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ABSTRACT

The Mrel1-Rad50-Xrs2 complex is involved in DNA double-strand break repair, telomere maintenance,
and the intra-S phase checkpoint. The Mrell subunit has nuclease activity in vitro, but the role of the
nuclease in DNA repair and telomere maintenance remains controversial. We generated six mrel1 alleles
with substitutions of conserved residues within the Mrell-phosphoesterase motifs and compared the
phenotypes conferred, as well as exonuclease activity and complex formation, by the mutant proteins.
Substitutions of Asp16 conferred the most severe DNA repair and telomere length defects. Interactions
between Mrell-D16A or Mrell-D16N and Rad50 or Xrs2 were severely compromised, whereas the mrel I
alleles with greater DNA repair proficiency also exhibited stable complex formation. At all of the targeted
residues, alanine substitution resulted in a more severe defect in DNA repair compared to the more
conservative asparagine substitutions, but all of the mutant proteins exhibited <2% of the exonuclease
activity observed for wild-type Mrell. Our results show that the structural integrity of the Mrell-Rad50-
Xrs2 complex is more important than the catalytic activity of the Mrell nuclease for the overall functions

of the complex in vegetative cells.

HE RAD50, XRS2, and MRE1 1 genes were first iden-
tified in screens for ionizing radiation (IR)-sensitive

or meiotic recombination-defective mutants in Saccha-
romyces cerevisiae (SYMINGTON 2002). Subsequent studies
revealed similar defects in meiosis, repair of IR-induced
DNA damage, telomere length, nonhomologous end join-
ing (NHEJ), and the intra-S phase checkpoint in mrel I,
rad50, and xrs2 null mutants (HABER 1998; D’AMOURS
and JACKSON 2002). The corresponding proteins form
a high-affinity complex with an ~2:2:1 stoichiometry of
Mrell, Radb0, and Xrs2 (ANDERSON e¢f al. 2001; CHEN
et al. 2001). Both Mrell and Radb0 are conserved and
are homologous to the Escherichia coli SbcD and SbcC
proteins, respectively (SHARPLES and LracH 1995).
Functional analogs of the Xrs2 subunit are found only
in eukaryotes, e.g., the human Nbsl protein, and the
sequences of these display very limited interspecies ho-
mology (CARNEY e/ al. 1998; VARON et al. 1998; CHAHWAN
et al. 2003; UENO et al. 2003). Mrell contains five sequence
motifs found in a superfamily of phosphoesterases that,
apart from E. coli SbcD, also includes di-metal Ser/Thr
protein phosphatases. Conserved residues within these
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motifs are required for Mrell nuclease activity in vitro
(FURUSE et al. 1998; Usut et al. 1998; MOREAU et al. 1999).
Mrell displays 3'-5" ssDNA, 3'-5" dsDNA exonuclease,
and ssDNA endonuclease activities with the endonu-
clease activity acting preferentially at ssDNA/dsDNA
transitions (FURUSE ef al. 1998; PaurL and GELLERT
1998; Usur et al. 1998; MOREAU et al. 1999; TRUJILLO
and SunG 2001). Biochemical analyses of the Mrell-
Radb50 complex suggest that one function of the com-
plex is to tether DNA ends together (CHEN et al. 2001;
DE JAGER et al. 2001; HOPFNER et al. 2002), and it has
been suggested that this tethering activity could hold
sister chromatids in close proximity for efficient repair
(WiLtzius et al. 2005). The rapid recruitment of the
Mrell-Rad50-Xrs2 (MRX) complex to double-strand
breaks (DSBs) in vivo is critical for signaling DNA damage
to downstream effectors, such as Tell and Mecl in yeast
or ATM in mammalian cells (NELMS et al. 1998; GRENON
et al. 2001; Usur et al. 2001; NAKADA et al. 2003; UzIEL
et al. 2003; CosTANZO el al. 2004; LisBY el al. 2004).
The rapid recruitment of the Mrell complex to DSBs
is also suggestive of an early role in the repair of DSBs.
Studies with the mrel Inull (mrel 1A) mutant have shown
a defect in the 5'-3' resection of DSBs suggesting a
direct role of Mrell in the nucleolytic resection process
(LEE et al. 1998; TsuBoucHI and Ocawa 1998). Al-
though the exonuclease activity of Mrel1 is of the opposite
polarity to that observed for DSB resection (WHITE and
HABER 1990), the endonuclease activity of Mrell could
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potentially function in concert with a helicase unwind-
ing the DNA duplex and the Mrell endonuclease re-
secting the 5’ ends.

Analysis of mrell nuclease-defective (mrell-nd) mu-
tants has led to conflicting views on the role of the Mrell
nuclease in end resection because of the different phe-
notypes conferred by these alleles. All of the mrel I-nd
mutants share the property of sporulation deficiency
due to an inability to process Spoll-induced DSBs dur-
ing meiosis, as well as synthetic mitotic lethality with
rad27A (FURUSE et al. 1998; TsuBoucHr and OGAwA
1998; Usut et al. 1998; MOREAU ef al. 1999; DEBRAUWERE
et al. 2001). The Mrell-58 protein has two point muta-
tions in phosphoesterase motif IV (H213Y, L225I),
consistently lacks nuclease activity in vitro, and is further-
more defective in complex formation with Rad50 and
Xrs2 (Usut et al. 1998). The mrel 1-58 allele confers a
phenotype similar to that of an mrel IA allele for sen-
sitivity to ionizing radiation, processing of HO-induced
DSBs, and sensitivity to HU and telomere length, but is
proficient for meiotic DSB formation (TsusoucH1 and
Ocawa 1998; Usut et al. 1998; D’AMOURS and JACKSON
2001). The mrel 1-D16A mutant (phosphoesterase motif
I) is less sensitive to IR than the mrelIA mutant and
the telomeres are of intermediate length between the
mrel IA and MREI1 strains (FURUSE el al. 1998). This
mutant is proficient for end-joining repair of cohesive
ends, and the purified Mrell-D16A protein interacts
with Rad50 and Xrs2 in vitro (LEWIS et al. 2004). How-
ever, the recruitment of Radb50 to telomeres is impaired
in the mrel I-D16A strain and there is a defectin complex
formation between the Schizosaccharomyces pombe Rad32-
D25A protein (equivalent to Mrell-D16A) and Radb50
i vivo (ToMmrTa et al. 2003; TARATA et al. 2005). In con-
trast, the mrel1-D56N and mrel1-HI125N strains (phos-
phoesterase motifs II and III, respectively) show only a
three- to fourfold decrease in survival to 500 Gy IR com-
pared to MRE] [ strains, exhibit no defect in processing
HO-induced DSBs, and have telomeres of the same
length as MRE11 strains (MOREAU et al. 1999; LLORENTE
and SyMINGTON 2004). These results have led to the
suggestion that the Mrell-D56N and Mrell-H125N
proteins retain sufficient residual nuclease activity to
process DSBs in vivo (LEwIs et al. 2004). However, in
genetic assays for endonucleolytic processing of hairpin
structures in yeast, the mrelI-D56N and mrel I-HI25N
strains were as defective as the mrel IA strain, indicating
that there is little, if any, residual endonuclease activity
(RATTRAY et al. 2001; LOBACHEV et al. 2002; FARAH et al.
2005). Biochemical studies of the human Mrell-3
protein, which has two amino acid substitutions within
phosphoesterase motif III, have shown a complete loss
of nuclease activity even though in the crystal structure
of the Pyrococcus furiosus Mrell-3, the overall protein
fold and active site conformation is the same as those in
the wild-type protein (ARTHUR et al. 2004). In vivo, the
yeast mrel I-3 mutant shows similar sensitivity to IR as the

mrel I-HI125N strain and normal resection of an HO-
induced DSB (BRESSAN et al. 1998; MOREAU et al. 1999;
LEE et al. 2002).

Another possibility to account for the more severe
phenotypes conferred by the mrelI-DI6A allele is a
defect in complex assembly, as shown for the mrel1-58
allele (Usur et al. 1998). Although the Mrell-D16A
protein binds to Rad50 and Xrs2 in vitro, it is possible
that a subtle defect in complex formation may not have
been apparent at high protein concentrations (LEwIs
et al. 2004). To test these possibilities, we have compared
several phenotypes, nuclease activity, and complex for-
mation of six mrell mutants with substitutions of
invariant residues within phosphoesterase motifs I, II,
and III. All six mutants were equally impaired for the
exonuclease activity of Mrell. Consistent with previous
studies (FURUSE et al. 1998; LEw1s et al. 2004), we find
that substitutions of Aspl6 within motif I confer the
most severe DNA repair and telomere length defects.
However, these defects appear to be related to a de-
ficiency in complex formation as interactions between
Rad50 or Xrs2 and Mrell-DI16A or Mrell-D16N are
severely compromised, whereas the mrell alleles with
less severe DNA repair and telomere maintenance de-
fects exhibit stable complex formation.

MATERIALS AND METHODS

Media and growth conditions: Rich medium (YPD) and
synthetic complete (SC) medium lacking the appropriate
amino acid or nucleic acid base were prepared as described
previously (SHERMAN et al. 1986). Sporulation medium con-
tained 1% potassium acetate and the appropriate amino acids
or nucleic acid bases at one-fifth of the concentration used in
SC medium. Yeast cells were grown at 30° unless otherwise
indicated.

Yeast strains and plasmids: The strains used for this study
are derivatives of W303-1A or W303-1B (THOMAS and ROTHSTEIN
1989), with the exception of JEL-1 and the mrel I derivative of
JEL-1. Standard genetic methods were used to generate the
strains described in Table 1. Yeast transformation was by the
lithium acetate method (ITo et al. 1983). Strains containing
Radb50 or Xrs2 C-terminal epitope tags were generated by a
PCR strategy using plasmid templates (LONGTINE et al. 1998).
These plasmids contain 3 copies of the HA epitope, or 13
copies of the Myc epitope, followed by a translation stop codon
in tandem with the His3MX6 gene. Gene-specific recombina-
tion replaces the native stop codon with the in-frame epitope
sequences, followed by the new stop codon and the His3MX6
gene. Recombinants were selected by growth on SC-His me-
dium and correct integration verified by genomic PCR. Ex-
pression of the epitope-tagged Rad50 or Xrs2 proteins was
verified by Western blot analysis. To replace the chromosomal
MREI1 allele with the mrel I-nd alleles, integrating plasmids
containing the mrel I-nd alleles were linearized with Sphl and
used to transform strain W1588-4C. The resulting Ura" trans-
formants were patched onto solid rich medium and then
replica plated onto medium containing 5-fluoroorotic acid
(5-FOA) to select for “pop-out” events. The presence of the
mrel I-nd alleles in the resulting Ura™~ cells was assessed by IR
sensitivity at 900 Gy; the mutations were then confirmed by
genomic PCR and DNA sequence analysis. Strain LSY1706,
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TABLE 1

Yeast strains

Strain Genotype

Source or reference

W1588-4C MATa
WI1588-4A MATo

R. Rothstein
R. Rothstein

LSY779 MATa mrell::LEU2 MOREAU et al. (1999)

LSY1032 MATa mrel I-D56N LLORENTE and
SYMINGTON (2004)

LSY1375 MATa mrel I-D56N, HI25N This study

LSY1397 MATa mrel I-HI25N This study

LSY1406 MATa mrel1-D16N This study

LSY1407 MATa mrel I-D56A This study

LSY1408 MATa mrel I-HI125A This study

LSY1559 MATa mrel I-D16A This study

LSY1577 MATo RAD50-3xHA-Typy-His3MX6 This study

LSY1578 MATa RAD50-3xHA-Tprr-His3MX6 This study

LSY1579 MATa XRS2-13xMYC-Typ-His3MX6 This study

LSY1585 MATo RAD50-3xHA-Tpp1-His3MX6 XRS2-13xMYC-Typp-His3MX6 This study

LSY1587 MATa M)50—3xHA-TAn]]]-Hi53MX6 XRSZ—ijMYC—TAn]”-HZ.SjMX6 mrell::LEU2 This study

LSY1643 MATo RAD50-3xHA-Tpp1-His3MX6 XRS2-13xMYC-T,ppy-His3MX6 mrel 1-D16A This study

LSY1645 MATa RAD50-3xHA-Tpr1-His3MX6 XRS2-13xMYC-Tsprri-His3MX6 mrel 1-D16N This study

LSY1646 MATo RAD50-3xHA-Tpr11-His3MX6 XRS2-13xMYC-Tprr-His3MX6 mrel 1-D56A This study

LSY1648 MATo. RAD50-3xHA-Tpp1-His3MX6 XRS2-13xMYC-Typp-His3MX6 mrel 1-HI125N This study

LSY1650 MATo RAD50-3xHA-Tpr1-His3MX6 XRS2-13xMYC-Tprr-His3MX6 mrel I-HI125A This study

LSY1651 MATo RAD50-3xHA-Tpp1-His3MX6 XRS2-13xMYC-Typp-His3MX6 mrel 1-D56N, HI25N This study

LSY1655 MATo RAD50-3xHA-Tpyi1-His3MX6 XRS2-13xMYC-Tpr-His3MX6 mrel 1-D56N This study

JEL1 MATo leu2 trpl wra3-52 prol-1122 pep4-3 Ahis3::PGALI0-GAL4 AUSTIN et al. (1995)

LSY1706 MATwo leu2 trpl wra3-52 prol-1122 pep4-3 Ahis3::PGALI10-GAL4 mrel 1:: His3MX6 This study

All strains except JEL1 and LSY1706 are derived from W303 (lew2-3,112 trp1-1 ura3-1 canl-100 trpl-1 ade2-1 his3-11,15 canl-100
RAD5); only mating type and differences from this genotype are shown.

containing the mrell::His3MX6 allele, was made by PCR-
mediated gene disruption of JEL-1 (LONGTINE et al. 1998).
His™ transformants were screened for IR sensitivity and the
disruption confirmed by PCR.

Plasmid pSM444 containing the mrel I-D56Nallele in the in-
tegrating vector pRS406 was described previously (LLORENTE
and SYMINGTON 2004). Plasmids pRS406-MRE11, pSM438, and
pSM446 were generated by cloning 2.9-kb Kpnl/ Sacl fragments
from pRS414-MRE11, pRS414-mrel I-HI25N, and pRS414-mrel I-
D56N, H125N, respectively, into pRS406 (MOREAU et al. 1999).
The mrel1-D16N, mrel1-D56A, and mrel I-HI25A alleles were
made by ssite-directed mutagenesis of pRS406-MRE1 1 using the
GeneEditor kit (Promega). Sequences of the oligonucleotides
used are available on request. Plasmid pRS406-mrel I-D16A
was made by cloning a Pmil/Sphl fragment from pTZDI16A
(FURUSE et al. 1998) into Pmll/Sphl-digested pRS406-mrel -
DI6N, replacing the mrel I-D16N mutation with mrel I-D16A.
The high-copy-number plasmids containing mrel I-nd alleles
were made by cloning 2.9-kb Kpnl/Sad fragments from the cor-
responding integrating vectors into pRS426 (CHRISTIANSON
et al. 1992). The plasmids used to express and purify gluta-
thione Stransferase (GST) fusion proteins were derived from
pSM334, containing the MREII open reading frame cloned
into the GST-fusion vector, pEG(KT) (MOREAU et al. 1999).
The mrel1-D16A, mrel I-D16N, mrel I-D56A, and mrel I-HI125A
alleles were cloned from the integrating vectors into pSM334
using standard cloning methods. The pEG (KT) vectors express-
ing the Mrell-D56N and Mrell-H125N proteins were de-
scribed previously (MOREAU et al. 1999). Expression of the
GST-Mrel1l fusion protein restores IR resistance to the mrel IA
strain; expression of the GST-Mrell-nd proteins results in par-
tial complementation of the IR sensitivity of the mrel IA strain.

v-Irradiation, methyl methanesulfonate (MMS), and hy-
droxyurea (HU) survival assays: Cells were grown in liquid
medium to mid-log phase. The cultures were serially diluted
and aliquots of each dilution were plated on solid medium.
The plates were irradiated in a Gammacell-220 containing
“Co (Atomic Energy of Canada) for the designated dose. The
dose rate of the Gammacell-220 was 0.44 Gy/sec. The plates
were incubated for 3—4 days before survivors were counted.
Each strain was assayed at least three times and mean values
are presented. For MMS and HU survival assays, aliquots of
each dilution were spotted onto YPD plates containing the
indicated amount of MMS or HU; the plates were then in-
cubated for 3 days. The MMS and HU survival assays were
repeated four times.

Physical analysis of telomere length: Physical analysis of
telomere length was performed using standard Southern blot
techniques as described previously (MOREAU et al. 1999).
Telomere length analysis was performed three times for each
of the strains; a representative gel is shown in Figure 2. For the
strains containing high-copy-number plasmids, three inde-
pendent transformants were analyzed for each strain; a repre-
sentative gel is shown in Figure 4.

Co-immunoprecipitation: For all immunoprecipitations,
50-100 ml of cells were grown to mid-log phase in YPD, har-
vested, washed twice with 20 mwm Tris-HCI at pH 7.4, 200 mMm
NaCl, and stored at —80°. Extracts were prepared and immuno-
precipitated as previously described (STRAHL-BOLSINGER
et al. 1997). Equivalent amounts of total soluble protein were
used for the immunoprecipitations. Anti-(a)-HA monoclonal
antibodies (12CA5, Roche) were used to immunoprecipitate
(IP) and detect Rad50-HA. a-MYC monoclonal antibodies
(Sigma) were used to IP and detect Xrs2-MYC. Hiss-Mrel1 was
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purified from E. colias described (FURUSE et al. 1998) and used
to immunize rabbits (Sigma Genosys); crude serum was used
to IP and detect Mrell. The cell lysis buffer contained 140 mm
or 500 mMm NaCl, as described in the text. Proteins were sep-
arated by electrophoresis in 6% polyacrylamide-SDS gels,
transferred to Immobilon membranes (Millipore, Medford,
MA) and probed with the antibodies described above. For all
of the experiments, the IP samples were concentrated four- to
sixfold relative to the crude extract samples to facilitate de-
tection of complexes.

End-joining assay: The efficiency of plasmid end joining was
measured as described previously using BamHI-digested
pRS416 (BouLTON and JACKSON 1996; MOREAU et al. 1999).

Mrell purification and nuclease assays: Plasmids express-
ing GST-Mrell or GST-Mrell-nd proteins were used to trans-
form an mrel IA derivative of the protease-defective host strain
JELLI, selecting for Ura"’ transformants. The resulting strains
were grown in 50 ml minimal medium to maintain selection
for the plasmid and with raffinose as a carbon source. Galac-
tose was added to the cultures to a final concentration of 2%
when the cell density was 2-3 X 107/ml to induce expression
from the GALI promoter. Cells were harvested and resus-
pended in 0.5 ml lysis buffer [20 mM Tris-HCI, pH 8.0; 1 mm
EDTA; 500 mym NaCl; 0.1% Triton-X100; 10% glycerol (v/v);
0.5 mm PMSF; 1/1000 protease inhibitor cocktail set IV
(Calbiochem)]. An equal volume of zirconia silicate beads
(Biospec) was added and the cells lysed by vortexing for 10 min
at4°. The lysate was centrifuged at 3000 rpm for 5 min and the
supernatant transferred to a clean tube. The zirconia silicate
beads were washed once with 0.5 ml of lysis buffer and
centrifuged again, and the supernatants were combined.
The extract was mixed with 50 pl of glutathione-sepharose
beads for 1 hr at 4° to adsorb protein to the beads. The beads
were precipitated by centrifugation, and the supernatant was
discarded and then washed three times with 20 vol of lysis
buffer. The GST fusion proteins were eluted from the beads
with 2 vol of 50 mm Tris-HCI, pH 8.0; 1 mMm EDTA; 20 mm
glutathione, reduced; 40% glycerol (v/v) and stored at —20°.
The 3’-end-labeled DNA was prepared with [a-**P]dATP and
Klenow DNA polymerase by using pRS415 DNA cut with EcoRI.
Reaction conditions were as described previously (MOREAU
et al. 1999). Release of the 3'-end label was monitored by
trichloroacetic acid precipitation of the substrate DNA
(FIORENTINT ef al. 1997).

RESULTS

Mutations within phosphoesterase motifs of Mrell
confer variable sensitivity to IR: The conserved phos-
phoesterase motifs within the N-terminal domain of
Mrell are required for the exo- and endonuclease acti-
vities in wvitro (FURUSE et al. 1998; Usul et al. 1998;
MOREAU et al. 1999; ARTHUR et al. 2004). However, the
variable IR sensitivity conferred by different mrel I-nd
alleles has raised the question of whether the higher IR
resistance of some mutants is due to residual nuclease
activity (FURUSE et al. 1998; Usul et al. 1998; MOREAU
et al. 1999; LEwis et al. 2004). To directly compare yeast
mrel I-nd strains, an isogenic set of strains with single-
amino-acid substitutions to alanine or asparagine within
the N-terminal region of Mrell was generated. The
substitutions were made at conserved residues within
phosphoesterase motifs I, II, or III (Figure 1A). On the
basis of the crystal structure of P. furiosus (Pf) Mrell, a

network of eight residues coordinate two Mn** ions in
the active site. Asp16 is one of three residues that coor-
dinate one of the Mn?*" ions (HOPFNER et al. 2001). The
histidine mutated in the mrel 1-58 allele, His213, coor-
dinates the second Mn** ion, while Asp56 is positioned
to coordinate both active site metal ions. Meanwhile,
His125 is thought to stabilize the accumulating negative
charge on the pentacoordinated phosphate transition
intermediate.

Consistent with previous studies, the mrell-DI16A
allele conferred the most severe IR sensitivity of all the
point mutations, but this strain still showed greater
resistance than the mrel IA strain (Figure 1B) (FURUSE
et al. 1998; LEwis et al. 2004). The mrel I-D16A, mrel 1-
D56A, and mrel I-HI25A mutations conferred greater
sensitivity to IR than substitutions at the same residues
to asparagines. As described previously, the mrel I-D56N
and mrel 1-H125N strains showed similar sensitivity to IR,
which was also the case for the mrel I-D56A and mrel I-
H125A strains (Figure 1B). Because Asp56 and His125
are thought to carry out different functions in the catalytic
mechanism of Mrell, we constructed an mrel I-D56N,
HI25N double mutant with the expectation that any
residual nuclease activity retained by the single mutants
would be reduced further by the double substitution. In
all of the DNA repair assays, the mrel I-D56N, HI25N
strain exhibited similar sensitivity to the strains with
the single mrel I-D56N or mrel I-HI125N mutations. The
hierarchy for resistance to IR, MREI1 > mrel 1-D56N =
mrel I-HI25N = mrel 1-D56N, HI25N > mrel I-DI6N =
mrel 1-D56A = mrel I-H125A > mrel I-D16A > mrel IA,
was also observed for resistance to MMS (Figure 1C). All
of the mrell-nd mutants were resistant to 50 mm HU,
indicating that the nuclease activity is not important for
the intra-S phase checkpoint function of Mrell (Figure
1C). However, at 100 mMm HU, the mrel I-D16A strain ex-
hibited reduced viability. Consistent with previous stud-
ies, none of the mrel I-nd mutants was defective in joining
of cohesive ends in a plasmid transformation assay (data
not shown) (MoREAU et al. 1999; LEwIS et al. 2004).

Telomere length is decreased in the mrel1-D16A and
mrel1-D16N strains: Genomic DNA was isolated from
all of the strains, digested with Xhol, and probed for
telomeric sequences. As shown previously, the mrel IA
strain has short telomeres while the mrel I-HI125N strain
has telomeres of the same length as those of the MRE11
strain and the mrel 1-D16A strain has telomeres of in-
termediate length (Figure 2) (BouLTON and JACKSON
1998; MOREAU et al. 1999). We found that the mrel I-
DI6N strain has telomeres slightly shorter than those
of wild type, but longer than those of the mrel1-D16A
strain. Like the mrel I-HI125N strain, the mrel 1-D56N and
mrel 1-D56N, H125N strains have telomeres identical in
length to those of the wild-type strain. However, the
mrel I-D56A and mrel I-H125A strains have slightly shorter
telomeres than wild type, but longer than those of the
mrel 1-D16A and mrel I-D16N strains. Compared to the
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Frcure 1.—Clastogen sensitivity of the mrell strains. (A) Schematic of the Saccharomyces cerevisiae Mrell protein showing the
conserved phosphoesterase motifs I-V and the two DNA binding domains, DBDA and DBDB (Usut ez al. 1998). The invariant res-
idues and substitutions at these residues in phosphoesterase motifs I, II, and III are shown. (B) Radiation sensitivity of the mrel I
strains. Dose-response curves of haploid wild-type, mrel 1A, and mrel I-nd strains. (C) MMS and HU sensitivity of the mrel I strains.
Tenfold serial dilutions were spotted onto YPD plates and YPD plates containing MMS or HU at the indicated concentration.

more complex pattern of IR sensitivities, the telomere
maintenance proficiencies of the motif II and III mu-
tants suggest that residues within motif I play a more
important role than residues within motifs I and Il in
the telomere maintenance function of Mrell.

MRX complex formation is defective in the mrell-
D16A and mrell-DI6N strains: We considered two
possibilities for the increased IR sensitivity and short
telomeres of strains with mutations in phosphoesterase
motif I compared with strains with mutations in motifs II
and III. First, as suggested by LEwis et al. (2004), the
Mrell-D16A protein might have lower residual nucle-
ase activity than the Mrell-D56N and Mrell-HI25N
proteins. We consider this explanation unlikely because
our previous studies indicated that the Mre11-D56N and
Mrell-HI125N proteins have negligible endonuclease
activity and genetic studies indicate a complete defectin
endonuclease activity in vivoin these mutants (MOREAU

>

et al. 1999; RATTRAY ¢f al. 2001; LOBACHEV el al. 2002
FARAH et al. 2005). Second, residues in motif I could be
important for interaction of Mrell with Rad50 and/or
Xrs2, as suggested by previous two-hybrid studies (BRESSAN
et al. 1998).

To characterize MRX complex formation by immu-
noprecipitation of the natively expressed proteins,
the RAD50and XRS2loci were modified by the addition
of C-terminal HA and MYC epitope tags, respectively
(LONGTINE et al. 1998). These strains exhibit wild-type
resistance to 500-Gy IR, but the RAD50-HA strain has
telomeres that are slightly shorter than those of wild
type (data not shown). Using a-Mrell antibodies to
immunoprecipitate Mrell, Rad50 and Xrs2 were co-
precipitated with similar efficiencies in the MREII,
mrel I-D56A, mrel I-D56N, mrel I-HI125A, and mrel I-HI25N
strains (Figure 3A). However, we were unable to detect
MRX complex formation in the mrel 1-D16A strain, and
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FiGure 2.—Telomere length of the mrel I-nd mutants. Frag-
ments from Xhol-digested genomic DNA from the indicated
strains were separated on a 1.2% agarose gel and the trans-
ferred fragments hybridized with a Y’ probe. The Y’ long
and short subtelomeric repeat sequences are visible at the
top of the gel, while the terminal fragments form heteroge-
neous fragments of ~1.3 kb.

there was reduced interaction between Mrell-D16N
and Rad50 or Xrs2. A nonspecific band of slightly
reduced mobility compared with Xrs2 was detected with
the a-MYC antibodies in the mrel IA and mrel 1-D16N
extract immunoprecipitates. To confirm the interaction
between Mrell and Xrs2, the immunoprecipitations
were repeated using o-MYC (Xrs2) antibodies (Figure
3B). Complexes were detected between Xrs2 and Mrell
in all strains except mrel IA and mrel I-D16A, and bind-
ing between Xrs2 and Mrel1-D16N was reduced. Similar
results were obtained for immunoprecipitations with
o-HA antibodies (Rad50). A faint band corresponding
to Mrell-D16A was detected in the immunoprecipitate
with Rad50 indicating that binding is not completely
abolished, but is greatly impaired (Figure 3C). The
steady-state levels of Mrel1-D16A and Mrel1-D16N were
similar to that of wild type, indicating that the failure to
detect complexes was not due to reduced expression or
stability of the mutant proteins. The immunoprecipita-
tions were originally performed in a buffer containing
140 mm NaCl; to determine whether interaction be-
tween any of the Mrell-nd proteins and Rad50 was salt
sensitive, extracts were also prepared using buffers with
500 mM NaCl. Using the high-salt buffer, there was no
defect in interactions between Mrell, Mrell-D56A,
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FIGURE 3.—Defect in MRX complex formation in the
mrel 1-D16A and mrel I-DI6N strains. (A) Extracts prepared
in 140 mM NaCl buffer were immunoprecipitated with
a-Mrell antibodies and the Western blots probed with
a-Mrell, a-MYC (Xrs2), or a-HA (Rad50) antibodies as indi-
cated. (B) Extracts prepared in 140 mm NaCl buffer were im-
munoprecipitated with a-MYC (Xrs2) antibodies and the
Western blots probed with a-MYC or o-Mrell antibodies.
(C) Extracts prepared in 140 mm NaCl buffer were immuno-
precipitated with a-HA (Rad50) antibodies and the Western
blots probed with a-HA or a-Mrell antibodies. (D) Extracts
prepared in 500 mm NaCl buffer were immunoprecipitated
with a-HA antibodies and the Western blots probed with a-
Mrell antibodies. The Mrell proteins present in each strain
are shown as + for wild type, A for the deletion strain, and by
the relevant amino acid substitutions; E refers to the whole
cell extract and IP refers to the immunoprecipitated proteins.
IP samples were concentrated sixfold relative to the crude ex-
tract samples in A and D and fourfold relative to the crude
extract samples in B and C.

Mrell-D56N, Mrell-H125A, or Mrell-H125N and
Rad50 or Xrs2, but even Mrell-D16N failed to interact
under these conditions (Figure 3D and datanotshown).
We conclude that substitutions within motif I interfere
with MRX complex formation and this could account
for the more severe DNA repair and telomere length
defects observed for the mrel1-D16A and mrelI-D16N
strains, compared with substitutions in motifs II and III.

Expression of mrel1-D16A or mrel1-D16N from high-
copy-number plasmids partially suppresses the DNA
repair and telomere length defects of the correspond-
ing mutant strains: If the defect of the mrelI-D16A and
mrel 1-D16N strains is due in part to inefficient complex
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Ficure 4.—High-copy expression of the mrel1-DI16A and
mrel I-D16N alleles partially suppresses the IR sensitivity and
telomere length defect. (A) Dose-response curves for wild-
type (wt), mrel1-D16A, mrel1-D16N, mrel I-D56A, and mrel I-
D56N strains containing either the high-copy-number vector
(EV) or high-copy-number vector with the mrell mutant al-
lele. (B) Telomere length of haploid strains expressing the
mrel I-nd alleles in high copy.

formation, then one might expect partial suppression of
the IR sensitivity and telomere length defect of these
strains by overexpression of the mutant alleles. All of the
mrel I-nd alleles were cloned into a high-copy-number
plasmid and transformed into the respective mutant
strains, and the resulting transformants were tested for
IR sensitivity. No suppression was observed for the mrel I-
D56A, mrel I-D56N, mrel 1-H125A, or mrel 1-HI125N alleles
when present in high copy (Figure 4A, mrel I-HI125N

100.0 12%0

80.0
60.0

40.0

Percent of Mre11 activity

20.0

2.2

0.0 i,

wt Mn wt Mg D56N l D56A ' D16N D16A

1.3 1.3
——— — —1 . = _—1

FIGUure 5.—The Aspl6 and Asp56 residues are important
for the Mrell exonuclease activity. Percentage release of
the 3’-end label from radiolabeled DNA fragments was deter-
mined for the partially purified proteins and normalized to the
value obtained for the wild-type (wt) protein. The values for the
mutant proteins in the presence of Mn** are presented.

and mrel I-HI125A not shown). In contrast, a 10- to 20-
fold suppression of the IR sensitivity of the mrel I-D16A
or mrelI-DI6N strains was observed when they con-
tained high-copy-number plasmids with the mrel I-D16A
or mrel 1-D16N alleles, respectively (Figure 4A). Further-
more, the telomere length defect of the mrel 1-D16A and
mrel I-DI6N strains was partially suppressed by expres-
sion of the corresponding mutant allele from a high-
copy-number vector (Figure 4B). High-copy expression
of the mrel 1-D56A allele did not suppress the slight telo-
mere length defect of the mrel I-D56A strain. No domi-
nant negative effects for the high-copy-number plasmids
expressing the mrell-nd alleles in the wild-type strain
were observed (only mrel1-D16Nis shown in Figure 4A).

Conserved residues within motifs I and II are re-
quired for nuclease activity: Our studies indicate that
the more severe DNA repair and telomere maintenance
phenotypes of the mrel I-D16N strain compared with the
mrel I-D56N and mrel 1-H125N strains are due in partto a
defect in interaction with Rad50 and Xrs2. However, we
also found a significant difference between substitu-
tions to alanine vs. asparagine at each of the conserved
residues mutated; in each case a more severe DNA
repair defect was observed for the less conservative
substitutions to alanine. To determine whether the dif-
ference in phenotype is due to residual nuclease activity
for the asparagine substitution mutations, the Mrell,
Mrell-D16A, Mrell-D16N, Mrell-D56A, and Mrell-
D56N proteins were purified from an mrel IA yeast strain
as fusions to GST and the 3'-5' exonuclease activity
determined by release of a 3’-end label from radio-
labeled linear duplex DNA (Figure 5). The Hisl25
mutations were not included because of the similarity in
phenotype to the Asp56 mutations. As described pre-
viously (FURUSE et al. 1998; PAULL and GELLERT 1998;
Usul et al. 1998; MOREAU et al. 1999), the Mrell protein
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exhibits Mn*"-dependent 3'-5’ exonuclease activity.
Approximately 2% residual nuclease activity was ob-
served for wild-type Mrell in the presence of Mg**; this
is most likely due to the presence of contaminating
nucleases because the Mrell nuclease is Mn** depen-
dent and the activity in the presence of Mg** was also
observed for GST alone (data not shown). For all of the
mutant proteins tested, the Mn*"-dependent exonucle-
ase activity was <2% of the activity observed for the wild-
type protein and at the same background level seen in
the presence of Mg**.

DISCUSSION

The role of the Mrell nuclease activity in telomere
maintenance and resection of DNA double-strand breaks
is controversial because different nuclease-defective
alleles of MRE11 (mrel I-nd alleles) confer variable sen-
sitivity to IR and telomere length. The differences in
phenotype could be due to residual nuclease activity for
some of the mutants or to a defect in some other aspect
of Mrell function. Consistent with previous studies
(BRESSAN et al. 1998; LeEwis et al. 2004), we found a
hierarchy for the mrel I-nd strains with the mrel I-D16A
strain exhibiting the most severe phenotype, followed
by the mrel I-D56A, mrel I-H125A, and mrel I-D16N strains;
the mrel 1-D56N, mrel 1-HI125N, and mrel 1-D56N, HI25N
strains showed greatest DNA repair proficiency and had
normal length telomeres (Figures 1 and 2). As discussed
below, these differences in phenotype are due to de-
fective complex formation for substitutions in motif I
and the nature of the amino acid substitution at the
conserved residues within each motif.

The Mrell-D16A and Mrell-D1I6N proteins are
defective for complex formation in vivo: In a previous
study, the Mrell-D16A protein was shown to bind to
Radb0 and Xrs2 in vitro (LEwis et al. 2004). However,
because the conditions used may have been saturating, a
subtle defect in binding to the other complex compo-
nents may not have been apparent. By co-immunopre-
cipitation of the native proteins from yeast extracts, we
were unable to detect complexes between Mrell-D16A,
Rad50, and Xrs2, and the Mrel1-D16N protein showed
less-stable complex formation (Figure 3). The condi-
tions used for immunoprecipitation involve dilution of
cellular components and therefore may accentuate
interaction defects. However, complex formation for
the other mrel I-nd mutants was comparable to that of
wild type, even under high salt conditions, indicating
that Asp16 is essential for the integrity of the MRX com-
plex. Consistent with reduced binding of the Mrell-
D16A and Mrell-D16N proteins to Rad50 and Xrs2, the
IR sensitivity and telomere length defects were partially
suppressed when the mutant alleles were present
in high copy (Figure 4). The IR sensitivity of the strain
with the mrel I-D16A allele in high copy was the same as
the mrel 1-D56A strain; similarly, the IR sensitivity of the

strain with the mrelI-DI6N allele in high copy was the
same as the mrel I-D56N strain. This observation sug-
gests that when complex formation is restored, the DNA
repair ability of strains with mutations of these con-
served aspartic acid residues is the same, consistent with
a similar function for Asp16 and Asp56 in coordinating
active site metal ions.

The telomere length of the strain with mrel 1-D16A in
high copy was not restored to the length observed in the
mrel I-D56A, suggesting that other functions at the
telomere might be impaired by the mrel I-D16A allele.
A recent study showed Xrs2-dependent recruitment of
Mrell to telomeres during late S-phase, but recruit-
ment of Mrel1-D16A was reduced (TARATA et al. 2005).
Xrs2 also interacts with Tell and this interaction is
essential for telomere maintenance, but not for DNA
repair (NAKADA et al. 2003; TSURAMOTO et al. 2005). The
only demonstrated role for Xrs2 in DNA repair is for
nuclear localization of Mrell (TsukamMoTO et al. 2005).
Therefore, it is possible that the defective interaction
between Mrell-D16A and Xrs2 has a more profound
effect on telomere maintenance than DNA repair. It is
also possible that telomere maintenance is more sensi-
tive to the overall level of the MRX complex than other
functions. Notably, the mrelI-DI6N strain has shorter
telomeres than the mrel I-D56A strain (Figure 2), but is
more resistant to IR than the mrel I-D56A strain. Thus,
the subtle defect in complex formation in the mrel I-
DIG6N strain may result in a telomere maintenance
defect without severely compromising DNA repair. By
co-immunoprecipitation, complex formation between
Mrell-D16A, Rad50, and Xrs2 was greatly impaired, but
the mrel1-D16A homozygous diploid is proficient for
meiotic DSB formation and NHE] indicating that suf-
ficient complex forms in vivo for these functions or that
complex formation is not necessary for NHE] and mei-
otic DSB formation (FURUSE et al. 1998; LEwis et al.
2004). Similarly, the Mrell-58 protein is defective for
Radb0 and Xrs2 interaction in vitro, and the mrel1-58
strain shows profound DNA repair and telomere length
defects, but the mrel 1-58 diploid forms meiosis-specific
DSBs (TsupoucHI and Ocawa 1998). These results
suggest that some functions of Mrel1l have a more strin-
gentrequirement for the integrity of the MRX complex.

Role of the Mrell nuclease activity: LEwIs et al.
(2004) suggested that the more severe DNA repair defect
of the mrel I-D16A strain, compared with the mrel I-D56N
and mrel I-HI25N strains, is due to residual nuclease
activity for the Mrel1-D56N and Mrel1-H125N proteins.
We consider this explanation unlikely. First, as discussed
above, the mrel I-DI6N strain is partially defective for
MRX complex formation én vivo and this contributes to
the defects in DNA repair and telomere maintenance.
Second, mutation of invariant residues in phosphoester-
ase motifs I or II results in a >50-fold reduction in the
Mrell exonuclease activity. We were unable to detect a
difference in the residual nuclease activity between the
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mutant Mrell proteins, suggesting that the variability in
phenotype of the corresponding strains is not due to
higher residual nuclease activity for some of the Mrell-nd
proteins (Figure 5). Extensive biochemical character-
ization of the Mrell-3 protein (HI129L, D130V) also
revealed no nuclease activity, and the phenotypes con-
ferred by the yeast mrel1-3 and mrel 1-H125N alleles are
comparable (BRESSAN et al. 1998; LEE et al. 2002; ARTHUR
et al. 2004). The substitutions of Asp56 and His125 to
asparagines were originally made because equivalent
substitutions in the structurally similar N phosphatase
resulted in a 40- to 60-fold increase in the K, of the mu-
tant proteins for Mn** and a 10°fold decreased rate of
hydrolysis compared with the wild-type enzyme (ZHuo
et al. 1994). The genetic and biochemical characteriza-
tion of the mrel I-nd alleles described here is consistent
with these invariant residues playing an essential role in
catalysis. At all of the targeted residues, alanine substitu-
tions resulted in a more severe defect in DNA repair and
telomere maintenance compared to the more structur-
ally and functionally conservative asparagine substitu-
tions. The alanine substitution at position Asp16 results
in a greater impairment to complex formation than the
asparagine substitution, consistent with the view that
the less-conservative change causes more of a structural
perturbation. Although we could not detect defects in
steady-state protein levels or complex formation for the
Mrell-D56A and Mrell-HI25A proteins, it is possible
that a slight structural distortion affects some other
activity of Mrell.

We were unable to detect a dominant negative phe-
notype by expressing the mrel I-nd alleles in the MREI1
strain (Figure 4 and data not shown). It is possible that
the amount of the MRX complex required for DNA
repair is quite low and that by increasing the copy number
of the mrel I-nd alleles by about 20-fold we were unable to
compete with the endogenous protein. Mrell is dimeric
and N- and C-terminal mutations expressed in diploids
show intragenic complementation indicating that heter-
odimers between Mrell and Mrell-nd proteins are likely
to be active (Narz and KLEIN 1997; LEE ef al. 2002).

The studies presented are consistent with the view
that the mrel I-D56N and mrel I-H125N alleles represent
true separation of function alleles because nuclease
activity is greatly decreased, but MRX complex forma-
tion is intact. We have previously shown defective
processing of Spoll-induced DSBs in meiosis, mild IR
sensitivity, but no defect in resection of HO-induced
DSBs in the mrel I-D56Nand mrel I-H125Nstrains (MOREAU
et al. 2001; LLORENTE and SYMINGTON 2004). The mrel 1-
D56N and mrel I-HI25N strains are as defective as the
mrel IA for the endonucleolytic processing of hairpin
DNA structures in vivo (RATTRAY et al. 2001; LOBACHEV
et al. 2002; FARAH et al. 2005), suggesting that the
primary function of the Mrell nuclease is to cleave
DNA structures or covalent adducts from DNA ends to
allow subsequent processing. However, the Mrell

nuclease does not appear to play a significant role
in the extensive resection of DSBs to generate long
3'single-stranded DNA tails (LLORENTE and SYMINGTON
2004). Mrell is required for formation of the short
G-tails present at all telomeres in yeast, but G-tails are
still present in mrelI-D56N and mrel I-HI25N strains
suggesting the Mrell nuclease itself is not responsible
for this processing step (LARRIVEE el al. 2004; TARATA
et al. 2005). The defect in formation of G-tails observed
in the mrel I-D16A strain is most likely due to reduced
binding of Mrel1-D16A to telomeric DNA via Xrs2 and
inefficient recruitment of Rad50 (TARATA et al. 2005).
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