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Summary

The CtIP protein is known to function in 5′ strand resection during homologous recombination

similar to the budding yeast Sae2 protein, although its role in this process is unclear. Here we

characterize recombinant human CtIP and find that it exhibits 5′ flap endonuclease activity on

branched DNA structures, independent of the MRN complex. Phosphorylation of CtIP at known

ATM-dependent sites and other sites is essential for its catalytic activity, although the S327 and

T847 phosphorylation sites are dispensable. A catalytic mutant of CtIP that is deficient in

endonuclease activity exhibits wild-type levels of homologous recombination at restriction

enzyme-generated breaks but is deficient in processing topoisomerase adducts and radiation-

induced breaks in human cells, suggesting that the nuclease activity of CtIP is specifically required

for the removal of DNA adducts at sites of DNA breaks.

Introduction

Double-strand breaks (DSBs) in chromosomal DNA can be caused by external agents or by

internal sources of DNA damage such as reactive oxygen species or the process of

replication. Eukaryotic cells respond very rapidly to DSBs with the initiation of both DNA
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repair as well as cell cycle checkpoint arrest (Ciccia and Elledge, 2010). The Mre11/Rad50/

Nbs1(Xrs2) (MRN) complex plays a central role in coordinating these events, through

activation of the ATM protein kinase at sites of DSBs and also in performing the initiating

steps of homologous recombination (HR) (Stracker and Petrini, 2011). Recent studies in

budding yeast indicate that MRX, together with the Sae2 endonuclease, carry out short-

range processing of DSBs to resect ends and also help recruit the long-range endo- and

exonucleases that perform long-range 5′ strand resection (Mimitou and Symington, 2009;

Paull, 2010).

The Sae2 protein shows little evolutionary conservation in primary sequence but has

functional orthologs in other species that also act in promoting 5′ strand resection (You and

Bailis, 2010). The mammalian ortholog is CtIP, the CtBP (carboxy-terminal binding

protein)-interacting protein, which binds to the Brca1 tumor suppressor and to the cell cycle

regulator Rb (retinoblastoma protein). CtIP has been shown to promote DNA end resection

in mammalian cells (Helmink et al., 2011; Huertas and Jackson, 2009; Sartori et al., 2007;

You et al., 2009), in chicken DT40 cells (Nakamura et al., 2010; Yun and Hiom, 2009), and

in nematodes and plants (Penkner et al., 2007; Uanschou et al., 2007).

The role of Sae2 in DSB repair in budding yeast was first recognized through its role in

meiosis, where it is essential for the processing of covalent Spo11 intermediates (McKee

and Kleckner, 1997; Prinz et al., 1997). This meiosis-specific function is also conserved in

S. pombe and in higher organisms (Hartsuiker et al., 2009a; Penkner et al., 2007; Uanschou

et al., 2007). Spo11 is a putative topoisomerase that forms intermediates with DNA through

a covalent tyrosine linkage (Keeney et al., 1997). Topoisomerase I and II also form covalent

intermediates, which are stabilized by drugs used for cancer therapy, including derivatives

of camptothecin and etoposide. Eukaryotic cells deleted or depleted for Sae2/CtIP orthologs

show a pronounced sensitivity to these chemotherapeutic agents (Hartsuiker et al., 2009b;

Huertas and Jackson, 2009; Nakamura et al., 2010; Quennet et al., 2011; Sartori et al., 2007;

Wang et al., 2013b), suggesting that the processing of covalent protein-DNA intermediates

may be a conserved function for this enzyme.

HR in eukaryotic cells is regulated during the cell cycle to occur most efficiently during the

S and G2 phases when sister chromatids are present. Sae2 and CtIP are among the primary

targets of this regulation, which occurs through phosphorylation by cyclin-dependent

kinases (CDKs) and by ATM and ATR (Fu et al., 2014; Li et al., 2000; Peterson et al., 2012;

Wang et al., 2013a; You and Bailis, 2010).

CtIP appears to be essential in vertebrates, and even haploinsufficiency generates genomic

instability and higher rates of tumorigenesis (Chen et al., 2005; Nakamura et al., 2010).

Conversely, CtIP also contributes to translocations through its role in alternative end-joining

pathways (Lee-Theilen et al., 2011; Zhang and Jasin, 2011), a role also conserved with Sae2

in S. cerevisiae (Lee and Lee, 2007). Recently, mutations in CtIP were also identified as the

causative factors in the congenital microcephaly disorders Jawad and Seckel syndromes

(Qvist et al., 2011).
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Despite the large amount of information currently available about CtIP, it is unknown if the

vertebrate protein acts as a nuclease in a manner similar to Sae2 and how the complex

phosphorylation patterns affect CtIP function. To address these questions, we expressed and

purified recombinant human CtIP from insect cells and evaluated its activities in vitro. We

find that CtIP is a 5′ flap endonuclease that recognizes and cleaves branched DNA

structures, and identify a CtIP mutant that is deficient in nuclease activity but proficient for

DNA binding. CtIP-deficient cells expressing this mutant show defects in the survival of

radiation-induced damage and topoisomerase poisons, but exhibit normal resection of

unmodified DNA breaks. These findings establish an enzymatic role for CtIP and illuminate

how this enzyme functions in DNA DSB repair.

Results

CtIP is a 5′ flap endonuclease

The functional similarity between CtIP in mammalian cells and Sae2 in yeast suggests that

CtIP might also act as an endonuclease. To address this question, we purified human

recombinant CtIP to homogeneity from insect cells (Fig. S1A) and tested its activity to

cleave different deoxyoligonucleotide substrates. We found that CtIP cleaves a branched, Y-

shaped DNA structure at the base of the 5′ flap, but has no activity on single-stranded (ss) or

double-stranded (ds) DNA (Fig. 1A). Gel mobility shift experiments showed that the protein

binds to all these structures, although CtIP exhibits a higher affinity for dsDNA and Y

structures compared to ssDNA (Fig. 1B). The cleavage pattern suggests that CtIP recognizes

ss/ds junctions in DNA, so structures containing 5′ overhangs and 3′ overhangs were tested

(Fig. S1B). Neither of these was cleaved by CtIP, nor was the 3′ flap in the Y structure (Fig.

1C), thus the nuclease activity of human CtIP is specific for the 5′ strand in a branched, Y-

shaped structure.

Hairpin structures were also tested as substrates for CtIP, since we previously showed that

recombinant Sae2 cleaves ssDNA adjacent to hairpins (Lengsfeld et al., 2007). On a hairpin

with both 5′ and 3′ flaps, CtIP and Sae2 generated similar products, not cutting the hairpin

itself but cleaving within the single-stranded DNA tails (Fig. 1D). However, on a Y

structure, Sae2 generates a different cleavage pattern compared to CtIP, cutting at several

positions within the 5′ flap as well as at the base (Fig. 1E). In addition, CtIP failed to cut a

hairpin with an adjacent ssDNA overhang, whereas this is a preferred substrate for Sae2

(Fig. 1E) (Lengsfeld et al., 2007). Overall, CtIP and Sae2 share some substrate preferences

and both cleave 5′ flaps in a branched structure, but CtIP does not exhibit obvious hairpin

specificity.

We also investigated the metal requirements of recombinant CtIP and found that, although it

is active in the presence of Mg2+, Ni2+, and Co2+ (all assays in Fig. 1 were performed in 5

mM MgCl2), it exhibits 4 to 8-fold higher activity in manganese compared to Mn2+ (Fig.

1F). In contrast, Sae2 does not exhibit a preference for Mn2+ (Fig. S1C).

CtIP contains an N-terminal dimerization domain, a conserved C-terminus with limited

similarity to Sae2 and Ctp1 orthologs, and several identified phosphorylation and acetylation

sites (Fig. 2A). In order to identify amino acid residues responsible for CtIP nuclease
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activity, we performed a limited sequence similarity search based on the active site of

Mre11, considering that this enzyme also shows 5′ strand endonucleolytic activity and also

exhibits increased activity with Mn2+ (Hopkins and Paull, 2008; Paull and Gellert, 1998).

This search revealed two conserved amino acid residues in CtIP, N289 and H290, which are

conserved as an NH or DH sequence in all mammalian CtIP orthologs (Fig. S2A). Mutation

of these residues resulted in a mutant (N289A/H290A, NA/HA) that showed an impaired

nuclease activity but fully retained the ability to bind DNA, comparable to that of the wild-

type (wt) protein (Fig. 2B, C), and the ability to bind to MRN (Fig. S2B). The H290N

mutation, in theory equivalent to H129N in Mre11 (Moreau et al., 1999), was also nuclease-

deficient. Quantification of wt and NA/HA CtIP activity in the presence of Mg2+ compared

to Mn2+ is shown in Fig. 2D.

Effects of Post-translational Modifications on CtIP Activity

CtIP is known to be a target of CDK cell cycle-dependent phosphorylation as well as DNA

damage-induced phosphorylation by the ATM and ATR kinases (Huertas and Jackson,

2009; Li et al., 2000; Peterson et al., 2012; Sartori et al., 2007; Wang et al., 2013b; Yu and

Chen, 2004), although it is not clear if all the relevant sites have been identified. We

analyzed human CtIP expressed in insect cells and human cells, both in the presence and

absence of DNA damage, and identified 36 phosphorylation sites and two acetylation sites

(Table S1), including novel and previously reported residues. Here we found that mutation

of the known S327 and T847 CDK sites to alanine generates mutants that are still active in

nuclease activity in vitro (Fig. 2E). One of the novel modifications identified by mass

spectrometry was S347, a site that matches an SP/TP CDK target consensus. In contrast to

the previously characterized CDK sites, we found that the S347A mutation blocks

endonuclease activity, while a phosphomimic form S347D exhibits higher activity than the

wt protein (Fig. 2E and S2C), suggesting that phosphorylation of this residue directly

impacts CtIP activity.

A recent study identified two phosphorylation sites in CtIP that affect the binding of Pin1, a

prolyl isomerase (Steger et al., 2013) and showed that mutation of T315 and S276

phosphorylation sites inhibited Pin1-dependent isomerization, ubiquitination, and

subsequent degradation of CtIP. We also tested the T315A and S276A mutants of CtIP and

found that both of the single mutants are inactive for nuclease activity (Fig. 2E and Fig.

S2D). Whether this is due to loss of phosphorylation (both sites are phosphorylated in CtIP

isolated from insect cells or human cells, Table S1) or to a loss of proline isomerization will

require further investigation.

Many other phosphorylation sites were analyzed by mutation, but the only other residues

that have an effect on CtIP endonuclease activity in vitro are ones which match an

ATM/ATR SQ/TQ consensus. Of the 8 putative SQ/TQ phosphorylation sites in CtIP, we

observed S745 and S231 phosphorylation repeatedly in damage-treated samples by mass

spectrometry (Table S1). Mutation of S231 to alanine had a strong inhibitory effect on CtIP

activity and, like the S347 site, a phosphomimic aspartate at this position increased CtIP

activity over the wt level (Fig. 2F). The S664 and S745 mutations identified as ATM-

dependent sites in CtIP (Li et al., 2000) in combination with S231 (S231A/S664A/S745A)
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strongly reduce the activity of the mutant protein to an undetectable level (Fig. 2F). None of

the phosphorylation-based mutations altered the interactions between CtIP and DNA (Fig.

S2E). Overall, we have found that CtIP is the target of many phosphorylation events but

only a small number of these affect its endonuclease activity in vitro (see also Fig. S2F).

These residues include both SP/TP and SQ/TQ phosphorylation sites in CtIP, and the

strongest effects are seen with novel sites and sites known to be phosphorylated by ATM.

The phosphorylation sites that appear to be the most important for CtIP nuclease activity are

concentrated in an N-terminal domain, from a.a. 231 to 347.

CtIP is acetylated in human cells (Kaidi et al., 2010), but mutation of the known acetylated

lysine residues to arginine (K432R/K526R/K604R) did not change the activity of CtIP in

vitro (Fig. 2G). In contrast, lysine residues in a previously identified DNA-binding domain

(K513 and K515) (You et al., 2009) are important for nuclease activity (Fig. 2G).

Paradoxically, this mutant appears to bind DNA normally (Fig. S2E) but it could be that

contributions from other domains in the full-length protein mask the DNA binding

deficiency.

The C-terminus of CtIP is truncated in two rare genetic disorders in humans, Seckel and

Jawad syndromes, where patient cells exhibit defects in ATR-mediated signaling of

replication damage (Qvist et al., 2011). Truncation of CtIP at a.a. 790 to mimic the human

truncation (L790X), which also removes the domain implicated in MRN binding (Sartori et

al., 2007; Yuan and Chen, 2009), reduces the activity of the protein to levels similar to the

NA/HA mutant (Fig. 2G). Thus it is likely that this domain has multiple roles, one of which

is to facilitate nuclease activity of CtIP. It is important to note that the CtIP endonuclease

activity demonstrated here occurs in the absence of MRN, although it could be that MRN

facilitates the functions of CtIP in a cellular context.

Oxidative cleavage identifies the active site domain in CtIP

To determine if the N289/H290 residues define part of the active site of CtIP, we tested

Fe2+/EDTA-dependent hydroxyl radical cleavage of the protein backbone; however, this did

not yield any protein cleavage products. Nevertheless, incubation of CtIP with ascorbic acid

and H2O2 alone, without Fe2+/EDTA, generated distinct protein fragments (Fig. 3). Using

antibodies specific for either the N-terminus (anti-Flag) or the C-terminus (anti-CtIP,

epitope from a.a. 620–897), we determined from the size of the fragments (approximately

26, 34, 36, and 43 kD) that the major cleavage sites are between a.a. 180 and 350. Efficient

cleavage of polypeptide chains by Cu2+ or by Co2+ bound to a protein in the presence of

ascorbic acid and H2O2 has been described previously (Andberg et al., 2007; Sereikaite et

al., 2006). The cleavage of CtIP by H2O2 and ascorbate is blocked by EDTA (data not

shown), so it is likely that a transition metal pre-existing in the active site is reduced by

ascorbic acid and generates hydroxyl radicals at the site of the bound metal which cut the

protein backbone. The estimated region of cleavage includes N289/H290 and the N181/

R185/E267/E268 residues identified by Wu and colleagues (Wang et al., 2014), consistent

with these residues composing part of an active site, although structural data will be

necessary to conclusively demonstrate this.
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Considering the proposed similarity between CtIP and Mre11 in transition metal utilization,

we also incubated recombinant human Mre11 with H2O2 and ascorbic acid. Inclusion of

Fe2+/EDTA also failed to generate cleavage products for Mre11 (data not shown); however,

H2O2 and ascorbic acid treatment alone produced several protein fragments. The most

prominent is very close to the full-length size, and arises from a cleavage event close to the

C-terminus, based on the observation that the C-terminal Flag epitope is lost. The cleavage

event is very likely within a stretch of 5 consecutive aspartate residues at a.a. 691–695,

based on the size of the fragment and the fact that poly-aspartate is well-known to chelate

metal (Stair and Holcombe, 2007). There are also cleavage events in the N-terminus of

Mre11, one of which is consistent with a cut in nuclease motif III (see Flag-tagged band),

consistent with a transition metal bound to this motif.

To clarify the locations of the cleavage sites, we performed the H2O2/ascorbic acid reaction

with a truncation mutant of Mre11 lacking residues 617 to 709 but still containing a Flag

epitope at the C-terminus (Fig. 3E). This truncation did not yield the C-terminal cleavage

product but did show several oxidation sites in the N-terminus. N-terminal sequence was

obtained by Edman sequencing for two of these cleavage products, showing that the most N-

terminal cut site is at a.a.131 and the second is at a.a. 217, both coincident with the metal ion

in the position of Mn2+ II in the human Mre11 structure (Park et al., 2011) (N128-D131 and

H217)(Park et al., 2011). This site was also identified as the high-affinity metal-binding site

in the structurally related lambda phosphatase protein (White et al., 2001). By comparison,

the location of the cleavage sites in CtIP is consistent with the presence of one or more

transition metal ions contacting 4 sites within the N-terminal a.a. 180–350 nuclease domain.

Both the CtIP NA/HA mutant and an Mre11 catalytic mutant were tested for oxidative

cleavage and the patterns appeared similar to the wt proteins (data not shown); however,

previous studies with Mre11 and lambda phosphatase have also shown that single catalytic

mutations in these proteins do not block metal binding (Arthur et al., 2004; White et al.,

2001).

CtIP but not its nuclease activity is required for the resection of restriction enzyme
induced double-strand breaks

To test whether CtIP is required for the repair of DSBs in cells, we utilized a reporter assay

in human U2OS cells in which induced expression of I-SceI generates a DSB that is

subsequently repaired by gene conversion with a homologous sequence on the same

chromosome (Fig. 4A) (Wang et al., 2012). In this system, successful HR repair results in

expression of full-length eGFP protein. CtIP levels were depleted in U2OS cells using

siRNA, which then were transfected either an empty vector or with constructs expressing wt

or mutant alleles (Fig. 4B). Measurement of eGFP levels after I-SceI induction showed that

wt, NA/HA, and S347A alleles supported HR and DNA repair comparably in comparison to

the control transfection, whereas the previously characterized T847A and T859A mutants

were similar to the uncomplemented cells (Fig. 4C).

We also examined the resection of DSBs by utilizing 293T cells that conditionally

translocate the AsiSI restriction enzyme into the nucleus (Iacovoni et al., 2010). Endogenous

CtIP was depleted in these cells, followed by expression of either wt or NA/HA CtIP.
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ssDNA at two of the AsiSI sites was measured by quantitative PCR (Zhou et al., 2014)

which showed that CtIP is required for the production of ssDNA at these DSB sites, but that

both the wt and NA/HA mutant complement this deficiency (Fig. S3A). These results,

together with the in vitro analysis of the recombinant protein, suggest that CtIP is required

for the resection of breaks induced by restriction enzyme cleavage in human cells but its

nuclease activity is dispensable for this process.

To determine if CtIP acts directly to promote DSB resection, we used a reconstituted system

with Dna2, BLM helicase, RPA, and the Ku70/80. MRN has previously been shown to

stimulate Dna2/BLM activity in vitro by promoting the initiation of resection in the presence

of RPA, which limits Dna2 resection to the 5′ strand (Cejka et al., 2010; Nimonkar et al.,

2011; Niu et al., 2010). We have also shown that recombinant yeast Sae2 can promote the

activity of Exo1 both in a MRX-dependent and independent manner (Nicolette et al., 2010).

In both this system and the reaction with yeast proteins we have found that MRN(X) has a

unique ability to overcome the inhibitory effects of the Ku70/80 on Exo1 and Dna2 activity

in vitro (Nicolette et al., 2010; Yang et al., 2013). Here we find that CtIP increases close-

range resection by Dna2 and BLM ~3-fold in a manner that is strongly dependent on MRN

(Fig. S3C). There was no significant difference between the activities of the wt and mutant

CtIP proteins, consistent with the ability of this mutant to promote resection of clean DSBs

in cells.

CtIP nuclease activity is required for cell survival of topoisomerase and ionizing radiation-
induced DNA damage

Vertebrate CtIP, fission yeast Ctp1, and budding yeast Sae2 have been implicated in

resection of topoisomerase induced DSBs (Deng et al., 2005; Hartsuiker et al., 2009a;

Hartsuiker et al., 2009b; Nakamura et al., 2010; Neale et al., 2005; Rothenberg et al., 2009;

Sartori et al., 2007; Wang et al., 2013a). We reasoned that CtIP nuclease activity could be

critical for resection in situations where a protein adduct such as a topoisomerase must be

removed to facilitate repair. To test this we depleted CtIP in U2OS cells using siRNA and

transfected with either an empty vector or with the vectors expressing wt or NA/HA mutant

CtIP alleles (Fig. 4D). Cells were treated with either camptothecin (CPT) or etoposide and

their survival was assessed. We found that the absence of CtIP significantly sensitizes cells

to DSBs generated by either topoisomerase I (CPT) or topoisomerase II (etoposide) (Fig. 4E,

F). Expression of mutant NA/HA CtIP did not completely suppress the sensitivity to the

drug, while expression of wt protein significantly improved cell survival, close to the level

of cells without CtIP depletion. These results suggest that both CtIP and its nuclease activity

are important for the resolution of topoisomerase-induced DSBs.

Ionizing radiation (IR) also can generate protein-DNA adducts as well as “dirty” ends on

broken DNA which show a requirement for CtIP-dependent repair (Huertas and Jackson,

2009). To investigate if the nuclease activity of CtIP is required for its resection function

following IR exposure, we measured Rad51 foci formation as described previously (Beucher

et al., 2009). We transfected HeLa cells with siRNA-resistant wt or mutant GFP-CtIP

constructs following depletion of endogenous CtIP by siRNA (Fig. 4G and Fig. S3D). CtIP

depletion strongly diminished the level of Rad51 foci measured in G2-phase cells at 2 h post
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2 Gy (Fig. 4H), a time when Rad51 foci formation is maximal in wt cells (Beucher et al.,

2009). Quantitation of Rad51 foci in transfected G2 cells (GFP+) showed that wt CtIP

restored the level of Rad51 foci formation to that of control cells whereas transfection with

the CtIP NA/HA mutant did not. Examination of RPA foci in these cells also showed a

striking deficiency with the NA/HA mutant, confirming a direct effect on DSB resection

after IR treatment (Fig. S3E). The NA/HA still is competent for DSB localization after IR

damage, visualizing foci in transfected cells (Fig. S3F). These data suggest that the nuclease

activity of CtIP is required for efficient DNA end-resection of breaks caused by ionizing

radiation in G2 phase.

CtIP is required to open hairpin-sealed coding ends

CtIP has been reported to resect DNA coding ends generated by RAG recombinase during

V(D)J recombination. (Helmink et al., 2011) CtIP-mediated resection of coding ends was

observed in the absence of histone H2AX, which protects coding ends from nucleases other

than the Artemis enzyme that normally processes these intermediates. To test whether CtIP

nuclease activity is important in this context, CtIP levels were reduced by shRNA

expression in mouse Artemis−/−/H2AX−/− DELCJ Abl Pre-B cells, then either the wt or

NA/HA mutant version was expressed. G1 cell cycle phase arrest and RAG cleavage was

induced by adding STI 571 v-abl inhibitor. Analysis of the coding ends revealed that wt

CtIP was able to resect hairpin-sealed ends but the NA/HA nuclease-deficient mutant was

deficient in this activity (Fig. S3G).

Discussion

DNA end processing is required to generate a 3′ strand for single-strand annealing and HR.

The extent of resection depends on the type of DNA damage, the cell cycle phase, and the

availability of a homologous donor sequence (Symington and Gautier, 2011). Efficient

resection is known to require CtIP, a binding partner of MRN and BRCA1 and a distant

ortholog of the Sae2 endonuclease in budding yeast. Here we show that recombinant human

CtIP exhibits endonuclease activity and is specific for the 5′ strand of a Y-shaped DNA

substrate, similar to Sae2 (Lengsfeld et al., 2007). This activity is required for the survival of

camptothecin-induced topoisomerase damage, ionizing radiation damage, and for the

processing of hairpin-capped intermediates in G1 phase cells, establishing the importance of

CtIP catalytic activity in DNA repair.

Recombinant human CtIP exhibits 5′ flap endonuclease activity in vitro, like Sae2 from S.

cerevisiae (Lengsfeld et al., 2007). This specificity is consistent with a role in 5′ end

processing, although we find that this nuclease activity is not required for resection of

restriction enzyme-generated DSB ends in vitro or in human cells. Since the NA/HA

catalytic mutant does exhibit defects in survival of more complex forms of DNA damage,

we propose that the nuclease activity is only essential when adducts are present on the DNA.

CtIP catalytic activity is clearly specific for 5′ strands at a branched DNA structure, which

suggests a mechanism for the removal of 5′ adducts such as those generated by

topoisomerase II and Spo11, but it is difficult to imagine how it would remove a 3′ adduct

created by topoisomerase I. Sae2 and CtIP have been shown to be required for cell survival
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after treatment with topoisomerase I poisons such as CPT (Deng et al., 2005; Nakamura et

al., 2010; Sartori et al., 2007). One possibility is that a subset of topoisomerase I adducts

may form at sites of secondary structure in DNA, for instance cruciforms or hairpins in

ssDNA intermediates, and that cleavage of these branched structures could effectively

remove the secondary structure as well as the protein adduct (Fig. S3H). There is already

evidence for Sae2-dependent removal of Spo11 and topoisomerase II with an attached

oligonucleotide in both budding and fission yeasts (Hartsuiker et al., 2009a; Hartsuiker et

al., 2009b; Milman et al., 2009; Neale et al., 2005), and the work by Wu et al also

establishes a role for the catalytic activity of CtIP in processing secondary structures formed

at inverted repeat sequences (Wang et al., 2014). How exactly the Mre11 and Sae2 nuclease

activities are coordinated at sites of protein-DNA adducts and the nature of the lesion

recognized in vivo are important questions for further study.

While Sae2 and CtIP are clearly related in function and both stimulate resection and act as 5′

flap endonucleases in vitro, there are some obvious differences between these proteins. Sae2

exhibits specificity for hairpins, cleaving ssDNA in overhangs adjacent to these structures,

while CtIP does not appear to have this property unless the hairpin is adjacent to a branched

DNA structure. The two proteins are very different in size and are not obviously related in

primary sequence, apart from the short identity in the C-terminus of both proteins that is not

part of the nuclease domain of CtIP. Lastly, CtIP nuclease activity is highest in manganese,

and to a lesser extent cobalt, while Sae2 does not exhibit this preference. Based on these

differences, we are considering two possibilities: 1) Sae2 and CtIP may not derive from a

common ancestor but have evolved to promote similar functions in DNA repair, or 2) Sae2

and CtIP are related but have diverged so significantly that their similarities are nearly

unidentifiable in the absence of structural analysis. In support of the second hypothesis, both

proteins show extremely high rates of positive selection, particularly in the N-termini, which

is also observed in other proteins that affect NHEJ and may reflect ongoing antagonistic

relationships with viruses and other mobile elements (Demogines et al.; Sawyer and Malik,

2006).

CtIP does not share significant homology with Mre11; however, we have uncovered here a

similarity between the enzymes in their preference for manganese, a nuclease motif that in

Mre11 is part of a network of histidine and aspartate residues in the active site that

coordinate metal ions, and their ability to be oxidatively cleaved in the presence of ascorbate

and peroxide. The use of the oxidative cleavage method to identify known metal-binding

sites in Mre11 validates this procedure as a powerful method to locate potential active sites

in other proteins. While it is not obvious that CtIP contains the other nuclease motifs that are

conserved in Mre11, it could be that there is a similarity in transition metal coordination that

could extend to the structural organization of the active site.

Regulation of CtIP activity by phosphorylation

Here we identified 36 phosphorylation sites in CtIP that include previously known and novel

sites. Our results with recombinant protein in vitro do not support a direct dependence of

nuclease activity on the phosphorylation sites that have previously been implicated in CtIP

activity (S327, T847, and T859), suggesting that these modifications either promote CtIP
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function in an indirect way or alter its activities at break sites in a manner that is not directly

related to its nuclease activity.

In contrast, we found that the putative CDK-targeted residues S276, T315, and S347 are

very important for CtIP nuclease activity, as are the ATM-targeted residues S231, S664 and

S745. The importance of the ATM phosphorylation events for CtIP may explain a recent

report showing that ATM activity is essential for repair involving topoisomerase adducts in

human cells (Alagoz et al., 2013).

In summary, we have demonstrated that human CtIP is a 5′ flap endonuclease and that this

activity is required in some contexts for the efficient function of CtIP. These findings

suggest that its role in DNA repair occurs through the catalytic activity of CtIP on DNA

adducts, as well as a non-catalytic mechanism by which CtIP promotes the activity of other

nucleases, as we have previously shown for Sae2 (Nicolette et al., 2010). CtIP is the target

of a large number of post-translational modifications, a small subset of which directly

regulate its nuclease activity whereas others affect interactions between CtIP, MRN, and

Brca1. We do not yet understand the function of some of these modifications, but it is clear

that CtIP receives input from both the DNA damage responses kinases (ATM and ATR) in

the regulation of DNA end resection that is used to coordinate DNA repair with cell cycle

progression.

Experimental Procedures

Cloning and Protein expression

See Supplemental Experimental Procedures.

CtIP oligonucleotide cleavage assay

Nuclease assays were performed with the internally labeled Y-hairpin or with [32P-

cordycepin]-labeled oligonucleotides (sequences in Supplementary Experimental

Procedures). DNA substrates (0.125 nM) were incubated with CtIP in nuclease buffer (25

mM MOPS pH 7.0, 65 mM NaCl, 1 mM DTT, 5 mM MgCl2, 0.1 mg/mL BSA) at 30°C (or

at 37°C, where indicated) for 2 hours. Reactions were stopped by adding 2 μL of stop

solution (0.5% SDS, 20 mM EDTA pH 8.0, 5 μM TP2622 oligonucleotide), lyophilized,

resuspended in formamide loading buffer, resolved on a 20% acrylamide/urea gel at constant

wattage (40 W) for 2.5 hours, and analyzed by phosphorimager (GE). For CtIP

oligonucleotide cleavage assays in the presence of different divalent metals the method was

modified by substituting TCEP for DTT and adding 1 mM EDTA along with 6 mM Mg2+,

or 2 mM Mn2+, Fe2+, Co2+, Ni2+, Cu2+. For the experiments with hairpin DNA substrates,

the denaturing gels contained 10% polyacrylamide as well as 20% formamide.

DNA binding assay

Gel mobility shift assays in Fig. 1B were performed with azido-modified [32P-cordycepin]-

labeled oligonucleotides TP771, by itself (ssDNA) or annealed to TP828 (dsDNA) or to

P3795 (Y-DNA). DNA substrates (0.125 nM) were incubated with CtIP in DNA binding

buffer (25 mM MOPS pH 7.0, 1 mM DTT, 10 mM EDTA pH 8.0, 0.1 mg/mL BSA, 65 mM
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NaCl) on ice for 20 minutes, UV crosslinked, and were resolved on acrylamide/agarose

composite gels (0.5% acrylamide, 0.5% agarose)(Suh et al., 2005) using 0.5X TBE as a

running buffer. Gels were dried and analyzed by phosphorimager (GE). Gel mobility shift

assays in Fig. 2C and in Fig. S2E were performed with a 249 bp dsDNA substrate, internally

labeled with [32P]. DNA substrates (0.2 nM) were incubated with CtIP in binding buffer (25

mM MOPS pH 7.0, 1 mM DTT, 10 mM EDTA pH 8.0, 0.1 mg/mL BSA, 30 mM NaCl) on

ice for 20 minutes, and were separated in 1% agarose gels using 0.5X TBE as a running

buffer and analyzed as described above.

In vitro resection assays

Resection reactions were performed with 0.135 nM DNA linearized plasmid DNA (pNO1; ~

4.5 kb) and Dna2, BLM helicase, MRN, Ku70/80, and RPA as described previously (Yang

et al., 2013) but with CtIP wt and mutant proteins added as indicated. Reactions contained

25 mM MOPS pH 7.0, 1 mM DTT, 5 mM MgCl2, 1 mM ATP, and 30 mM NaCl. The

reactions were incubated at 37 °C for 60 min. and stopped with 0.1% SDS and 10 mM

EDTA. 33% of the reaction was reserved for qPCR analysis while the remainder was

separated on a native agarose gel. The gel was stained with SYBR green (Invitrogen) and

imaged using a Typhoon imager (GE), and then transferred to a nylon membrane with non-

denaturing transfer. After UV crosslinking of the DNA to the membrane, it was probed with

an RNA probe specific for the 3′ strand of a 1 kb region at one end of the linearized DNA,

as described previously (Hopkins and Paull, 2008). The level of ssDNA produced during the

reaction was also quantified by real-time PCR as described previously (Nicolette et al.,

2010).

Site-specific proteolytic cleavage in ascorbate and peroxide

CtIP (1.5 μM) was incubated with 250 mM NaCl, 50 mM MOPS pH 7, 5% glycerol, 100

mM sodium ascorbate, and 10 mM H2O2 in a 20 μL reaction at 4 °C for 1, 2, or 4 hrs.

Reactions were stopped by adding 5 μL of 5X SDS loading buffer supplemented with 50

mM EDTA. Samples were kept on ice until the time-course was completed, boiled for 15

minutes, and resolved on a 4–12% gradient polyacrylamide gel. The gel was either stained

with Coomassie blue or transferred to a PVDF membrane and probed for the N-terminal

Flag-tag (M2 anti-Flag antibody, Sigma) or the C-terminus of CtIP (#61141, Active Motif)

as described in Figs. 3A and 3B.

Mre11 (5 μM) was incubated in 80 mM NaCl, 25 mM MOPS pH 7, 20 mM Tris pH 8, 8%

glycerol, 5 mM H2O2, and 5 mM sodium ascorbate, at room temperature for 10 min. The

oxidative cleavage was stopped by addition of SDS-PAGE loading buffer containing beta-

mercaptoethanol. The cleavage products were separated by 10% SDS-PAGE and stained

with Coomassie blue or transferred to a PVDF membrane and probed for the C-terminal

Flag tag (M2 anti-Flag antibody, Sigma).

Mass Spectrometry

See Supplemental Experimental Procedures
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Cell Culture, Plasmid Construction, and Antibodies Used

See Supplemental Experimental Procedures

Homologous recombination (HR) assay

The EGFP-HR DSB repair substrate and I-SceI-induced HR assay were described

previously (Wang et al., 2012). U2OS cells carrying EGFP-HR were stably expressed with

HA-CtIP-WT or HA-CtIP- NA/HA mutant, and silenced for endogenous CtIP by retroviral

infection. Cells were transfected with I-SceI-IRES-dsRedNLS and after 72 h, collected for

fluorescence-activated cell sorting (FACS) analysis of EGFP-positive events, using a BD

Accuri C6 flow cytometer (Becton-Dickinson). The percentage of EGFP-positive cells is

shown, with error bars representing standard deviation of three independent experiments.

Clonogenic Survival Assay

U2OS cells stably expressing HA-CtIP-WT, HA-CtIP- NA/HA or vector, with endogenous

CtIP silenced, were treated with indicated amounts of camptothecin or etoposide for 1h, and

cultured in complete media for 10–14 days as described (Sartori et al., 2007). Colonies were

stained with a solution containing 0.5% crystal violet and 20% ethanol then counted, with

the percentage of cell viability shown, error bars show standard deviation from three

independent experiments.

Ionizing radiation (IR) assay

siRNA transfection of HeLa cells was carried out using HiPerFect Transfection Reagent

(Qiagen) following the manufacturer’s instructions. 50 nM CtIP siRNA (Qiagen) was used:

AAG CUA AAA CAG GAA CGA AUC. 24 h after incubation with CtIP siRNA, HeLa cells

were transfected with MATra-A (IBA Bio TAGnology) following the manufacturer’s

protocol to transfect various GFP-tagged siRNA-resistant CtIP plasmids. 48 h later, cells

were irradiated with 2 Gy, fixed and stained for Rad51 and GFP. Immunofluorescence: Cells

were grown on glass coverslips. EdU (10 μM) was added 0.5 h prior to IR to exclude S-

phase cells from the analysis. Cells were fixed and stained as described (Quennet et al.,

2011) and additionally stained with Click-it®EdU (Life technologies). Antibodies were

rabbit-α-Rad51 at 1:15,000 (Abcam) and mouse-α-GFP at 1:200 (Roche). Cells were

examined with a Zeiss microscope and Metafer software (Metasystems) to identify G1-, S-

and G2-phase cells according to their DAPI and EdU signals (Lobrich et al., 2010). Control

experiments confirmed that all cells detected with G2 DNA content are positive for the G2

marker CENP-F and all cells with G1 DNA content are negative. Foci enumeration in GFP-

positive G2-phase cells was performed in a blinded manner.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• human CtIP exhibits 5′ flap endonuclease activity

• catalytic activity is dependent on phosphorylation

• resection of “clean” breaks does not require catalytic activity

• resection of ends with adducts requires catalytic activity
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Figure 1. CtIP is a 5′ strand flap endonuclease
(A) Structures of DNA substrates (top): ssDNA, and dsDNA, Y-structure with 15 nt branch.

Each substrate contains the same top strand, labeled with [32P] at the 3′ end (asterisk).

Nuclease assays were performed with human wt CtIP (50, 100, and 200 nM) in 5 mM

MgCl2, and products were separated by denaturing polyacrylamide gel electrophoresis

(PAGE). The arrow shows the position of CtIP-mediated cleavage. (B) Gel mobility shift

assays were performed with DNA substrates as in (A) with human CtIP (25, 50, 100, or 200

nM), separated by native PAGE. (C) Nuclease assays as in (A) using Y structures labeled on

the 3′ end of the top strand or the bottom strand as shown. (D) Nuclease assays with wt CtIP

(50, 100, or 200 nM) or wt recombinant Sae2 (1.5 or 6 nM) as in (A) with 5 mM MgCl2 and

a Y-structure DNA containing a hairpin and an internal [32P] label as indicated. (E)

Nuclease assays with wt CtIP (100 or 200 nM) or wt recombinant Sae2 (3 or 6 nM) in 5 mM

MgCl2 and a Y-structure DNA (1) or a hairpin with a 5′ overhang (2). (F) Nuclease assays

with wt CtIP (200 nM) on Y-structure DNA as in (A) but with various metals (6 mM Mg2+

or 2 mM other metals, and 1 mM EDTA) as indicated.
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Figure 2. Regulation of CtIP nuclease activity by conserved amino acids and phosphorylation
(A) Schematic diagram of the CtIP protein showing known features and phosphorylation

sites relevant to this study: S231, S276, T315, and S347 (see Table S1). (B) Nuclease assays

with Y-structure as in Fig. 1A, using wt, NA/HA, or H290N CtIP proteins at 25, 50, 100, or

200 nM. (C) Gel mobility shift assays with a 249 bp dsDNA substrate internally labeled

with [32P], using wt or NA/HA CtIP at 6.25, 12.5, 25, 50, 100, or 200 nM. Reactions were

separated by native PAGE. (D) Quantitation of CtIP endonuclease assays performed as in

(B) with 200 nM wt or NA/HA proteins in 5 mM MgCl2 or 1 mM MnCl2 as indicated. The

average of 3 experiments is shown with error bars indicating standard deviation. (E, F)

Nuclease assays with a Y-structure as in Fig. 1A, using wt and mutant proteins at 100 or 200

nM. (G) Nuclease assays with a Y-structure as in Fig. 1A, using wt and mutant proteins at

50, 100 or 200 nM.
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Figure 3. CtIP and Mre11 have N-terminal oxidation-sensitive metal binding sites
(A) Schematic diagram of CtIP showing known features as in Fig. 2 but also indicating

regions of recognition by Flag and CtIP antibodies and domain where oxidation takes place

(see main text). (B) Human CtIP was incubated with ascorbic acid and H2O2; reactions were

stopped at the indicated time points, separated by SDS-PAGE, and either stained with

coomassie blue or transferred to a membrane and blotted with anti-Flag or anti-CtIP

antibodies as indicated. Red arrows indicate predominant cleavage products. (C) Schematic

diagram of Mre11 showing known features and indicating the amino acids that directly

contact metal ions in the crystal structure of human Mre11 (Park et al., 2011). (D) Full-

length human Mre11 was incubated with ascorbic acid and H2O2; reactions were separated
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by SDS-PAGE and stained with coomassie blue or probed for the C-terminal Flag epitope as

indicated. Red arrows indicate cleavage products with the bold arrow indicating the

predominant product. (E) Truncated Mre11 (a.a. 1 to 616) was treated as in (D). Bands

marked with black or yellow triangles were identified by N-terminal sequencing as C-

terminal fragments starting with a.a. 132 and a.a. 218, respectively (see Table S2).
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Figure 4. CtIP nuclease activity is required for DNA end processing and damage survival
(A) Schematic representation of an eGFP-based restriction enzyme induced HR repair

reporter assay in U2OS cells (Wang et al., 2012). Expression of I-SceI endonuclease induces

a DSB; repair via HR results in expression of green fluorescent eGFP protein. (B)

Expression of wt, NA/HA, S347A, T847A, or T859A proteins in U2OS cells with CtIP

depleted was analyzed by western blot for CtIP protein, using Ku70 for normalization. (C)

U2OS cells from (B) carrying the HR reporter and expressing HA-CtIP wt or indicated

mutants, with CtIP depleted by shRNA, were induced with I-SceI and assayed for EGFP-

positive events. Error bars indicate standard error from at least 3 independent experiments.

(D) Expression of wt or NA/HA proteins in U2OS cells with CtIP depleted was analyzed by

western blot for CtIP, using Ku70 for normalization. U2OS cells from (D) were analyzed for

cell survival after Camptothecin (CPT) (E) or etoposide (F) mediated DNA damage in

U2OS cells expressing HA-CtIP WT or indicated mutants, with CtIP shRNA knockdown or

mock control (MKO). (G) Endogenous CtIP was depleted in HeLa cells by siRNA and cells

were transfected with GFP-tagged wt or NA/HA CtIP plasmids 48 h before 2 Gy irradiation.

Cells were incubated with EdU 30 min prior to IR and during the entire repair period. All

EdU-positive S-phase cells were excluded from the analysis and only EdU-negative G2-

irradiated cells were analyzed. (H) Rad51 foci were enumerated in GFP-positive G2 cells at

2 h after 2 Gy. Error bars indicate standard error from 3 independent experiments. Also see

Fig. S3.
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