of BLM (25
nM) in the absence (magenta) and presence (purple) of pCtIP (25 nM). (E) Histogram of the observed unwinding velocities for BLM (n = 852 events). The force
in all experiments was F = 19 + 3 pN (SD).
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Fig. 5. Separate domains of pCtIP promote the MRN and DNA2 nucleases. (A) A schematic representation of the primary structure of WT pCtIP and internal
deletion variants (pCtIP A1 to A4) purified from Sf9 cells in the presence of phosphatase inhibitors. Main ATM phosphorylation sites are indicated in red, and
CDK phosphorylation sites are indicated in blue. (B) Degradation ssDNA fragments of various lengths by DNA2 without or with pCtIP variants, as indicated. All
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Remarkably, the pCtIP A4 variant, lacking the C-terminal Sae2-like
region, while incapable to stimulate MRN (SI Appendix, Fig. S6B),
as expected (13), was fully proficient in stimulating DNA2 (Fig. 5 B
and C and SI Appendix, Fig. S6A4). In accord with these data, pCtIP
A1l and A4, but not the pCtIP A2 variant, were capable to promote
the ATPase of DNA2 (SI Appendix, Fig. S6C). Also, pCtIP Al
physically interacted with DNA2 similarly as full-length pCtIP while
the interaction was abolished when using pCtIP A2 (SI Appendix,
Fig. S6D).

To further map the CtIP region required to stimulate DNA2,
we expressed various portions of the central CtIP domain in
Escherichia coli (Fig. 5D). We prepared the central region cor-
responding to residues 350 to 600, as well as fragments con-
taining additionally the upstream and downstream regions from
the wider central domain (Fig. 5D). We observed that the CtIP
F3 fragment, containing residues 350 to 790, was capable to
promote DNA2 (Fig. 5E). This indicated that the CtIP region
downstream of residue 600 was required for DNA2 stimulation.
We note that this domain is lacking in yeast Sae2, and our result
is thus in agreement with the observation that yeast Sae2 does
not promote yeast or human DNA2 (Fig. 3F). We observed that
a high concentration of the short F3 fragment compared to the
longer pCtIP variants expressed in insect cells was needed to
observe DNA2 stimulation (compare Fig. 5 C and E).

To narrow down the stimulatory region in pCtIP even further,
we expressed in Sf9 cells and purified an additional series of
internal pCtIP truncations lacking also residues downstream of
position 600 (Fig. 5F). We observed that pCtIP A1B fragment
(lacking residues 350 to 690) was fully proficient in stimulating
DNAZ2, but additional shortening of this mutant by 50 residues
(pCtIP A1C, lacking residues 350 to 740) entirely eliminated this
capacity (Fig. 5 G and H and SI Appendix, Fig. S7A). In contrast,
the pCtIP A1C construct was fully proficient in stimulating the
endonuclease of MRN (Fig. 5 I and J). As above, the capacity of
the pCtIP internal truncation variants to promote ssDNA deg-
radation by DNA2 correlated with their ability to stimulate
DNA2’s ATP hydrolysis activity (SI Appendix, Fig. STB), as well
as to promote DNA unwinding by DNA2 D277A as established
by magnetic tweezers (Fig. 5 K and M). Accordingly, the CtIP
A1C and A1D variants that did not promote DNA degradation
and ATPase of DNA2 lost their capacity to physically interact
with DNAZ2 (SI Appendix, Fig. S7C). We also note that, while the
CtIP region 690 to 740 is necessary to stimulate DNA2, it is not
sufficient because no DNA?2 stimulation was observed using this
CtIP fragment alone (SI Appendix, Fig. ST D-F).

To confirm the physiological relevance of our in vitro data, we
carried out a knockdown-rescue experiment in U20S cells using
the SSA reporter system. Upon down-regulation of CtIP by small
interfering RNA (siRNA), SSA efficacy was rescued by siRNA-
resistant CtIP A1C to a lesser extent than by WT full-length CtIP
(81 Appendix, Fig. S7G). As CtIP A1C is proficient in stimulating
MREI11 and deficient in stimulating DNA2, our results indicate
that the interplay between CtIP and DNA?2 described here might
be important for the efficacy of extended DNA end resection
required for SSA. These experiments together establish that the
pCtIP region between residues 690 and 740 is required for the
stimulation of the DNA2 motor activity while it is dispensable for
the stimulation of MRN. Therefore, pCtIP promotes MRN and
DNAZ2 via distinct domains that are fully separable.

pCtIP Phosphorylation Facilitates Its Capacity to Promote DNA2. Due
to the established requirement for pCtIP phosphorylation in the
stimulation of MRN in vitro (13, 57) and in vivo (5, 6), we set out
to define the function of pCtIP phosphorylation in the regulation
of DNA2. Dephosphorylation of full-length A1 and A4 pCtIP
variants expressed in Sf9 cells dramatically reduced their capacity
to stimulate DNA2 (Fig. 6 A and B and SI Appendix, Fig. S8 A-
C). Likewise, lambda phosphatase treatment of pCtIP reduced
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its capacity to promote DNA unwinding by DNA2 D277A in gel-
based assays (SI Appendix, Fig. S8 D and E), as well as in single-
molecule experiments (Fig. 6 C-E). Dephosphorylated CtIP
could also no longer bind DNA2 (S Appendix, Fig. S8F). These
results are in agreement with data from Fig. SE where we
observed only limited stimulatory activity of the CtIP fragment
expressed in E. coli, which was not expected to be phosphorylated.

Dephosphorylated CtIP and their homologs are thought to
aggregate so the apparent stimulatory function of phosphoryla-
tion may stem from abrogated CtIP aggregation (4, 58). To ad-
dress whether phosphorylation enables CtIP to promote DNA2
by preventing its aggregation, we employed pCtIP A5, which
lacks the N-terminal tetramerization domain (residues 1 to 160)
(56, 59) (Fig. 6F). Lack of the tetramerization domain is
expected to prevent aggregation, even in the dephosphorylated
state (4). This pCtIP A5 variant was proficient in stimulating
DNAZ2, which was largely but not completely resistant to lambda
phosphatase treatment (Fig. 6 G and H and SI Appendix, Fig.
S8 G and H). Accordingly, pCtIP A5 could stimulate the ATPase
of DNA2 and physically interact with DNAZ2 irrespective of its
phosphorylation state (SI Appendix, Fig. S8I). We also analyzed
several point mutants nonphosphorylatable on some of the
previously established phosphorylation sites in pCtIP within or
close to the 690-to-740 region identified above, including S664A,
S679A, and S754A forming pCtIP 3A (SI Appendix, Fig. S9A).
The pCtIP 3A stimulated DNA2 equally as WT pCtIP (SI Ap-
pendix, Fig. S9 B and C). In contrast, a pCtIP mutant S723A,
nonphosphorylatable at a recently identified PLK1 site (60), was
impaired in DNA2 stimulation (SI Appendix, Fig. S9 A-C). This
indicated that the region at S723 of pCtIP is important for its
interplay with DNA2, but detailed understanding of this re-
lationship will require further experimentation. We conclude
that pCtIP phosphorylation clearly facilitates the stimulation of
DNAZ2. This is likely caused, at least in part, indirectly by pre-
venting pCtIP aggregation. Furthermore, while CtIP tetrameriza-
tion is essential to stimulate MRN (13, 56), it may be dispensable
to stimulate DNA2.

Discussion

CtIP has a well-established role as an activator of the MRE11
nuclease activity within the MRN complex, which initiates DNA
end resection. This function is conserved in evolution from yeast
to human cells (12, 13, 15, 61). The results presented here
demonstrate that CtIP also controls DNA2, a long-range DNA
end resection nuclease that functions downstream of MRE11.
Therefore, similarly to SLX4 that controls a number of structure-
specific nucleases acting late in the recombination pathway (62,
63), CtIP controls both short- and long-range resection nucleases
(Fig. 74). We propose that coupling of both resection steps by
CtIP allows to better coordinate short- and long-range DNA end
resection.

The CtIP domains required to promote MRE11 and DNA2
are at least partially separate. We found that the very N-terminal
and C-terminal domains of CtIP, while being required to promote
MRE11, are largely dispensable to regulate DNA2 (Fig. 7B). In-
stead, we identified a region in the central domain of pCtIP be-
tween residues 690 and 740 that is essential to stimulate DNA2,
but dispensable for stimulating MRN (Fig. 7B). The central do-
main of CtIP is lacking in homologs of low eukaryotes, such as in
S. cerevisiae Sae2. In accord, we failed to observe stimulation of
yeast Dna2 by yeast Sae2. Therefore, while the regulation of
MREI11 by CtIP is conserved in evolution, the regulation of DNA2
appears to be restricted to higher eukaryotes.

Deletion of yeast SAE?2 results in profound cellular sensitivity to
DNA-damaging drugs and a resection defect. While Sae2 and the
Mrel1 nuclease are critical to remove Spol1, stalled topoisomerases,
or secondary DNA structures, the MRX-Sae2 resection pathway, per
se, is partially dispensable for the processing of clean DSBs in yeast,
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as shown by a less pronounced resection defect of mwrell nuclease-
deficient mutants compared to sae2A (64). What is then causing the
more severe resection defect of sae2A cells? The phenotypic dif-
ference between mrel I nuclease-deficient and sae2A has been linked
to checkpoint hyperactivation in sae2A (46); Sae2 was shown to have
a structural function to dampen Tell-dependent checkpoint signal-
ing that leads to a permanent checkpoint arrest in its absence (45).
Upon DNA damage without Sae2, the activated Rad9 checkpoint
protein limits resection by Sgsl1-Dna2 and causes cellular lethality
(46, 47, 65). Importantly, in the rad9A checkpoint-defective back-
ground, the phenotypes of mrell nuclease-deficient and sae2A
mutants are indistinguishable, and the phenotypic differences be-
tween mrell nuclease-deficient and saze2A can thus be fully
explained by differential checkpoint activation (45). These results
support our observation that yeast Sae2 does not directly stimulate
long-range resection by Dna2.

In contrast to yeast, defects in CtIP almost completely inhibit
DNA end resection in human cells, including that of nuclease-
generated clean breaks (10). Accordingly, depletion of CtIP is
used to abrogate resection in many experimental systems in
human cells. While a signaling loop similar to that established in
yeast has not been uncovered in human cells yet, our results
presented here demonstrate a direct function of CtIP to promote
long-range resection by DNA2, which could help explain the
differential requirement for Sae2 and CtIP in resection in high
and low eukaryotes. At the same time, it is likely that the short-
range resection is generally more important in human cells. The
critical function of CtIP in resection could thus also result from
an upstream placement of the MRN-CtIP-dependent DNA
clipping. Abrogation of a critical upstream step would then mask
an involvement of CtIP downstream of MREI11, explaining
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similar phenotypes resulting from the down-regulation of CtIP
and chemical inhibition of the MREI11 nuclease observed in
some studies (11). Other studies, including ours (SI Appendix,
Fig. S1 B and C) (49, 50), in contrast, noted a more severe re-
section defect associated with CtIP depletion compared to in-
hibition or mutagenesis of the MRE11 nuclease active site,
implicating other proresection functions for CtIP beyond the
regulation of MRE11. Mrell nuclease- and Sae2-deficiency both
result in embryonic lethality in mice; however, Sae2-deficient
embryos succumb earlier (20, 66). Additionally, studies in hu-
man and murine cells, as well as Xenopus egg extracts, noted that
CtIP may promote the long-range dependent pathway by DNA2
(48-50). The results presented here strongly support these data
and provide a mechanistic explanation for CtIP and DNA2
functions in long-range resection.

Our data indicate that CtIP primarily functions to stimulate
the ATPase-dependent ssDNA translocase activity of DNA2.
While DNA2 is primarily active as a nuclease, the function of its
helicase domain remained somewhat elusive. We previously
reported that the helicase activity of DNA2 becomes only ap-
parent after inactivation of the nuclease (29, 37). Therefore, the
DNAZ2 motor does not likely function as a helicase to unwind
dsDNA, but rather as an ssDNA translocase, which is readily
observed with the WT protein (38, 39). According to this model,
the ssDNA translocase activity helps feed ssDNA to the nuclease
domain of DNA?2 and facilitates thus its degradation. Moreover,
DNA unwound by the cognate RecQ family helicase partner is
coated by RPA, which directs the DNA2 nuclease to degrade the
5’-terminated ssDNA strand (31, 32). However, as only naked
ssDNA can pass through the channel within the DNA?2 structure
to reach the nuclease domain (33), RPA needs to be displaced,
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requiring an active mechanism. The motor activity of DNA2
plays an important function during this process as it accelerates
DNA degradation primarily when RPA is present (38). The re-
sults presented here demonstrate that pCtIP further accelerates
the motor activity of DNA2 and thus indirectly stimulates
ssDNA degradation by its nuclease domain (Fig. 74). The
stimulation of the DNA2 motor is not the only way how CtIP
promotes the BLM-DNA2 long-range resection pathway. Sung
and colleagues previously reported that CtIP also stimulates
DNA unwinding by BLM (52), which functions upstream of
DNA2 (Fig. 74). We could confirm this stimulatory effect. In
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single-molecule experiments, we observed that pCtIP accelera-
ted DNA unwinding by BLM by ~1.5-fold while it stimulated
DNA2 by ~10-fold under the same experimental conditions in
single-molecule assays, demonstrating a comparatively larger
effect of pCtIP on DNA2 compared to BLM. Finally, we dem-
onstrate that phosphorylation of pCtIP facilitates its capacity to
promote DNAZ2, possibly rather nonspecifically by preventing
CtIP aggregation. Therefore, similarly to the interplay with
MRE11, phosphorylation may represent a key regulatory
mechanism that keeps DNA2 activity in check although more
research is needed to better define this regulatory function.
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Control of DNA end resection by phosphorylation allows re-
section only in the S—G2 phases of the cell cycle and upon DNA
damage, which limits illegitimate recombination.

Materials and Methods

Data Availability Statement. All primary data and DNA constructs used for
protein expression are available upon request.

Cloning, Expression, and Purification of Recombinant Proteins. WT DNA2,
nuclease-dead DNA2 D277A, helicase-dead DNA2 K654R, and double-dead
DNA2 D277A K654R (DNA2 DA/KR) were expressed in Spodoptera frugi-
perda 9 (S9) insect cells and purified by affinity chromatography exploiting
the N-terminal 6xhis-tag and the C-terminal FLAG-tag (29, 67). BLM, WRN,
phosphorylated Sae2, and phosphorylated WT CtIP and variants were
obtained by taking advantage of the maltose-binding protein (MBP) tag at
the N terminus and 10xhis-tag at the C terminus. The MBP tag was cleaved
off during purification (4, 12, 13, 29). The cloning, expression, and purifi-
cation of other proteins and their variants are detailed in S/ Appendix.

Biochemical Assays. DNA end resection assays with PCR-based dsDNA sub-
strate were performed in a 15-uL volume in 25 mM Tris-acetate, pH 7.5,
2 mM magnesium acetate, 1 mM ATP, 1 mM dithiothreitol (DTT), 0.1 mg/mL
bovine serum albumin (BSA) (New England Biolabs), 1 mM phosphoenol-
pyruvate (PEP), 80 U/mL pyruvate kinase (Sigma), 50 mM NacCl, and 1 nM
substrate (in molecules). When randomly labeled ssDNA was used, 2 nM
substrate (in molecules) was added instead. Human RPA was included as
indicated to saturate all ssDNA. Additional recombinant proteins were then
added on ice, and the reactions were incubated at 37 °C as indicated to
perform kinetic experiments. Reactions were stopped by adding 5 pL of 2%
stop solution (150 mM ethylenediaminetetraacetic acid [EDTA], 2% sodium
dodecyl sulfate, 30% glycerol, bromophenol blue) and 1 pL of proteinase K
(18 mg/mL; Roche) and incubated at 37 °C for 10 min. Samples were ana-
lyzed by 1% agarose gel electrophoresis. Gels were dried on DE81 chroma-
tography paper (Whatman), exposed to storage phosphor screens (GE
Healthcare), and scanned by a Typhoon 9500 phosphorimager (GE Health-
care). Analysis of ssDNA degradation was performed with 0.15 nM (in mol-
ecules) 3'-labeled A DNA/Hindlll fragments that were heat-denatured for
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reaction. Nuclease assays with 32P-labeled Y-shaped DNA substrate (0.1 nM
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37 °C, and the reactions were stopped by adding 0.5 pL of 0.5 M EDTA and
1 pL of proteinase K (18 mg/mL; Roche) and incubated at 50 °C for 30 min. An
equal amount of formamide dye (95% [vol/vol] formamide, 20 mM EDTA,
and bromophenol blue) was added, and samples were heated at 95 °C for
4 min and separated on 15% denaturing polyacrylamide gels (ratio acryl-
amide:bisacrylamide 19:1; Bio-Rad). After fixing in a solution containing
40% methanol, 10% acetic acid, and 5% glycerol for 30 min, the gels were
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