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ABSTRACT

Meiotic programmed DNA double-strand break (DSB)
repair is essential for crossing-over and viable ga-
mete formation and requires removal of Spoi1i-
oligonucleotide complexes from 5 ends (clipping)
and their resection to generate invasive 3’-end
single-stranded DNA (resection). Ctp1 (Com1, Sae2,
CtiP homolog) acting with the Mre11-Rad50-Nbs1
(MRN) complex is required in both steps. We isolated
multiple S. pombe ctp1 mutants deficient in clipping
but proficient in resection during meiosis. Remark-
ably, all of the mutations clustered in or near the
conserved CxxC or RHR motif in the C-terminal por-
tion. The mutants tested, like cip7A, were clipping-
deficient by both genetic and physical assays. But,
unlike ctp1A, these mutants were recombination-
proficient for Rec12 (Spo11 homolog)-independent
break-repair and resection-proficient by physical as-
say. We conclude that the intracellular Ctp1 C-
terminal portion is essential for clipping, while the N-
terminal portion is sufficient for DSB end-resection.
This conclusion agrees with purified human CtIP re-
section and endonuclease activities being indepen-
dent. Our mutants provide intracellular evidence for
separable functions of Ctp1. Some mutations trun-
cate Ctp1 in the same region as one of the CtIP mu-
tations linked to the Seckel and Jawad severe de-
velopmental syndromes, suggesting that these syn-
dromes are caused by a lack of clipping at DSB ends
that require repair.

INTRODUCTION

DNA double-strand breaks (DSBs) are severe lesions that,
when left unrepaired, can impair cell viability, genome sta-
bility and sexual reproduction. DSBs can occur sponta-
neously during any stage of the cell cycle by faulty DNA
metabolism or by exposure to DNA damaging agents.
During meiosis, DSBs are generated in a programmed
manner by an evolutionarily conserved protein Spoll

(called Recl2 in the fission yeast Schizosaccharomyces
pombe), which has the active site for DSB formation and
becomes covalently linked to the 5 DNA ends at the DSB
(1). Protein bound to DNA ends must be removed to al-
low further DSB processing. The Spoll-oligonucleotides
are released from the DSB ends by endonucleolytic cleav-
age, referred to as ‘clipping.” After Spoll removal from the
ends, naked 5 ends of DNA are further resected to gener-
ate ends with longer 3’ single-stranded (ss) overhangs, re-
ferred to as ‘resection.” These ssDNA ends are then coated
by Rad51 and invade homologous double-stranded DNA
(dsDNA) to form joint molecules which are processed to
complete recombination, including crossover formation.
Therefore, generation of long tracts of ssDNA occurs in
two steps: initiation by endonucleolytic removal of Spoll-
oligonucleotides and elongation by exonucleolytic resection
to produce ssDNA tracts.

In the clipping step, several proteins work in concert
to remove Spoll-oligonucleotide complexes from DSB
ends. The Mrel1-Rad50-Xrs2 (MRX) complex in the bud-
ding yeast Saccharomyces cerevisiae or its homolog Mrel1-
Rad50-Nbsl (MRN) complex in other species recognizes
DSB ends (2,3). Mrell nuclease activity and Rad50 are re-
quired for Spol1-oligonucleotide removal (‘clipping’) (4-7).
Sae2 (Coml), whose homolog is named Ctpl in S. pombe
and CtIP in mammals, also plays an essential role in this
process. S. cerevisiae Sae2 purified from E. coli has endonu-
clease activity (8), and purified human CtIP was recently
reported to have intrinsic endonuclease activity (9,10). In
S. cerevisiae there are two size classes of Spoll-attached
oligonucleotides (7), but in S. pombe there is only one size
class (5-6,11). Sae2, Ctpl and CtIP physically interact with
MRX or MRN via the N-terminal forkhead-associated
(FHA) domain of Nbsl (8,12-13). The detailed mechanism
of how these proteins work together to carry out clipping is
still unclear.

Multiple nucleases participate in the resection step for
long-tract ssDNA generation. dsDNA end-resection can
occur by purified S. cerevisiae Sgs1, Dna2 and RPA; pu-
rified Top3-Rmil and MRX stimulate resection (14). In
human cells, depletion of CtIP, Mrell or Exol leads to a
dramatic reduction in end-resection from site-specific DSBs
(15). Genetic evidence also suggests that S. cerevisiae Exol,
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Dna2 and the helicase Sgs1 are involved in this process in
mitotic cells, but Sgsl does not play a detectable role in
meiotic resection (16,17). Exol catalyzes 5’ — 3’ exonu-
cleolytic degradation of linear dsDNA (18) and is stimu-
lated by MRX and Sae2 in S. cerevisiae (19). However, Sae2
does not appear to function in induced (non-Spoll) site-
specific DSB end resection in meiosis, unlike the situation in
S. pombe (20). In S. pombe, Ctpl is required for the repair
of I-Scel-promoted site-specific DSBs to generate meiotic
recombinants in the presence of the MRN complex; since I-
Scel makes DSBs without protein bound at the ends, Ctpl
is presumably necessary for resection (21).

The observations cited above indicate that during meio-
sis S. pombe Ctpl participates in both the clipping and re-
section steps of ssDNA tract generation. Ctpl shares con-
served domains with mammalian CtIP (hence its name) (22)
and was also identified as a suppressor of an nbs/ FHA
domain mutation (23). The Ctpl N-terminal region con-
tains a predicted coiled-coil domain and two casein kinase
2 phosphorylation sites (SXT, amino acids 74-94) within an
Nbsl-interacting domain (13). The coiled-coil motif in hu-
man CtIP mediates homodimerization (24). S. pombe Ctpl
also strongly interacts with itself by yeast two-hybrid assay
(22). Recently, the crystal structure of the N-terminal amino
acids 5-60 of Ctp1 showed that this region forms a tetramer
(dimer of dimers) via its coiled-coil domain, while the rest
of the protein is largely intrinsically disordered (25). The C-
terminal region is highly conserved from S. pombe to human
and contains CxxC (amino acids 226-229) and RHR mo-
tifs (amino acids 273-275) (Figure 1A). The CxxC motif is
potentially involved in zinc chelation, and RHR is part of a
DNA-binding motif (25). Ctpl action along with MRN is
required for clipping and presumably for resection (5-6,21).
However, there is limited information about which regions
within Ctp1 play essential roles in both clipping and resec-
tion to promote meiotic recombination.

In this paper we address two questions: how does Ctpl
function in these two steps of meiotic DSBs repair (the ini-
tial clipping and the subsequent resection), and are these
two functions separable? To answer these questions, we have
designed a mutant screen that allowed us to isolate czp/ mu-
tants (randomly generated) that were differentially altered
in the two functions, clipping and resection. Our results
show that the C-terminal region of Ctpl1 is required for the
clipping function, while the N-terminal region is sufficient
for resection. Our separation-of-function study helps eluci-
date the mechanism of homologous recombination, and it
also sheds light on certain rare human diseases, such as the
dwarfism disorder Seckel and Jawad syndromes (26), prob-
ably caused by an effect on homologous recombination due
to CtIP C-terminal truncation mutations similar to certain
mutations reported here.

MATERIALS AND METHODS
S. pombe strains

S. pombe strains used in this study and their genotypes
are listed in Supplementary Table S4. Media for growth
were described (27,28). ctpl mutations on the chromosome
were constructed as follows: the ctpl::ura4* strain was con-
structed with the method described (29). Primers OL3002

and OL3003 (Supplementary Table S5) with 80 bp of ho-
mology to DNA flanking the czp/ ORF (open reading
frame) were used to amplify the ura4®™ ORF from plas-
mid pFY20 (30). Strain GP4915 was transformed to uracil-
prototrophy with the polymerase chain reaction (PCR)
product. Integration at the czpl locus was verified by PCR
using primers OL326 and OL3358 (Supplementary Table
S5). Transformation of S. pombe was performed using the
lithium acetate method (29). The ctp/ mutated ORF with
flanking DNA was released from the identified library plas-
mid by BamHI cleavage, and integrated into the chromo-
some at the cipl locus by substitution of cipl::ura4* in
strain GP7808. The transformants were selected on mini-
mal medium (NBA+Ade+Ura+Arg) containing 1 mg/ml
FOA (5-fluoroorotic acid monohydrate; Toronto Research
Chemicals, catalog NO. F595000). The correct integration
at ctpl was identified by PCR using primers OL2624 and
OL2979 (Supplementary Table S5).

Analysis of meiotic recombination and viable spore yield

Meiotic recombination and viable spore yields were deter-
mined as described (31,32). I-Scel induced meiotic recom-
bination was assayed as described (21).

Construction of czp! mutant library and mutant isolation

The wild-type ctpl™ gene with 524 bp of 5’ and 504 bp
of 3’ flanking DNA was cloned into the low-copy vector
pFY20 at the BamHI site to produce plasmid pNMO1. Ran-
dom mutations in the ctp/ ORF and ~450 bp of flank-
ing sequence were introduced by PCR from pNMO1 using
the Genemorph II random mutagenesis kit (Agilent cata-
log NO. 200550) and primers OL3355 and OL3356 (Sup-
plementary Table S5) containing BamHI sites. The mutage-
nized PCR product (~1.8 kb) was digested with BamHI and
ligated into BamHI-digested pFY20. After E. coli transfor-
mation, ~1000 transformants were pooled; plasmid DNA
was prepared and used to transform GP7287 (ctplA) to
uracil-prototrophy. Transformants were patched onto min-
imal medium plates to maintain selection for the plasmid
and then replica-plated onto rich medium (YEA+Ade) with
CPT (1.25 pM) or MMS (0.005%) or neither. DNA was ex-
tracted from CPT-sensitive and MMS-resistant yeast cells
and used to transform E. coli to ampicillin-resistance; plas-
mid DNA was recovered and sequenced. The mutations
were put onto the chromosome as described above.

Assay for Recl2-oligonucleotide clipping

Recl12-oligonucleotide complexes in ctpl™ and cipl mu-
tants were assayed as described (5). Briefly, meiosis was in-
duced and cells were harvested hourly for 6 h. DNA con-
tent was analyzed by flow cytometry (unpublished data
similar to those in Supplementary Figure S2). The cells
were lysed by beating with glass beads in ice-cold 10%
trichloroacetic acid. The precipitated proteins were solu-
bilized in sodium dodecyl sulfate (SDS) extraction buffer,
diluted in 2x immunoprecipitation (IP) buffer and incu-
bated overnight with monoclonal anti-FLAG antibody
(clone M2, Sigma-Aldrich) pre-bound to magnetic protein
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Figure 1. Sequences and phenotypes of new czpl mutants. (A) Schematic representation of each of the czp/ mutations studied here, indicated by the amino
acid change at the codon numbered. * indicates non-sense mutation; red wavy line indicates region of amino acids altered by a frameshift mutation and
the ensuing out-of-frame non-sense codon. Data in Figures 1-4 are from strains with these alleles integrated at the endogenous chromosomal locus. (B)
Relative viable spore yields of czp/ mutants. Data are from Supplementary Table S2, ‘chr’ column. (C) Meiotic crossing-over between ade6 and arg! in ctpl
mutants. Data are from Supplementary Table S2, ‘chr’ column. Error bars are the SD of observed frequencies converted to cM using Haldane’s equation.
(D) Meiotic recombination between ade6-M26 and ade5-52 in ctpl mutants. Data are from Supplementary Table S2. Error bars are SEM; n = 4 for each

strain.

G-agarose beads (Dynabeads, Invitrogen). After washing
of the beads, the bound oligonucleotides were labeled us-
ing terminal deoxynucleotidyltransferase (TdT) and [a->*P]
dCTP. The complexes were washed and eluted by boiling.
The eluted Recl2-oligos were separated by SDS-PAGE and
transferred to Immobilon-P membrane (Millipore). The
DNA was detected by exposure to X-ray film, and the
Rec12-FLAG protein was detected by immunoblotting us-
ing anti-FLAG antibody conjugated to horseradish perox-
idase (clone M2, Sigma) and an enhanced chemilumines-
cence detection kit (Supersignal, WestPico-Pierce).

Assay for resection at I-Ppol-induced DSBs

All strains used for the resection assay harbor a single I-
Ppol cleavage site near the 5’ end of /ysl. Meiosis was in-
duced and DNA content was analyzed by flow cytometry
as described (33) (Supplementary Figure S2). Three h af-
ter induction of meiosis, 3 wM anhydrotetracycline (ahTet)
(Acros 13803-65-1) was added to the culture, and samples
were harvested hourly for 4 h after addition of ahTet. Cells
were embedded in agarose plugs, and DNA was extracted
as described (28). DNA in agarose plugs was digested with
Xbal overnight at 37°C, electrophoresed and transferred to
a nylon membrane (Zeta-probe GT membrane, Biorad). A
1-kb PCR product (primers OL3240 and OL3241) labeled
with [a-3*P] dCTP (3000 Ci/mmol) was used as a probe
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to detect resected DNA, which hybridized 3-4 kb away
from the I-Ppol cutting site (Figure 4A). Signals were de-
tected using a Typhoon storage Phosphorlmaging system
(GE Healthcare).

RESULTS

A screen to isolate ctpl mutants differentially altered in clip-
ping and resection

Our genetic screen to isolate c¢zpl mutants takes advantage
of the sensitivity of ctpl A mutants to two DNA-damaging
agents during mitotic growth: CPT (camptothecin) and
MMS (methyl methanesulfonate) (22,23). CPT stabilizes
topoisomerase [-DNA cleavage complexes (34), which must
be removed from the DNA ends for DNA repair. This step
may be similar to the removal of Recl2 during meiosis
(“clipping’). These proteins are linked to the 3’ and 5 ends,
respectively, but purified Sae2 with MRX can cleave DNA
with either type of linkage (35). Lesions caused by MMS are
likely ‘clean” DNA ends (i.e. without bound protein) (36),
and hence the broken ends need only to be resected further
to generate 3’ ssDNA overhangs for DNA repair. This step
may be similar to the resection after Recl12 removal. Our
screen used the relative difference in sensitivity to CPT and
MMS as a guide to isolate interesting novel czp/ mutants.
We presumed that a CPT-sensitive but MMS-resistant phe-
notype reflects deficiency of the clipping function but profi-
ciency of the resection function. Although our screen used
mitotic phenotypes as a way to isolate novel mutants, we
draw our conclusions from assays in meiotic cells. Our mei-
otic physical and genetic assays verified these expectations
of the mutants we isolated and describe here.

ctpl mutations clustered in the C-terminus differentially alter
sensitivity to CPT and MMS

With the genetic screen described above and in Materi-
als and Methods, we isolated eleven novel czp/ mutants.
As controls, we used the mrell-D65N mutant, which is
nuclease-deficient, does not release Recl12 from DSB ends,
and is CPT-sensitive but MMS-resistant (5,37). We also
used ctpl A, which neither releases Rec12 from DSB ends
nor promotes resection and is both CPT-sensitive and
MMS-sensitive. We used a range of concentrations and
found that 1.25 wM CPT was the lowest concentration at
which neither mrel I-D65N nor ctpl A grew and that 0.005%
MMS was the highest concentration at which mrel I-D65N
grew but ctpl A did not grow (Supplementary Table S1).
Therefore, the screening was carried out using 1.25 wM CPT
and 0.005% MMS.

A library of ctpl mutant genes was prepared by PCR ran-
dom mutagenesis of the ctpl open reading frame flanked
by ~450 bp of non-coding DNA cloned into the low-
copy plasmid pFY20 (30). The plasmid was transformed
into an S. pombe strain bearing a ctpl complete deletion
(ctpl A). The transformants were then tested for CPT and
MMS resistance on solid rich media. Among the ~9400
colonies tested, 52 were differentially CPT-sensitive and
MMS-resistant compared to ctpl™, which is resistant to
both drugs, and to ctpl A, which is sensitive to both. The

ctpl genes in these 52 isolates were sequenced, and eleven
unique mutants were identified, along with multiple sisters.

All of the mutations clustered in the C-terminal region
of the gene (Figure 1A). Three mutations (ctpl-1, ctpl-3
and ctpl-9) fell in the conserved CxxC domain, and one
(ctp1-17) in the conserved RHR domain. Moreover, three
C-terminal truncation (nonsense) mutations with slight
MMS-resistance but strong CPT-sensitivity (ctpl-8, ctpl-10
and ctp1-30) were also identified. All of the mutated genes
(except for ctpl-3, which had two mutations, one of which
was at the same position as that in ctp/-9) were transferred
to the ctpl chromosomal locus, and the sensitivity to CPT
and MMS was tested (Supplementary Figure S1A). Eight of
these ten mutants were more resistant to MMS than ctpl A
and were strongly CPT-sensitive. Chromosomal versions of
ctpl-8, ctpl-10 and ctpl-30 had a nearly null phenotype in
these sensitivity assays, and ctpl-11 was nearly wild-type,
although the plasmid-borne versions had slightly different
phenotypes (Supplementary Figure S1). All of the mutants
described here were more proficient than ctpl A in other as-
says described below, indicating that they are not null mu-
tants. Three mutants (ctp-8, ctpl-11 and ctp1-30), like ctpl-
3, had two mutations each and were less thoroughly char-
acterized below. The ctpl-H2744 mutant protein, altered
in the same amino acid as ctp/-17 (H274L), and other mis-
sense and non-sense mutant proteins studied by Andres et
al. (25), are expressed at the same level as the wild-type pro-
tein. We therefore expect that these mutant phenotypes are
caused by alterations in Ctpl’s activity (or activities), and
not to altered levels of protein abundance. We cannot ex-
clude, however, more complex scenarios in which Ctpl pro-
tein levels are reduced in some mutants and resection is less
sensitive than clipping to reductions in Ctp1 protein levels.

Comparison of three non-sense mutants suggested a cu-
rious feature of Ctpl. Truncation of the 44 C-terminal
amino acids in c¢tpl-6 produced partial MMS-resistance;
truncation of the 83 C-terminal amino acids in ctp/-10 pro-
duced strong MMS-sensitivity; but truncation of the 97 C-
terminal amino acids in c¢tpl-25 produced partial MMS-
resistance (Supplementary Figure S1A). Perhaps the 15
amino acids (from 187 to 201) between the ctpl-10 and
ctpl-25 truncation points affect protein folding and alter
the function of the N-terminal portion required for MMS-
resistance. We also noted that ctpl-5, a frameshift muta-
tion at W288, removing only seven codons from the C-
terminus, was fully CPT-sensitive, indicating a critical func-
tion of these C-terminal amino acids.

ctpl C-terminal mutations severely reduce the yield of viable
spores

To assess the overall function of Ctpl, the viable spore
yields of the cfpl mutants were determined by crossing
strains with the chromosomally integrated czp! mutations
with a ctpl A strain. Homozygous ctpl A produced less than
0.001% as many viable spores as wild-type cipI* (reduction
by a factor of 10°). Most of the C-terminal truncation mu-
tations (ctp1-5, ctpl-6, ctpl-8, ctpl-25 and ctp1-30) reduced
the viable spore yields to less than 0.1% of wild type, but
the mutant yields were still 2- to 100-fold higher than that
of ctpl A; the viable spore yield of ctpl-10 was comparable



to that of ctpl A (Figure 1B, Supplementary Table S2). The
viable spore yields decreased with increasing extent of the
truncation, except for ctp1-25 and ctp1-30. All four missense
mutations (ctpl-1, ctpl-9, ctpl-11 and ctpl-17) reduced the
viable spore yields to 0.5-10% of that of wild type. The low
viable spore yields in c¢zpl mutants are consistent with the
requirement of Ctpl in meiosis (22).

The variable decrease of viable spore yield in these new
ctpl mutants might be caused either by a deficiency in
Recl2 clipping or a deficiency in resection after Recl2 re-
moval. After Ctpl-mediated Rec12 clipping, at least 10-30
nucleotides of ssDNA overhang with a 3’ end are left at
the DSB (11). This short resected DNA may be sufficient
for some DSB repair (recombination) and viable spore for-
mation by redundant factors other than Ctpl; for example,
in addition to the CtpI-MRN complex, Exol may resect
the ends (21). These considerations suggest to us that the
greater reduction of viable spore yield in some czp/ mutants
reflects their greater deficiency in clipping, although both
clipping and resection promoted by Ctpl may play a role in
viable spore formation.

ctpl C-terminal mutants have only slightly reduced Recl2-
dependent meiotic recombination

To assess meiotic recombination among the viable spores
in ctpl mutants with sufficiently high viable spore yield, we
measured nine mutants for crossing over (as ade6—argl in-
tergenic recombination) and three mutants for both cross-
ing over and gene conversion (as ade6 intragenic recombi-
nation). Crossing over between ade6 and argl was reduced,
compared to wild type, by a factor of 45 in ctpl A but by a
factor of three or less in the C-terminal c¢zp/ mutants (Figure
1C). Four missense mutants altered in or near the CxxC mo-
tif or RHR motif had intergenic recombination levels not
significantly different from that in wild type (ctp1-17, ctpl-1
and ctpl-11) or about half (ctpl-9) that in wild type (Figure
1C and Supplementary Table S2). These mutants yielded
enough viable spores to allow measurement of intragenic
recombination, which for the three tested was ~60-70% as
high as that in wild type (Figure 1D). We infer that the Ctpl
C-terminal mutants are resection-proficient (from the mei-
otic recombination results) but clipping-deficient to varying
degrees (from the viable spore yield results). This inference
was confirmed by direct physical assays below.

ctpl C-terminal mutants are clipping-deficient during meiosis

To assay the ctpl mutants’ clipping function directly, we
measured Recl2-oligonucleotides by immunoprecipitating
Rec12 covalently linked to DNA, whose 3’ ends were ra-
dioactively labeled following extraction from meiotic cells
(5). S. pombe Ctpl is essential to release Recl2 from the
DNA ends, since no Recl2-oligonucleotide complexes can
be detected in ctpl A cells after DSB formation (5,6). We
tested representative mutants with low (czpl-6), medium
(ctp1-25) and high (ctpl-17) viable spore yields. Abundant
Recl12-oligonucleotides were detected at 4 h after meiotic
induction in ctzpI™ cells (Figure 2A). No detectable Recl2-
oligonucleotides were observed even 6 h after meiotic in-
duction in ctpl A, ctpl-17 (RHR mutation) and ctpl-6 (44
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amino acid C-terminal truncation) (Figure 2B, C and D,
upper panels). Similar results were observed with cipl-1
cells (CxxC mutation; unpublished data). There was a faint
Recl2-oligo signal at the position of the principal signal
from wild type detectable in ctpl-25 (107 amino acid C-
terminal truncation) (Figure 2E). There was also a weak
signal of material with heterogeneous low mobility in ctpl-6
and ctpl-25; this signal might reflect clipping farther from
the DSB end than the length of the Rec12-oligos (10-30 nu-
cleotides long) would predict, but in any case the amount
of this material was much less than that of Recl12-oligos in
wild type. Rec12-FLAG protein appeared after induction
in both c¢tpl* and ctpl mutant cells (Figure 2A-E, lower
panels), indicating that the lack of Recl2-oligonucleotides
was not caused by the failure to induce Rec12 protein. Thus,
these three ctpl mutants, carrying a C-terminal CxxC or
RHR motif mutation or a truncation mutation, like ctpl A,
do not detectably release Recl2-oligonucleotide complexes.

Clipping-deficient ctpl C-terminal mutants are proficient for
I-Scel induced meiotic recombination

To study the intracellular resection function of cfpl mu-
tants in meiotic DSB repair without the need for Rec12 re-
moval from DSB ends, we introduced the I-Scel cut site
into ade6 (ade6-3061) and replaced the rec/2 coding se-
quence with the I-Scel coding sequence to supply meioti-
cally induced I-Scel endonuclease and to eliminate all other
(Rec12-dependent) DSBs (21). Thus, the breakage at ade6—
3061 without protein attachment was the only break in the
entire genome. In meiosis, DNA end resection must occur
to allow repair of this I-Scel-induced break and recombina-
tion. To investigate the resection function of Ctpl, we mea-
sured recombination between ade6-3061 and ade6-52 (772
bp apart) in the czp/ mutants with single codon changes.

In the ctpl A cells, I-Scel-induced meiotic recombination
was reduced by a factor of five (Figure 3 and Supplementary
Table S3), a reflection of Ctp1’s role in resection, as reported
by Farah et al. (21). Two mutants [ctpl-10 (R201*) and
ctpl-17 (H274L)] had recombination levels indistinguish-
able from that of the wild type (P > 0.3 by ¢-test). The other
five tested C-terminal mutants (ctp/-1, ctpl-5, ctpl-6, ctpl-
9 and ctpl-25) had even higher recombination frequencies
than the wild type (P < 0.03 by z-test) (Figure 3 and Sup-
plementary Table S3). Overall, the czpl C-terminal mutants
were highly proficient in meiotic recombination initiated by
Recl2-independent breaks. These results suggest that alter-
ation or lack of the Ctpl C-terminal region does not affect
its resection function and that the Ctpl N-terminal region
is needed for resection.

Recombination-proficient ctpl C-terminal mutants are
resection-proficient by physical assay

We wanted to directly assay meiotic DSB-end resection by
a physical method. I-Scel cuts only about 0.6% of the to-
tal intracellular DNA, however, and resected DNA is unde-
tectable by Southern blot hybridization (21). The homing
endonuclease I-Ppol rapidly cuts >80% of the DNA con-
taining its cognate site within 1 h after induction by an-
hydrotetracycline (ahTet) (38), which allowed the develop-
ment of a convenient physical resection assay in S. pombe
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times for Rec12-oligos by labeling with [a->2P] dCTP and TdT, followed by gel electrophoresis. In panels (B) and (C), about four times more cell extract

was loaded for the mutants than for ctpI™,

to increase the sensitivity of detecting Recl2-oligos in the mutants. The membrane was exposed to X-ray

film to detect 2P (top panel) and then western blotted to detect Rec12-FLAG (bottom panel) using anti-FLAG antibody. Filled arrowhead, 32P-labeled
Recl2-oligonucleotide complexes; open arrowhead, total Recl2 protein. ‘wt’ in panels B, C, D and E indicates ctpl™* cell extract assayed at 4 h after meiotic

induction.

during meiosis. For this assay, Rec12 was deleted and a sin-
gle I-Ppol cut site was introduced near the lys/ locus (Figure
4A). I-Ppol expression was tightly controlled with an ahTet-
inducible promoter. Cut DNA was detected by Southern
blot hybridization as a 3.9 kb fragment after Xbal digestion.
DNA that was resected, either on one or both strands, was
detected as a smear of DNA migrating more rapidly than
the cut DNA fragment (Figure 4A). We tested this system
first in ctpl™ cells and detected the resected DNA, but the

observed amount of resected DNA varied between different
experiments (unpublished data). This variation may reflect
a dynamic balance between breakage and repair, which may
vary between experiments. S. pombe Mei4 is a meiotic tran-
scription factor that regulates the induction of many mei-
otic middle genes, including exol but not ctpl (39). Meid
does not significantly influence meiotic DNA replication,
an early meiotic event (31). In order to block DSB repair
and allow accumulation of resected DNA, we assayed re-
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Figure 3. I-Scel-dependent meiotic recombination of czp/ C-terminal re-
gion mutants is the same as or even higher than that of czp™* cells. Ade* re-
combinants were measured in crosses with the I-Scel-cuttable allele ade6—
3061 and ade6-52 in strains with the indicated c#p/ mutations on the chro-
mosome. Data are from Supplementary Table S3. Error bars are SEM; n
=16 for ctpl™ and ctpl A, and 4 for the other mutants.

section from the I-Ppol-induced DSB in ctpl mutant cells
in a mei4 A background, in which the DNA repair activity
is subdued and in which the amount of resected DNA in
ctpl™ cells was more reproducible (unpublished data).

In these experiments ahTet was added 3 h after meiotic
induction (i.e. about 1 h after DNA replication) (Supple-
mentary Figure S2). In both czpl™ and ctpl mutant cells
I-Ppol cut DNA appeared at 1 h after ahTet induction (Fig-
ure 4B, C and E) and about 80% of total DNA was cut (left
panels in Figure 4D and F). Resected DNA appeared with
similar kinetics and extent in czpI* and ctpl C-terminal mis-
sense mutants [ctp/-1 (CxxC mutation) and ctpl-17 (RHR
mutation)] and nonsense mutants [ctpl-6 (44 amino acid
truncation), ctpl-10 (93 amino acid truncation) and ctpi-
25 (107 amino acid truncation)]. All of these mutants were
recombination-proficient in the I-Scel recombination assay
(Figure 3). In ctpl A cells the amount of resected DNA was
about 50% of that in wild-type cells (mean of four time
points after induction in three inductions of wild type and
two inductions of ctpl A; right panels in Figure 4D). For
comparison, resected DNA in mitotically growing ctpl A
mutant cells, determined by a different assay at HO-induced
site-specific DSBs, is about 60% of that in wild-type cells,
when assayed either near or far from the break site (40). In
our assay, quantification showed that the level of resected
DNA among cut DNA in ¢fp/ C-terminal mutant cells was
90-100% as much as that in wild-type cells (mean of four
time points after induction; right panels in Figure 4D and
F). From this physical resection assay, we conclude that
the ctpl C-terminal mutants are proficient for resection,
which is consistent with their proficiency for both Recl2-
dependent and -independent recombination (Figures 1C, D,
3 and 4).

Nucleic Acids Research, 2015, Vol. 43, No. 15 7355

DISCUSSION

In this study, we isolated and investigated eleven ctpl ran-
domly generated mutations to understand Ctpl clipping
and resection functions in meiotic DSB repair and to ad-
dress the question of whether these two functions are sepa-
rable. We used an established physical assay to investigate
the clipping function by detecting Recl2-oligonuclotides
and developed a physical assay to investigate resection
by detecting the resected DNA directly. These two assays
together with the genetic assays have allowed us to dis-
sect molecularly the two functions of clipping and resec-
tion in these cfp/ mutants within meiotic cells. The ctp!
C-terminal mutants tested were clipping-deficient (Figure
2) but resection-proficient (Figure 4) and exhibited profi-
cient recombination, both Recl2-dependent and indepen-
dent (Figures 1C, D and 3). Our genetic and biochemical
data are consistent with each other and indicate that the two
functions of Ctpl in meiotic DNA DSB repair are indeed
separable. Our data indicate that the C-terminal region is
required for clipping but not for resection, which requires
the N-terminal region.

Conserved CxxC and RHR motifs in the Ctpl C-terminal
portion are required for clipping function

ctpl mutants generated by random mutagenesis and show-
ing differential CPT- and MMS-sensitivity, relative to czpl™*
and ctpl A, had alterations clustered in the C-terminal por-
tion of the protein (Figure 1A and Supplementary Figure
S1). Among the eleven czp! mutants studied, four had mu-
tations in the highly conserved CxxC or RHR motif, indi-
cating their importance in Ctpl function. The ten ctpl C-
terminal mutants tested further had reduced viable spore
yields (Figure 1B), and all four mutants tested by physi-
cal assay were incapable of clipping (Figure 2; unpublished
data). ctpl A cells had strongly reduced viable spore yields
(0.001% of that of wild type) but a much lesser reduction in
recombination (2% of that of wild type; Figure 1B and C;
Supplementary Table S2). We infer from these differential
results that Ctpl may be, with the MRN complex, the most
critical factor for clipping, in order to produce viable spores,
while there are other redundant factors, such as Exol and
Sgs1-Dna2 in S. cerevisiae, for resection and recombina-
tion (17,21,41). Since the viable spore yield in three of the
five ctpl C-terminal mutants tested for resection was much
higher (0.1-10% of wild type) than that in czpl A (0.001%
of wild type), there must be some residual clipping to allow
viable spore formation, at least in these three mutants. Fur-
thermore, the drastically low viable spore yield of ¢zpl A im-
plies that there is no redundant factor responsible for clip-
ping, and that there is residual clipping activity in the Ctpl
mutant proteins too low to be detected by our physical assay
(Figure 2).

Removal of Recl2 bound to DNA ends (clipping) re-
quires endonuclease activity, which could in principle be
provided by either Ctpl or the MRN complex. Purified S.
cerevisiae Sae2 and human CtIP have been reported to pos-
sess endonuclease activity (8-10). Recently, Cannavo and
Cejka (35) reported that purified Sae2 promotes MRX en-
donuclease activity to clip dsSDNA with protein bound to
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Figure 4. ctpl C-terminal mutants are proficient for DSB end resection. (A) Diagram of the 10 kb Xbal chromosomal DNA fragment containing the
I-Ppol cut site, the 3.9 kb I-Ppol cut fragment, and the resected DNA fragments (smear). The red box is the location of the probe for Southern blots. (B, C
and E) DNA was extracted from strains with the indicated chromosomal czp/ mutations at the indicated times after addition of 3 wM anhydrotetracycline
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1-Ppol cut and resected DNA in parallel from panels (B), (C) and (E). The radioactivity on the blots in panels (B), (C) and (E) was quantified with
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inductions. ctpl A DNA in panels (B) and (C) was from two separate inductions. In panel C, czpI* and ctpl A were on one blot, and czpI-6 on another. In
panel E, ctpl™, ctpl-1 and ctpl-10 were on one blot, and ctpl-17 and ctpl-25 on another.



the ends. A Sae2 C-terminal truncation or mutants altered
in the conserved C-terminal residues R264 or R300, which
corresponds to the second ‘R’ of the RHR motif in S.
pombe, do not stimulate Mrell endonuclease activity on
protein-bound dsDNA. Moreover, the C-terminal portion
of Sae2 alone can promote MR X endonuclease activity. The
amino acids regulating human CtIP endonuclease activity
are dispersed in the primary structure of the protein (9).
Truncation of CtIP at position 790, which is equivalent to
truncation at position 210 of Ctpl, deletes the CxxC and
RHR motifs from the protein and reduces CtIP endonucle-
ase activity (9). These data, like ours, demonstrate the im-
portance of the C-terminal region of Ctpl (Sae2, CtIP) for
clipping.

It is still uncertain whether the active site(s) for the clip-
ping and resection activities are in MRX (MRN) or Sae2
(Ctpl or CtIP) and whether there is one catalytic site or
two. Genetic assays indicate that both MRN and Ctpl are
required for both activities (4,21). The simplest view is that
a catalytic site is in one protein and that the other protein is
required for this activity as an allosteric effector. Sae2 pu-
rified from sf9 insect cells and Ctpl purified from E. coli
have no detectable nuclease activity (25,35), although Sae2
purified from E. coli does have endonuclease activity (8).
It cannot be excluded, however, that the first two purified
proteins have endonuclease activity but that it was not de-
tectable under the conditions used. Our genetic evidence
strongly indicates that the C-terminal region of Ctpl is im-
portant for clipping, either for the intrinsic nuclease activity
or to stimulate MRX’s endonuclease activity. In the present
study, we observed that a single amino acid change in the
CxxC motif (ctpI-1) or in the RHR motif (¢tpI-17) or elim-
inating RHR motif (ctpl-6) prevented cells from clipping
off Recl2-oligonucleotides (Figure 2C and D; unpublished
data). ctpl-25, with a 107 amino acid C-terminal trunca-
tion, eliminated both motifs and, as expected, was clipping-
deficient (Figure 2E). In the absence of any direct evidence
showing that Ctpl in S. pombe has endonuclease activity,
our results strongly indicate that the C-terminal part of
Ctpl is required for the nuclease activity involved in Recl12
removal, either by stimulating MRN or via its intrinsic en-
donuclease activity.

The most C-terminal seven amino acids of Ctpl are crucial
for its function

The ctpl-5 mutation has a frameshift mutation at W288,
which is expected to produce a Ctpl protein lacking only
the C-terminal seven amino acids. Interestingly, these cells
showed severely reduced viable spore yields (~0.01% of wild
type, i.e. only about 10-fold above that of ctplA; Figure
1B and Supplementary Table S2), and they were as CPT-
sensitive as ctpl A (Supplementary Figure S1A). In sharp
contrast, they were only partially sensitive to MMS (Sup-
plementary Figure S1A) and only modestly reduced for
Recl2-dependent meiotic crossing-over (3-fold down from
that in wild type) and even slightly more proficient than wild
type for I-Scel induced meiotic recombination (Figures 1C
and 3; Supplementary Table S2). Thus, these seven amino
acids appear to be crucial for Ctpl’s clipping function. One
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of these amino acids, D291, is important for DNA binding
(25) and presumably also for the clipping function.

Ctp1 N-terminal portion functions in resection

Among the six ctp/ C-terminal truncation mutants we
tested, three mutants (ctpl-6, ctpl-10 and ctp1-25) lack one
or both conserved motifs (CxxC and RHR); ctpl-25 en-
codes only 186 amino acids of the Ctpl N-terminal region.
Interestingly, all of these three mutants retained proficient
resection activity as tested by both genetic and physical as-
says (Figures 3, 4C and E). The Recl2-dependent meiotic
recombination of the ¢tpl-6 and ctpl-25 mutants was only
2-fold lower (P < 0.02 by chi-square test) than that of wild
type but >10-fold higher than that of ctplA (P < 0.0001
by chi-square test) (Figure 1C, Supplementary Table S2).
(ctpl-10 was not assayed because of its low viable spore
yield.) Furthermore, [-Scel induced meiotic recombination
of these mutants was the same as or even higher than that in
wild type regardless of the distance between the two intra-
genic markers crossed (Figure 3 and Supplementary Figure
S3; Supplementary Table S3). The resected DNA level in the
three mutants (ctpl-6, ctpl-10 and ctpl-25) tested by phys-
ical assay was also similar to the wild-type level, whereas
ctpl A was about 2-fold lower than the wild type (Figure 4D
and F). These results clearly indicate that the N-terminal
portion of Ctpl is sufficient for the resection function of
I-Ppol induced meiotic DSBs (i.e. in the absence of Recl2
adduct).

Ctpl and Exol can both function in resection, but their
interaction with two DNA end-binding proteins, MRN and
Ku, differs in meiotic and mitotic cells. In mitotic cells,
deleting pku80 suppresses the DNA damaging-agent sensi-
tivity of ctpl A, and this suppression is dependent on Exol
(22,25). Thus, in mitotic cells Exol can apparently replace
Ctpl for resection, provided Ku is absent. In meiotic cells,
however, Ku appears not to prevent Exol action; rather,
MRN does. In the absence (but not presence) of MRN, I-
Scel-induced meiotic recombination is reduced in exol A
cells, even in a pku®™ background (21). Furthermore, Ku
may not be present at high levels during meiosis. In mouse
and fruit fly nuclei, Ku protein is not detectable in early
meiosis (42-44), and S. pombe pku70 and pku80, encod-
ing Ku70 and Ku80, are not induced during meiosis (45).
These considerations explain why czp/ A reduced the fre-
quency of I-Scel-induced meiotic recombination even in
pku* cells. Because of these complexities, we draw our con-
clusions from our investigations in meiotic cells, although
the mitotic screen we used suggests that the mutations re-
ported here affect the mitotic functions of Ctp1 similarly.

Ctpl interacts with Nbsl via the Ctpl N-terminal SXT
domain at amino acids 74-94 when phosphorylated, and
this interaction is critical for DSB repair (13,46). Wang et
al. (47) reported that the CDK-dependent phosphoryla-
tion sites present in the N-terminal region of human CtIP
are critical for its interaction with Nbsl and for DSB re-
pair. Phosphorylation of N-terminal CtIP-S276 and T315
is required for CtIP interaction with PIN1 prolyl-isomerase,
and the CtIP-2A (S276A and T315A double) phosphomu-
tant increased hyperphosphorylation of ssDNA-binding-
protein RPA2 (a subunit of the RPA complex) and RPA
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focus-formation after etoposide-induced DSB-formation
(48), implying more DSB resection in CtIP-2A cells. While
the detailed mechanism of Ctpl N-terminal function in re-
section is unclear, one possibility is that Ctpl interacts with
MRN through its N-terminal region to resect DNA. An-
other possibility is that phosphorylation modulates Ctp1’s
structure, conformation or stability to alter resection.

Two functions of Ctpl in DSB repair are separable

The genetic and physical analysis of ¢zp/ mutants showed
that the Ctpl C-terminal region functions in clipping
DSB ends to release Recl2-oligonucleotide complexes and
that mutants lacking the C-terminal region are resection-
proficient. These results mean that the resection function of
Ctpl is at least partially separable from its clipping func-
tion. CtIP endonuclease activity on branched DNA struc-
tures or hairpin structures was recently reported by two
groups, and I-Scel induced homologous recombination did
not require its nuclease activity, suggesting that these two
functions are also separable for human CtIP (9,10). Our re-
sults of S. pombe Ctpl are consistent with their findings us-
ing purified human CtIP and provide genetic and intracel-
lular evidence for this conserved protein function in meiotic
DSB repair.
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