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Summary

DNA double-strand break repair by homologous recombination entails the resection of DNA ends
to reveal ssDNA tails, which are used to invade a homologous DNA template. CtIP and its yeast
ortholog Sae2 regulate the nuclease activity of MRE11 in the initial stage of resection. Deletion of
CtlIP in the mouse or SAEZin yeast engenders a more severe phenotype than MRE11 nuclease
inactivation, indicative of a broader role of CtIP/Sae2. Here, we provide biochemical evidence that
CtIP promotes long-range resection via the BLM-DNAZ2 pathway. Specifically, CtIP interacts with
BLM and enhances its helicase activity, and it also enhances DNA cleavage by DNA2. Thus, CtIP
influences multiple aspects of end resection beyond MRE11 regulation.

eTOC blurb

Biochemical analysis by Daley et al. shows that CtIP functions not just as a cofactor for the MRN
complex, but it also stimulates long-range resection by BLM-DNA2-RPA. CtIP interacts with
BLM and enhances its helicase activity, and it also upregulates the DNA flap cleavage activity of
DNAZ2.
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Introduction

Failure to repair DNA double-strand breaks accurately can lead to a loss of genetic
information or chromosomal rearrangements, which then cause cell death or transformation
(Liu et al., 2012). Eukaryotic cells eliminate DSBs via hon-homologous end joining (NHEJ)
or homologous recombination (HR) (Chiruvella et al., 2013; Mehta and Haber, 2014). NHEJ
directly rejoins DNA ends and operates throughout the cell cycle. HR becomes an important
repair tool in S and G2 cells using the sister chromatid as the information donor (Symington
and Gautier, 2011).

For HR to occur, nucleases must degrade the 5” strands from the break ends to generate 3’
sSDNA tails (Daley et al., 2015). These DNA tails are engaged by the RAD51 recombinase
and its accessory factors to search the sister chromatid for the homologous region (Sung et
al., 2003). Invasion of the homologous region forms a displacement loop, and repair is
completed by DNA synthesis, resolution of nucleoprotein intermediates, and ligation (Mehta
and Haber, 2014). The ssDNA generated by end resection also triggers checkpoint activation
via the ATR/CHK1 axis (Zou and Elledge, 2003).

Eukaryotes employ at least three distinct nucleases in end resection. MRE11, a subunit of
the MRE11-RAD50-NBS1 (MRN) complex, incises the 5" strand endonucleolytically to
initiate long-range resection via two distinct pathways (Garcia et al., 2011). The first
employs the 5" to 3" exonuclease EXO1, and the second is mediated by the endonuclease
DNAZ2 and the BLM helicase (Daley et al., 2015). The ssDNA binding protein RPA
upregulates both pathways and also directs DNA2 to incise only the 5" strand (Cejka et al.,
2010; Nimonkar et al., 2011; Niu et al., 2010). Significant crosstalk exists among MRN,
BLM, and EXO1 (Nimonkar et al., 2011).

Genetic studies have suggested that Sae2 enhances endonucleolytic 5” strand scission by the
Mrell-Rad50-Xrs2 (MRX, orthologous to MRN) complex (Garcia et al., 2011; Neale et al.,
2005). This allows the MRE11 3'-5" exonuclease activity to generate a DNA gap to
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facilitate the initiation of long-range resection (Garcia et al., 2011). Biochemical
reconstitution has provided support for this model (Anand et al., 2016; Cannavo and Cejka,
2014).

CtIP/Sae2 likely has roles beyond MRE11 regulation. Notably, sae2A cells are more
sensitive to DNA damaging agents than cells that harbor the mre11-H125N nuclease
mutation (Chen et al., 2015; Mimitou and Symington, 2010). Mouse embryos with the
Mre11-H129N nuclease mutation survive to day 7.5-9.5, whereas CtIP —/— animals
succumb earlier, at day 3.5-4.0 (Buis et al., 2008; Polato et al., 2014). Moreover, recent
findings suggest that Sae2 facilitates the removal of MRX from resected DSBs (Chen et al.,
2015; Lisby et al., 2004; Puddu et al., 2015). Epistatic interactions between CtIP and Dna2
have been reported in chicken DT40 and human cells (Hoa et al., 2015), and depletion of
CtIP and Dna2 confer comparable resection defects in Xenopus egg extracts (Peterson et al.,
2013).

Here, by biochemical reconstitution, we reveal a role for CtIP in long-range resection via
BLM-DNAZ2. Specifically, CtIP interacts with BLM and enhances its helicase activity, and
deletion analysis identifies a CtIP region required for BLM stimulation. Furthermore, we
find that CtIP upregulates the nuclease activity of DNAZ2, and that the ability of CtIP to form
multimers is important for resection stimulation. Our results provide insights into the
multifaceted role of CtIP in HR and have implications for understanding DNA damage
checkpoint activation.

Enhancement of BLM helicase by CtIP

We expressed Flag-tagged CtIP in insect cells (Makharashvili et al., 2014) and purified it
(Figure S1A). CtIP and Sae2 were reported to possess nuclease activity (Lengsfeld et al.,
2007; Makharashvili et al., 2014; Wang et al., 2014), but we and others have not observed
such an activity in either protein (Figure S1B) (Anand et al., 2016; Cannavo and Cejka,
2014; Niu et al., 2010; Sartori et al., 2007). Our preparations of CtIP also do not have
helicase (Figure S2D) or ATPase (Figure S2E) activity.

In end resection, the helicase activity of BLM generates single-stranded tails that are
engaged by the ssDNA binding protein RPA, which protects the 3" strand against DNA2
action but facilitates 5” strand degradation (Nimonkar et al., 2011; Niu et al., 2010).
Importantly, we found that CtIP greatly stimulates DNA unwinding when either BLM
(Figures 1A and S1C) or RPA (Figure 1B) is at a low concentration, but it has no effect on
DNA unwinding in the absence of RPA (Figure S1D). As expected, the helicase-dead BLM-
K695R mutant could not unwind DNA even with CtIP present (Figure S1E). Thus, CtIP
enhances BLM activity, but it does not fulfill the same role as RPA, which is to sequester
unwound ssDNA strands. We note that neither CtIP nor Sae2 could stimulate Sgs1, the yeast
ortholog of BLM (Figure 1C).

We previously demonstrated enhancement of BLM helicase processivity by the Topo Illa-
RMI1-RMI2 (TRR) complex (Daley et al., 2014). Here, we enquired whether CtIP affects
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BLM processivity. Specifically, unlabeled “trap” DNA was introduced after allowing BLM
to engage the radiolabeled substrate, and further unwinding was monitored over time.
Because BLM is relatively non-processive, unwinding is inhibited when BLM that has
dissociated from the substrate becomes sequestered on the trap DNA. The results revealed
that CtIP is unable to overcome the effect of the trap DNA (Figure 1D).

Enhancement of BLM-DNA2-dependent resection by CtIP

We asked whether BLM stimulation by CtIP would lead to a corresponding increase in
resection in a reconstituted system with DNA2 and RPA, as we documented for the TRR
complex (Daley et al., 2014). Indeed, CtIP addition resulted in a strong stimulation of
resection (Figure 1E).

Effect of CtIP on DNA fork unwinding

The preceding experiments used a 2 kb substrate. We next asked whether CtIP would affect
BLM-mediated unwinding of a substrate generated by annealing complementary 70-nt
oligonucleotides (Figure S1F). In contrast to the long dsDNA (e.g. Figure 1A), CtIP did not
stimulate unwinding of this short substrate (Figure S1F).

BLM prefers substrates with a 3" ssDNA tail, including those with a simple overhang or a
fork structure that resembles partially unwound DNA (Mohaghegh et al., 2001). We
therefore tested the effect of CtIP on the unwinding of a Y structure with 44-nt tails (Figure
S1G). BLM was able to unwind this structure regardless of whether RPA was present
(Figure S1G) and, interestingly, CtIP enhanced unwinding by BLM alone, but RPA
attenuated this stimulatory effect (Figure S1G).

Interaction of BLM with CtIP

We asked whether CtIP interacts with BLM. First, we expressed 2xMBP- and HA-tagged
CtIP and BLM in 293T cells and subjected cell lysates to affinity pulldown with amylose
resin. HA-tagged BLM or CtIP was pulled down by 2xMBP-tagged CtIP or BLM,
respectively (Figure 2A). As a positive control, we verified that 2xMBP could pull down
HA-CtIP (Figure 2A) (Yu et al., 1998). We next performed co-immunoprecipitation with
anti-CtIP antibodies to confirm that endogenous BLM and CtIP also interact (Figure 2B).
The CtIP-BLM interaction is direct, as anti-Flag resin could pull down purified HIS-tagged
BLM via purified Flag-tagged CtIP (Figure 2C).

CtIP domains for BLM interaction

In our effort to dissect the CtIP-BLM interaction, we constructed a series of CtIP deletion
mutants that are stable in human cells (Figure 2D) (Liu et al., 2015). First, we divided CtIP
into N- and C-terminal halves (CtIP-N, harboring residues 1-495, and CtIP-C, containing
residues 496-897) (Figure 2D). We also generated six deletions (CtIP-D1 through D6)
(Figure 2D), expressed them in insect cells with an N-terminal Flag tag, and purified them
(Figure S2A). Anti-Flag pulldown was used to assess interaction of each CtIP species with
BLM. We found that BLM associates with the anti-Flag resin non-specifically. We therefore
used BLM-AN (Wu et al., 2000), which lacks the first 213 BLM residues, as it retains the
ability to interact with CtIP and is less prone to non-specific binding to the affinity resin
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(Figure 2E). Our analysis revealed that CtIP-N, but not CtIP-C, interacts with BLM-AN
(Figure 2F). Interestingly, none of the six deletion mutations abrogates BLM interaction
(Figure 2F). We therefore concluded that CtIP associates with BLM through its N-terminal
region. Since none of the deletions ablates BLM interaction (Figure 2F), we surmise that
multiple epitopes within the N-terminal region of CtIP can individually associate with BLM.

We found that neither CtIP-N nor CtIP-C, even at high concentrations (Figure S2B), is
capable of BLM stimulation (Figure 2G). While the D1 and D2 deletions abrogate the BLM
stimulatory activity, the D3 deletion has little or no negative impact (Figure 2G). The D4,
D5, and D6 deletions all affect BLM enhancement, with the D6 mutant being the most
severely impaired in this regard (Figure 2G). We note that increasing the concentration of
CtIP-D1 leads to slight BLM stimulation (Figure S2B). The D1 region (residues 1-160)
contains the protein tetramerization domain, and CtIP-D1 eluted from a gel filtration column
several fractions later than the wild-type protein (Figure S2C) (Andres et al., 2015; Davies et
al., 2015). The elution profile of CtIP-D2 was only slightly altered compared to wild-type
(Figure S2C). Altogether, our results provide evidence for a role of CtIP tetramerization and
the CtIP region encompassing residues 161-369 in BLM stimulation (see below also).

Regulation of DNA2 nuclease activity by CtIP

We asked whether CtIP also regulates the nuclease activity of DNA2. For this, DNA2 was
incubated with or without CtIP and RPA with a Y substrate containing 44-nt ssSDNA
overhangs and a 32P label on the terminus of the 5" flap strand. With DNAZ2 alone, major
products in the range of 8-12 nt were generated (Figure 3A, lanes 1-5). RPA had no effect
on the position or rate of the first incision (Figure 3A, lanes 6-10) (Daley et al., 2014). CtIP
enhanced DNA2 activity but did not change the incision site (Figure 3A, lanes 11-15).
Stimulation by CtIP was observed in the presence of RPA, albeit to a lesser degree (Figure
3A, lanes 16-20). This might reflect competition between RPA and CtIP for substrate
access. We note that CtIP, alone or in combination with RPA, does not cause any
dissociation of the Y structure (Figure S2D).

To assess cleavage events beyond the first incision, we shifted the label to the 3" end of the
5’ flap strand (Figure 3B). DNA2 alone made initial cuts in the ssDNA region, eventually
reaching the ss-ds junction (Figure 3B, lanes 1-5). Interestingly, DNA2 was able to incise
the duplex region with CtIP present (Figure 3B, lanes 11-15), but RPA attenuated this effect
(Figure 3B, lanes 16-20). Since we did not observe any stimulatory effect of CtIP on ATP
hydrolysis by DNA2 (Figure S2E), CtIP likely does not influence the translocation of DNA2
on DNA (Miller et al., 2017).

We used the Y substrate depicted in Figure 3C to assess whether CtIP affects 3" DNA
incision by DNA2. As expected, DNAZ2 cleaved the 3" strand, generating products in the
range of 5-15 nt (Figure 3C, lanes 1-5). In agreement with published results (Cejka et al.,
2010; Daley et al., 2014; Nimonkar et al., 2011; Niu et al., 2010), 3" cleavage was strongly
inhibited by RPA. CtIP stimulated 3" incision by DNA2 (Figure 3C, lanes 11-15), but little
cleavage occurred when RPA was present (Figure 3C, lanes 16-20).
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Importantly, Sae2 was able to strongly stimulate the 5° ssDNA endonuclease activity of
yeast Dna2, indicating that the CtIP-DNA2 functional interaction is evolutionarily conserved
(Figure 3D). This may explain why sae2A cells are more sensitive to DNA damage than
mrell-H125N nuclease-deficient cells (Chen et al., 2015; Mimitou and Symington, 2010)
despite the lack of Sgs1 stimulation by Sae2 (Figure 1C).

Relevance of CtIP tetramerization in BLM-DNA2 enhancement

The N-terminal region of CtIP harbors a conserved tetramerization domain (Andres et al.,
2015; Davies et al., 2015). We have shown that CtIP-D1, which lacks this domain, is unable
to stimulate BLM (Figure 2G). The L27E mutation in CtIP compromises protein
tetramerization and engenders DNA damage sensitivity in cells (Davies et al., 2015). We
expressed and purified the L27E mutant (Figure S1A) for testing. A previous study has
shown that the L27E mutation still allows CtIP dimer to form (Davies et al., 2015).
Consistent with this result, we found that the L27E mutation causes a moderate shift of the
gel filtration profile of CtIP, with the CtIP-D1 mutation imparting a larger shift (Figure
S2C). CtIP-L27E exhibited a modest defect in the stimulation of BLM (Figure 4A) and
DNAZ2 (Figure 4B). A much more severe defect was revealed in the reconstituted resection
assay containing BLM, DNAZ2, and RPA (Figure 4C). Thus, CtIP tetramerization is
important for its function in long-range resection, and this could explain why the L27E
mutant exhibits a strong resection defect in cells (Davies et al., 2015). It will be interesting
to test whether the L27E mutation also affects the ability of CtIP to regulate MRN (Anand et
al., 2016).

Discussion

CtIP/Sae2 is considered a MRN/MRX effector in the initiation of DNA end resection. Here,
we have documented a role of CtIP in long-range resection. Specifically, we have shown that
(1) CtIP interacts with BLM and stimulates its helicase activity; (2) the region of CtIP
spanning residues 161-369 is critical for BLM stimulation; (3) CtIP does not enhance the
processivity of BLM; (4) CtIP stimulates resection by the DNA2-BLM-RPA ensemble; (5)
CtIP upregulates the nuclease activity of DNA2, and this functional interaction also occurs
between yeast Sae2 and Dna2; and (6) the CtIP-L27E tetramerization mutant is
compromised for resection enhancement. Thus, CtIP stimulates both the initiation of
resection by MRN and long-range resection by BLM-DNAZ2 (Figure 4D).

Previous work has revealed that MRN/X stimulates long-range resection by BLM-DNAZ2
and Sgs1-Dna2 (Cejka et al., 2010; Nimonkar et al., 2011; Niu et al., 2010). Here, we have
demonstrated that CtIP also regulates the activities of BLM and DNAZ2. Our results highlight
how MRN-CtIP could co-ordinate the transition from short-range to long-range resection.

How does CtIP/Sae2 affect such a diverse set of DNA-modifying activities? Sae2 physically
interacts with MRX via Xrs2 and promotes MRX endonuclease action at blocked DNA ends
(Cannavo and Cejka, 2014; Liang et al., 2015; Oh et al., 2016). We have found a physical
interaction between CtIP and BLM and posit that this is important for BLM-mediated DNA
unwinding. We have been unable to detect a direct interaction between CtIP and DNA2 (data
not shown), but it remains possible that they associate on DNA. Consistent with our model,
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cell-based assays have shown an epistatic relationship between these proteins (Hoa et al.,
2015). We note that S. pormbe Ctpl has high affinity for the fork structure and also a DNA
end bridging activity, suggesting a function of CtIP in creating a high localized
concentration of DNA ends to accord nucleases and helicases easier access (Andres et al.,
2015). That CtIP promotes BLM activity on Y-shaped DNA (Figure S1F-G) is also
consistent with the preference of S. pombe Ctpl for binding such DNA structure (Andres et
al., 2015).

Our finding that the tetramerization-impaired CtIP-L27E mutant is defective at BLM-
DNA2-RPA stimulation may reflect a role for end tethering in long-range resection. It will
be of considerable interest to investigate the functional relevance of CtIP tetramerization and
the region of CtIP spanning residues 161-369, which is required for BLM stimulation
(Figure 2G), in DNA end resection within the cellular setting. Identification of individual
BLM interaction motifs in CtIP will be another important goal.

Materials and Methods

Protein purification

BLM, Sgs1, and DNA2 were expressed and purified as described (Bussen et al., 2007; Daley
etal., 2014; Niu et al., 2010; Orren et al., 1999; Raynard et al., 2008). The pTP944 vector
that harbors Flag-tagged CtIP (from Tanya Paull) was used to generate a recombinant
baculovirus in SF9 insect cells. High-Five insect cells were infected with the baculovirus
and harvested after 48 h. Subsequent steps were done between 0-4°C. Extract was prepared
by sonication of a cell pellet from 800 ml of culture in 100 ml of K buffer (20 mM KHyPQOy,,
10% glycerol, 0.5 mM EDTA, 0.5% Tween-20, 1 mM B-mercaptoethanol, and protease
inhibitors: 1 mM phenylmethylsulfonyl fluoride, and 5 ug/ml each of aprotinin, chymostatin,
leupeptin, and pepstatin) containing 300 mM KCI. After centrifugation (100,000 x g for 45
min), the lysate was incubated with 2 ml of anti-Flag M2 resin (Sigma) for 90 min. The resin
was washed sequentially with 15 ml buffer with 300 mM KCI, 500 ml buffer with 1M KClI,
1 mM ATP, and 8 mM MgCl,, and 15 ml buffer with 150 mM KCI. Then, the resin was
treated five times with 1 ml of K buffer containing 150 mM KCI and 250 ng/ul of Flag
peptide (Sigma) for 30 min to elute proteins. The eluate was fractionated in a 1 ml Heparin
column (Amersham) with a 50-ml 150-650 mM KCI gradient. The pool was diluted to 150
mM KCI with buffer, passed through a 0.5 ml Q column, and proteins were eluted in 1 ml
buffer containing 500 mM KCI, followed by fractionation in a 24-ml Superose 6 column
(GE) in buffer with 500 mM KCI. CtIP was concentrated using a 0.5 ml Q column as above
and stored in small aliquots at —80°C. The L27E mutation was introduced by QuickChange
and the mutant was expressed and purified as above. Deletion mutants were constructed by
PCR (oligonucleotide sequences available upon request), introduced into the 438A
MacroBAC vector for expression and purification as above.

The pFB-MBP-Sae2-10xHis vector was a gift from Petr Cejka. Bacmid production,
recombinant baculovirus generation, and insect cell culture were as above. Sae2 purification
was carried out at 0-4°C. Cell extract was prepared from a cell pellet derived from 1 L
culture in 50 ml of T buffer (25 mM Tris-HCI, pH 7.5, 10% glycerol, 0.5 mM EDTA, 0.01%
Igepal, and 1 mM DTT) with 300 mM KCI and protease inhibitors (see above). After
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ultracentrifugation, the lysate was incubated with 4 ml of amylose resin (New England
Biolabs) for 1 h. The resin was washed with 250 ml buffer containing 1 M KCI before
eluting Sae2 with three aliquots of 4 ml buffer containing 300 mM KCI and 10 mM maltose
for 15 min. The eluate was mixed with 3 ml of Ni-NTA resin (Qiagen) for 1 h, and the resin
was washed with 250 ml buffer containing 1 M KCI and 20 mM imidazole, and 25 ml buffer
with 300 mM KCI and 20 mM imidazole. Then, bound proteins were eluted three times with
3 ml buffer containing 300 mM KCI and 200 mM imidazole for 10 min. The eluate was
filter-dialyzed into buffer with 300 mM KCI, concentrated in an Ultracel-30K device
(Amicon), and stored in small aliquots at —80°C.

DNA substrates

The 2 kb dsDNA and Y substrates have been described (Daley et al., 2014). The 70-bp
substrate (Figure S1F) was made by annealing 5” radiolabeled PSOL9021
(GTAAGTGCCGCGGTGCGGGTGCCAGGGCGTGCCCTTGGGCTCCCCGGGCGCGTA
CTCCACCTCATGCATC) with its exact complement PSOL9022. The annealing mixture
was resolved in a 10% acrylamide gel in TBE buffer (0.1M Tris, 0.09M boric acid, 0.001M
EDTA) at 4°C, electroeluted from gel slices, and concentrated in an Ultracel-30K device.

Helicase and nuclease assays

These were performed in buffer R (20 mM Na-HEPES, pH 7.5, 2 mM ATP, 0.1 mM DTT,
100 pg/ml BSA, 0.05% Triton-X 100, 2 mM MgCl,, and 100 mM KCI) and contained 0.5
nM ends (2 kb substrate) or 2.5 nM DNA molecules (other substrates). Reactions with BLM
or Sgsl also had an ATP regenerating system of 10 mM creatine phosphate and 50 ug/ml
creatine kinase. Reactions were incubated at 37°C except when assaying for DNA2 activity
on the Y structures, wherein 30°C was used to avoid substrate dissociation. After adding
SDS (0.2%) and proteinase K (0.25 mg/ml), the reaction mixtures were incubated for 5 min
at 37°C. Products were separated on either agarose gels (for the 2-kb substrate) in TAE
buffer (40 mM Tris-acetate, pH 7.4, 0.5 mM EDTA) or acrylamide gels (for oligonucleotide-
based substrates) in TBE buffer. For analyzing cleavage products generated by DNA2,
reaction mixtures were resolved in polyacrylamide gels under denaturing conditions with
7M urea. Gels were dried onto Hybond membrane and analyzed in a BioRad FX
phosphorimager.

Affinity pulldown using amylose resin

The phCMV1 (Genlantis) vector was used for protein expression. The 2XMBP tag with an
Asparagine linker and the Precission Protease cleavage sequence or the HA tag was placed
at the N-terminus of BLM and CtIP (Jensen et al., 2010). After transfecting 5x10° 293TD
cells/well in 6-well plates with the vectors (1 ug) using TurboFect (Thermo Fisher
Scientific), cells were harvested after 36 h and resuspended in 200 pl buffer A (50 mM
HEPES, pH7.5, 350 mM NaCl, 1% lgepal CA-630, 1 mM MgCl,, 1 mM DTT, 250 Units/ml
Benzonase (EMD Millipore), and protease inhibitor cocktail (Roche)). Lysates were cleared
by centrifugation at 13000 RPM for 10 min and incubated with 20 pl amylose resin (NEB)
for 2 h at 4°C, washed 5X with 100 pl buffer B (50 mM HEPES, pH 7.5, 350 mM NacCl,
0.1% Igepal CA-630, 0.5 MM EDTA, and 1 mM DTT), and proteins were eluted with 20 pl
buffer containing 10 mM maltose. The eluate was fractionated on a 4-15% gradient SDS-
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PAGE TGX gel (Bio-Rad). BLM and CtIP were visualized by Stain-Free imaging on a
ChemiDoc MP imaging system (Bio-Rad). HA-tagged BLM or CtIP was visualized by
immunoblot analysis with anti-HA antibody (1:1,000, Cell Signaling C29F4) and HRP-
conjugated anti-rabbit secondary antibody (sc-2004, Santa Cruz Biotechnology). The PVDF
membrane was incubated with the WesternC (Bio-Rad) ECL reagent and image was
captured on the ChemiDoc MP system. The membrane was treated for 15 min with
Restore™ PLUS Stripping Buffer (Thermo Scientific) and re-probed with anti-MBP
antibody (1:10000, NEB).

Co-immunoprecipitation of BLM and CtIP

Cells from a 150 mm plate of 90% confluent 293TD were resuspended in 1.5 ml buffer A
with 250 mM NaCl (see above) with phosphatase Inhibitors (Roche). Cell lysate was
precleared with 35 pl of Protein A/G (Santa Cruz) for 30 min at 4°C. The supernatant was
incubated overnight with 2 pg of anti-CtIP (sc-271339, Santa Cruz) antibody before 60 pl of
Protein A magnetic resin (Bio-Rad) was added. After a 2 h-incubation, resin was captured
with a magnetic block, then washed 5X with 200 pl buffer B, and bound proteins were
eluted with 20 pl SDS-PAGE buffer. Immunoblotting was done with anti-BLM (1:5000,
ab2179, Abcam) or anti-CtIP (1:1000, sc-271339, Santa Cruz) antibody and HRP-
conjugated anti-mouse or anti-rabbit secondary antibody (sc-2004, sc-2005, Santa Cruz).
Blots were developed as above. The PVDF membrane was stripped and re-probed.

Affinity pulldown

Flag-tagged CtIP (1 ug) was bound to 15 pl anti-Flag resin and incubated with HIS-tagged
BLM (1 ug) for 10 min in K buffer with 100 mM KCI at 4°C. After three washes with 100 pl
buffer containing 100, 200, and 300 mM KCI (Figure 2C) or 100 mM KCI (Figure 2E and
F), proteins were eluted with SDS-PAGE buffer and analyzed by 7.5% SDS-PAGE with
Coomassie blue staining.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
CtIP enhances long-range resection by BLM-DNA2-RPA
CtIP interacts with and stimulates the activity of the BLM helicase
CtIP also upregulates the endonuclease activity of DNA2

CtIP tetramerization is important for stimulation of long-range resection
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Figure 1. Effects of CtIP on DNA unwinding by BLM-RPA and resection by BLM-RPA-DNA2
A. The effect of CtIP (20, 40, or 60 nM) on the unwinding of 2 kb dsDNA (0.5 nM ends) by

BLM (5 or 10 nM) and RPA (200 nM) was examined. The incubation time was 20 min. In
lane 1, the DNA was heat denatured (HD). B. CtIP (20, 40, or 60 nM) was incubated with
BLM (20 nM) and RPA (20 or 50 nM) and the DNA substrate for 20 min. C. Sae2 (20 or 60
nM) or CtIP (20 or 60 nM) was incubated with Sgs1 (20 nM), yeast RPA (100 nM), and the
substrate for 20 min. D. BLM (20 nM) and RPA (100 nM) were incubated with the DNA
substrate for 2 min. Then, a 10-fold excess of unlabeled DNA was added with CtIP (115
nM). The average of three experiments is shown, and error bars represent one standard
deviation (note that the error bars are smaller than the graph symbol at some data points). E.
Reconstituted resection assay in which BLM (20 nM), RPA (200 nM), and DNA2 (30 nM)
were incubated with the substrate with or without CtIP (80 nM). The products identified by
the bracket were quantified. The error bars in the graphs represent the standard deviation of
results from three independent experiments.
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Figure 2. Interaction of BLM with CtIP
A. Amylose pulldown was performed with extracts from cells expressing 2xMBP- and HA-

tagged CtIP and BLM. The target protein was detected by blotting with anti-HA antibodies.
2XxMBP-BRCA1 was included as a positive control for CtIP pulldown. B.
Immunoprecipitation with CtIP antibodies was performed, and co-immunoprecipitating
BLM was detected by Western blotting with anti-BLM antibodies. Immunoprecipitates were
washed with buffer containing the indicated KCI concentration. C. CtIP immobilized on
anti-Flag resin was incubated with HIS-tagged BLM, and proteins were eluted from the
resin and analyzed by SDS-PAGE with Coomassie blue staining. S, supernatant; W, wash; E,
eluate. D. CtIP and BLM deletion mutants used. E-F. Pulldown using CtIP deletion mutants
immobilized on Flag beads as in C. G. CtIP deletion mutants were tested for their effect on
BLM-mediated DNA unwinding as in Figure 1A using 12 nM BLM, 200 nM RPA, and 15,
30, or 60 nM of the CtIP species.
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Figure 3. Effect of CtIP on DNA2 activity
A. The Y substrate (2.5 nM; with the radiolabel denoted by the asterisk) was incubated with

DNA2 (2 nM), alone or with RPA (5 nM) and/or CtIP (40 nM). B. Same as A, but note the
position of the radiolabel (denoted by the asterisk) in the substrate. C. Same as A, but note
the radiolabel (denoted by the asterisk) in the substrate. The DNA2 concentration was 5 nM.
D. Same as A, except Sae2 (40 nM), yeast Dna2 (2 nM), and yeast RPA (5 nM) were tested.
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Figure 4. Testing of the CtIP-L27E mutant
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A. CtIP or CtIP-L27E (20, 40, or 60 nM) was incubated with BLM (5 nM) and RPA (200
nM) as in Figure 1A. P-values testing for statistical significance between WT and L27E
were 0.35, 0.49, and 0.46 for each concentration of CtIP. B. CtIP-L27E (40 nM) was
incubated with DNA2 (2 nM) as in Figure 3A. P-values were 0.49, 0.50, 0.49, and 0.46 for
each time point. C. CtIP or CtIP-L27E (45 nM), BLM (30 nM), DNA2 (30 nM) and RPA
(200 nM) were incubated with the internally radiolabeled 2kb dsDNA substrate as in Figure

1E.
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