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ABSTRACT

The Rad50:Mrel1:Xrs2 (RMX) complex functions in repair of DNA double-strand breaks (DSBs) by
recombination and nonhomologous end-joining (NHE]) and is also required for telomere stability. The
Mrell subunit exhibits nuclease activities in vitro, but the role of these activities in repair in mitotic cells
has not been established. In this study we have performed a comparative study of three mutants (mrelI-
DI16A, -D56N, and -HI25N) previously shown to have reduced nuclease activities in vitro. In ends-in and
ends-out chromosome recombination assays using defined plasmid and oligonucleotide DNA substrates,
mrel 1-D16A cells were as deficient as mrel I null strains, but defects were small in mrel I-D56N and -H125N
mutants. mrel 1-D16A cells, but not the other mutants, also displayed strong sensitivity to ionizing radiation,
with residual resistance largely dependent on the presence of the partially redundant nuclease Exol.
mrel 1-D16A mutants were also most sensitive to the S-phase-dependent clastogens hydroxyurea and methyl
methanesulfonate but, as previously observed for D56N and H125N mutants, were not defective in NHE].
Importantly, the affinity of purified Mrel1-D16A protein for Rad50 and Xrs2 was indistinguishable from
wild type and the mutant protein formed complexes with equivalent stoichiometry. Although the role of
the nuclease activity has been questioned in previous studies, the comparative data presented here suggest
that the nuclease function of Mrell is required for RMX-mediated recombinational repair and telomere

stabilization in mitotic cells.

UKARYOTIC organisms repair broken chromo-
somes by at least two distinct DNA repair pathways,
homologous recombination and nonhomologous end-
joining (NHE]). The conserved Saccharomyces cerevisiae
Rad50, Mrell, and Xrs2 proteins (referred to as RMX)
play a unique role in that they function in both recombi-
nation and NHE] repair. Yeast cells containing inacti-
vated RMX genes are defective in NHE] assays (e.g.,
homology-independent plasmid recircularization, sensi-
tivity to in vivo expression of EcoRI endonuclease, dele-
tion formation within dicentric plasmids, etc.) and also
exhibit reduced efficiency of DSB-induced homologous
recombination (LeEwis and ResNick 2000; SUNG et al.
2000; SyminGgTON 2002). RMX mutants also have greatly
increased frequencies of spontaneous chromosome re-
arrangements, shortened telomeres, defects in S-phase
checkpoint responses to DNA damage, hypersensitivity
to clastogenic chemicals and ionizing radiation and re-
duced recombination in meiosis (CHEN and KOLODNER
1999; KouPRINA et al. 1999; LEwis and ResNick 2000;
GRENON ¢t al. 2001; Usut et al. 2001; CHANG et al. 2002;
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D’AMouRrs and JacksoN 2002; MYuNG and KOLODNER
2002).

Several of the metabolic defects described for yeast
RMX mutants are also observed in mammalian cells
upon inactivation of the corresponding gene orthologs.
For example, mutations within the human genes hMRE-
11 and hNBS1 (hNBSI is the apparent human equiva-
lent of yeast XRS2) cause the human disorders Nijmegen
breakage syndrome and ataxia telangiectasia-like disor-
der, respectively (STEWART et al. 1999). Cells derived
from individuals with these disorders display multiple
DNA damage response defects, including hypersensitiv-
ity to ionizing radiation and defective checkpoint re-
sponses. In addition, individuals with these disorders
have an increased incidence of cancer (PETRINI 1999;
D’Amours and Jackson 2002). Further evidence sug-
gesting a role for inactivation of the complex in cancer
development has been obtained from directed sequenc-
ing of hMRE11 genes from random (FUKUDA et al. 2001)
and mismatch repair-deficient tumor cells (GIANNINI ef
al. 2002).

The Mrell subunit of RMX has manganese-depen-
dent 3’-to-5" dsDNA exonuclease and ssDNA endo-
nuclease activities that are active on a number of linear
and circular DNA structures, including the tops of hair-
pin structures formed by inverted repeat sequences in
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vitro and in vivo (HOPFNER et al. 2000; TRUjILLO and
SuNG 2001; LoBACHEV et al. 2002). The purified enzyme
also has DNA strand annealing and dissociation activi-
ties (D’AMOURS and JAcksoN 2002). Sequence compari-
sons have indicated that Mrell contains five conserved
sequence motifs found in many phosphodiesterase en-
zymes (although some reports recognize only four mo-
tifs) and these regions appear to harbor the nuclease
activities of the enzyme (Baum 1995; SHARPLES and LEACH
1995; BRESSAN et al. 1998; TsuBoucHI and Ocawa 1998;
Usurt et al. 1998; MOREAU et al. 1999; HOPFNER et al.
2001, 2002).

The Rad50 subunit of RMX is a large ATP-binding
protein whose sequence contains typical Walker A and
B ATPase motifs on either side of two extended coiled-
coil domains (ALANTI et al. 1990; HOPFNER et al. 2000).
The function of Xrs2 remains unclear, although recent
work demonstrating protein:protein interactions be-
tween this subunit and Lifl, a component of the DNA
ligase IV complex, suggest an important role in RMX-
mediated repair by NHE] (CHEN et al. 2001). Studies
of the equivalent protein in higher eukaryotes (NBSI)
indicate that some activities of the complex, e.g. duplex
DNA unwinding, are also dependent upon the presence
of this subunit (PAuLL and GELLERT 1999).

Structural studies of archaebacterial, yeast, and hu-
man Rad50 and Mrell suggest that these proteins com-
bine to form multimers whose unit structure consists of
two molecules of each polypeptide (ANDERSON et al.
2001; CHEN et al. 2001; DE JAGER et al. 2001; HOPFNER
et al. 2002). According to recent models, each Rad50
subunit forms a folded, antiparallel structure that places
the N- and C-terminal Walker A and B motifs in proxim-
ity with each other. Association of two Mrell molecules
with the joined ends of two folded Rad50 subunits then
forms the DNA-binding portion of the complex. Larger
multimeric structures that can potentially form bridges
between broken DNA ends or between adjacent sister
chromatids have also been suggested, possibly resulting
from Zn®*-mediated joining of Rad50 molecules at a
“hinge” or “hook” region (DE JAGER et al. 2001; HOPFNER
et al. 2002).

The specific mechanism(s) by which the RMX
nuclease complex mediates repair by recombination
and NHE], activates checkpoints, inhibits chromosome
rearrangements, and stabilizes telomeres is unknown.
We and others established that some DSB repair pheno-
types of RMX mutants can be suppressed by overexpres-
sion of the gene encoding Exol, a 5'-to-3’ exonuclease
(and also by telomerase RNA; LEwis et al. 2002), sug-
gesting that a critical function that has been lost in these
mutants is DSB end-processing (CHAMANKHAH et al.
2000; SYMINGTON et al. 2000; TsuBoucHI and OGAwA
2000; MOREAU et al. 2001; LeEwis et al. 2002). More
specifically, these experiments revealed that the nuclease
activity of Exol could partially substitute for RMX in
recombinational repair, but not repair by the NHE]

pathway. The results with Exol are inconsistent with
recent analyses of mutants with substitutions in the con-
served phosphoesterase motifs of Mrell (e.g., -D56N,
-H125N, and -H125L/D126V), which suggested that
nuclease activity is not required for several major func-
tions of RMX in mitotic cells, including recombination,
NHE]J, and telomere stabilization (BRESSAN et al. 1999;
MOREAU et al. 1999; SYMINGTON et al. 2000; TSURAMOTO
et al. 2001; LOBACHEV et al. 2002).

While the Mrell nuclease is clearly required for pro-
cessing of special DNA structures, such as meiotic DSBs
containing attached proteins or certain DNA secondary
structures in mitotic cells (RATTRAY et al. 2001; LoBA-
CHEV et al. 2002; SYMINGTON 2002), previous studies of
known nuclease-defective alleles observed only minor
effects on repair of DSBs induced by ionizing radiation,
chemicals, or site-specific endonucleases during mitotic
growth. We report here that cells expressing a mutant
Mrell protein (Mrel1-D16A; motifT), which is deficient
in endonuclease and exonuclease activities, but which
retains the ability to bind DNA and to form multimers
with Mrell, has multiple DNA metabolic defects that
are consistent with a role for its nuclease function(s) in
recombinational repair of DSBs and telomere stabiliza-
tion, but not NHE] in mitotic cells. Several phenotypes
of mrell1-DI6A cells differ only in severity from cells
expressing two other Mrell variants shown to have re-
duced nuclease activities in vitro. Together with past
observations of recombination-specific suppression by
EXOI, these results suggest that catalytic activities estab-
lished for Mrell in vitro are in fact important for major
functions of the enzyme in vivo such as repair of DSBs
by homologous recombination and stabilization of telo-
meres.

MATERIALS AND METHODS

Strains and plasmids: Yeast strains used for this work are
shown in Table 1. rad50::hisG-URA3-hisG disruptions were gen-
erated using pNKY83 (a generous gift from N. Kleckner) di-
gested with EcoRI + BglIl and exol::URA3 disruptions were
created using plasmid p244 cut with HindIIl + Kpnl (TRAN
et al. 1999). Geneticin/G418 (BRL) and Hygromycin B (Boeh-
ringer Mannheim, Indianapolis) were added to plates for se-
lection of resistant strains at concentrations of 200 and 300
pg/ml, respectively. 5-Fluoroorotic acid (5-FOA) used for se-
lection of Ura™ cells was purchased from United States Biologi-
cal. Methyl methanesulfonate (MMS) was obtained from Fluka
(Buchs, Switzerland) and hydroxyurea (HU) was purchased
from Sigma (St. Louis).

Plasmids used for expression studies were as follows: pRS314
(CEN/ARS, TRPI; S1korsKI and HIETER 1989), pMrel1-D16A
(CEN/ARS, TRPI mrel 1-D16A; this work), pSM258 (CEN/ARS,
TRPI, MRE11; a kind gift from L. Symington), pSM304 (as
pSM258, but mrel I-H125N), pSM312 (as PSM258, but mrel I-
D56N), and pRS316Gal (Lewis et al. 1998).

Site-specific mutagenesis of chromosomal and plasmid loci:
A recently developed technique (delitto perfetto; STORICI el al.
2001) was employed to create substitutions in MREII at its
natural locus on chromosome XIII (Figure 1A). A DNA frag-
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ment containing selectable and counterselectable markers for
G418 and URA3 flanked by MREI11 sequences was generated
using primers MRE11.G and MRE11.U to amplify DNA in the
cassette plasmid pCORE (Storicr et al. 2001). Sequences of
these and all other primers are available upon request. This
fragment was used to insert the cassette into the MREII gene
on chromosome XIII between nucleotides (nt) G46 and A47
of the coding region. Cells were subsequently transformed
with the 80-mer MRE1l.a and MRE11.b and 5-FOA" G418-
sensitive cells were selected. Genomic MREII DNAs from
three independent transformants were sequenced and found
to contain a single mutation at codon 16 from GAT to GCT,
changing the coding from aspartate to alanine. Using the
same approach plasmid pSM258 (CEN/ARS, TRP1, MRIEII)
was modified in an MRE1I-deleted strain background (YLKL-
555) to create pMrell-D16A. All PCR reactions utilized Plati-
num Pfx enzyme (GIBCO/Invitrogen).

Ends-in and ends-out chromosome recombination and
NHE] assays: Plasmid NHE] assays were performed by LiAc
transformation as previously described (LEwis et al. 2002)
using uncut or BamHI-cut pRS314 with strains VL6a (MREIT),
YLKL503 (mrel1A), and YLKL641 (mrel 1-D16A). In these ex-
periments the uncut pRS314 DNA serves as a control for vari-
ability in transformation efficiencies among different strains.

Ends-in recombination proficiencies of cells expressing mu-
tant mrel I alleles were assessed using strain YLKL503 (mrel IA)
containing pRS314, pSM258, pSM304, pSM312, or pMrell-
D16A. Cells were transformed with pLKL37Y that had been
cutinside URA3 with Neol. pLKL37Y was created in the follow-
ing way: A 1.2-kb HindIII URA3 gene fragment obtained from
YEp24 was made blunt with T4 DNA polymerase and cloned
into Sall/ Notl-cut pRS303 that had also been made flush by
extension of sticky ends with T4 DNA polymerase. The re-
sulting plasmid, pLKL37Y, is an integrating vector containing
URA3 and HIS3. After digestion with Ncol and transformation,
Ura™ colonies formed by recombinational integration of the
plasmid into the ura3-52locus on chromosome V were scored.
In this assay most transformants are Ura®™ His* integrants (see
Figure 3B), with a small fraction (=1%) of Ura®™ His™ cells
presumed to arise by conversion of ura3-52 on the chromo-
some. All transformation efficiencies (transformants per mi-
crogram of DNA) were normalized to those for uncut CEN/
ARS plasmid DNA (pRS316Gal) transformed into the same
competent cell preparations on the same day. Results pre-
sented are the mean *SD of 3-5 experiments for each strain.

Ends-out gene conversion assays were performed using de-
rivatives of the strain BY4742-TRP5-HP53 (Table 1). This strain
contains a selectable-counterselectable HygB" + GALp::p53-
V122A CORE cassette inserted into nucleotides 1002 and 1003
of the TRP5 gene in strain BY4742. This strain is used for
quantitative analysis of oligonucleotide-mediated recombina-
tion events that result in perfect excision of the CORE cassette.
The cassette used for these studies differs from the cassette
previously described in Storici ef al. (2001) in that hygro-
mycin B resistance is selectable and resistance to the growth
inhibitory effects of p53-V122A expression can be counterse-
lected (Storicr and REsNICK 2003). p53-V122 is a variant of
human p53 that is highly toxic to yeast cells when expressed
from the GALI promoter (Storicl and ResNick 2003). MRE11,
mrel IA, and mrel 1-D16A cells (BY4742-TRP5-HP53, YLKL770, and
YLKL771, respectively) were transformed with complementary
95-nt oligonucleotides TRP5.e and TRP5.f and frequencies
of HygB® p53~ cells quantitated as described previously for
recombination-dependent delitto perfetto mutagenesis (STORICI
et al. 2001). The rad52A control cells used for Figure 4 were
identical to the above strains except that an alternative cas-
sette, URA3 + G418', was employed. BY4742-TRP5-CORE and
YLKL769 were used for the latter assays.

Binding of Rad50 and Xrs2 to wild-type and mutant Mrell
and Mrel1-D16A proteins: 6His-Mrell and 6His-Mrel1-D16A
were purified from Escherichia coli strains tailored to express
these proteins (FURUSE et al. 1998). Nontagged Rad50, Mrell,
and Xrs2 were overexpressed in yeast and purified to near
homogeneity as described previously (TrujiLLO and SuNG
2001; TrujiLLO et al. 2003). The concentrations of Rad50,
Mrell, 6His-Mrell, 6His-Mrel1-D16A, and Xrs2 were deter-
mined by densitometric scanning of 7.5% SDS-PAGE gels con-
taining multiple loadings of the purified proteins against
known amounts of bovine serum albumin run on the same
gel (TRujILLO et al. 2003).

Binding studies were conducted by incubating purified
Rad50 (5 pg, 1.1 um) or Xrs2 (2.3 pg, 0.8 wm) with and
without purified Mrell (3.5 ng, 1.5 um) or Mrell-6His (3.5
ng, 1.6 wm) at 0° in 30 pl of B buffer (20 mm KH,PO,, pH
7.4, 0.5 mMm EDTA, 1 mm dithiothreitol) containing 150 mm
KCl, 5 pg BSA, 10 mM imidazole, and 0.01% Igepal (Sigma).
After 60 min of incubation, 10 pl of nickel-NTA-agarose beads
(QIAGEN, Valencia, CA) were added and the reaction mix-
tures were left at 0° for another 60 min, with gentle tapping
every 2 min. The beads were washed twice with 30 ul of B
buffer containing 20 mm imidazole before eluting the bound
proteins from the nickel matrix with 30 pl of 200 mm imidazole
in B buffer.

Cell survival assays: Survival after treatment with gamma
radiation was monitored after exposure to a '"Cesium source
emitting at a dose rate of 2.7 krad/min. Two or three indepen-
dent log phase cultures containing YLKL503 (mrelIA) cells
with pRS314 or different MREI1 plasmids (see above) were
irradiated and placed on ice and mean fractions of surviving
cells were calculated after dilutions were spread onto synthetic
glucose plates without tryptophan. Hydroxyurea survival assays
were performed by dilution pronging and fivefold dilutions
of cells as described (LEwis et al. 2002). Strains used for the
assays were YLKL503 containing pRS314 and MRE1 1 plasmids
as above. Control strains were YLKL532 (Arad51) and YLKL-
593 (Ayku70) containing pRS314. Cells were propagated on
synthetic glucose plates minus tryptophan with increasing con-
centrations of hydroxyurea.

RESULTS

The mrel1-D16A mutation greatly increases sensitivity
to ionizing radiation: The endo- and exonuclease activi-
ties of Mrell reside in conserved phosphodiesterase
motifs located in the amino terminus of the protein
(Figure 1B; HOPFNER et al. 2001; D’AMOURS and JACk-
SoN 2002). The aspartic acid residue in phosphoesterase
domain I (D16) is associated with a manganese ion in
the crystal structure of Pyrococcus furiosus Mrell (the
corresponding aspartic acid in P. f. Mrell is the eighth
residue of the protein; HOPFNER et al. 2001). Conversion
of this negatively charged residue to a neutral alanine
produces a protein that has no detectable nuclease activ-
ities ¢n vitro, but which retains the ability to bind to DNA
and to other Mrell molecules (FURUSE et al. 1998). Our
study was designed to assess the precise consequences
of this and other substitutions known to produce pro-
teins with no detectable nuclease activity on DSB repair
capabilities in mitotic cells.

To determine the impact of the DI6GA substitution
on DNA repair in mitotic cells, the MREII locus on
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TABLE 1

Yeast strains used in this study

Strain Genotype Reference
VL6a MATo ura3-52 his3-A200 trp1-A63 lys2-801 ade2-101 metl4 LARIONOV et al. (1994)
YLKIL.499 VL6a, Arad50::hisG Lewis et al. (2002)
YLKL503 VL6a, Amrel 1::G418 Lewis et al. (2002)
YLKL532 VL6a, Arad51::hisG LEwIs et al. (2002)
YLKIL546 VL6, Aexol::G418 Lewsis et al. (2002)
YLKL640 VL6«a, rad50-K40A This work

YLKL641 VL6a, mrel 1-D16A This work

YLKL724 YLKL641, exol::URA3 This work

YLKIL725 YLKIL503, exol::URA3 This work

VL6-48a VL6a, Aleu2::G418 V. Larionov

YLKL555 VL6-48«, Amrel 1::HygB Lewis et al. (2002)
YLKL684 VL6-48a, Arad50::hisG This work

YLKL593 VL6-48c, Ayku70::HIS3 This work

BY4742 MATo ura3A0 leu2A0 his3A1 lys2A0 BRACHMANN el al. (1998)
YLKL649 BY4742, Arad50::G418 This work
BY4742-TRP5-CORE BY4742, trp5::[G418" KIURA3] Storict et al. (2001)
YLKL769 BY4742-TRP5-CORE, Arad52:LEU2 This work
BY4742-TRP5-HP53 BYA4742, trp5::[HygB" p53] Storicr and ResNick (2003)
YLKL770 BY4742-TRP5-HP53, Amrel I This work

YLKL771 BY4742-TRP5-HP53, mrel I-D16A This work

chromosome XIII of strain VL6« was altered by the
delitto perfetto method of oligonucleotide-mediated, site-
specific mutagenesis (STORICI et al. 2001; STORICI and
ResNick 2003) as shown in Figure 1A. Initially, a two-
gene “CORE” cassette was integrated into MREII by
PCR fragment-mediated gene targeting. One of the
CORE genes provides for selection by resistance to G418
and the other for counterselection against URA3 after
subsequent transformation with oligonucleotides. After
transformation of cassette-containing cells with long,
complementary oligonucleotides containing one or
more sequence changes, transformants containing per-
fectly excised cassettes were identified by 5-FOA count-
erselection of Ura™ cells and confirmation of loss of the
selectable marker (G418") along with sequencing of the
resulting DNA locus (see MATERIALS AND METHODS). A
plasmid-borne version of MREII on pSM258 was simi-
larly converted to mrelI-DI16A after propagation in an
MRE] I-deleted strain background, producing the plas-
mid pMrell-D16A.

mrel 1 null cells are hypersensitive to killing by many
physical and chemical agents that induce DSBs, includ-
ing ionizing radiation. For example, haploid mrell
mutants are fully as sensitive to ionizing radiation as
strongly recombination-defective rad51, rad52, and rad54
strains (SAEKI et al. 1980; LEwis and ResNick 2000;
BENNETT et al. 2001). Survival of logarithmically growing
cells containing mrel I-D16A was found to be reduced
at all doses tested, although cells were not as sensitive
as mrel IA strains (Figure 2A). In contrast, the widely
studied phosphoesterase motif II and III mutants mrel I-
D56N and -HI25N displayed near-wild-type resistance

up to 20 krad, corresponding to ~10-15 DSBs per hap-
loid genome (ResNicK and MARTIN 1976). This result
is consistent with a recent report demonstrating that
the latter two mutants have a weak radiation sensitivity
that becomes apparent at relatively high doses (30-70
krad; MOREAU et al. 2001).

Past experiments have established that the 5'-to-3’
exonuclease encoded by EXOI can partially substitute
for the RMX complex in recombinational repair of DSBs
(CHAMANKHAH et al. 2000; TsuBoucH1 and OGcAwa
2000; MOREAU et al. 2001; LEwis et al. 2002). Haploid
exol mutants are not sensitive to radiation, but exol rmx
double mutants exhibit slightly more gamma sensitivity
than rmx single mutants and reduced repair proficiency
in plasmid DSB repair assays (SYMINGTON et al. 2000;
Lewrs et al. 2002). To assess the possibility that the
residual radiation resistance of nuclease-defective mrel I-
DI16A cells is due to basal level expression of Exol,
double-mutant strains were constructed and tested for
radiation sensitivity. exol mrell1-DI6A double mutants
exhibited ~10-fold more Kkilling at 20 krad than mrel I-
D16A cells did (Figure 2B). This suggests that a large
fraction of radiation-induced DSBs in mrel I-D16A cells
are processed by the 5'-to-3’ exonuclease activity of
Exol. However, killing did not reach the level of exol
mrel IA double mutants, which were slightly more sensi-
tive than mrel I single mutants.

Radiation-induced DSBs are repaired primarily by ho-
mologous recombinational mechanisms and current
models propose that RMX initiates recombination by
processing DSB ends to generate 3’ single-strand over-
hangs (SUNG et al. 2000; SYMINGTON 2002). The gamma
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sensitivity of the mrel I-D16A mutants is in agreement
with this model and may also be an indication that Mrell-
DI6A protein has reduced nuclease activity relative to
the Mrell-D56N and Mrell-H125N enzymes (see DIs-
CUSSION).

mrel1-D16A cells are unable to repair a site-specific
DSB by homologous recombination, but are proficient
in NHE] repair: To address the consequences of the
MREII mutations on repair by the two pathways we
utilized separate assays that each relied on repair of
a defined DSB structure created in a plasmid (shown
schematically in Figure 3, A and B). For each assay a
single, cohesive-ended DSB with 5" overhangs that were
four bases long served as substrate for repair (see MATE-
RIALS AND METHODS). Cells lacking Rad50, Mrell, or
Xrs2 have reduced ability to recircularize linear plas-
mids in vivo after cell transformation if the DSB is in a
region that lacks homology with chromosomal DNA.
This reduction in recombination-independent repair

by NHE]J, typically ~10- to 100-fold, is not observed in
mutants deficient only in the recombination pathway
(e.g., rad51 or rad52). NHE] repair events were scored
as transformant cells that had recircularized the broken
plasmid under conditions where repair by homologous
recombination was not possible. Repair of the DSB by
NHE] was reduced 20-fold in mrel IA strains (Figure
4A). Similar to a previous report for mrelI-D56N and
mrel I-H125Nmutants (MOREAU et al. 1999), mrel I-D16A
strains exhibited approximately wild-type levels of NHE]
repair. This observation reinforces the idea that the
nuclease functions of the complex are not required for
RMX-mediated NHE]J repair. The proficiency at NHE]
also implies that each of the mutants is able to form
productive RMX complexes in vivo.

RMX mutants exhibit reduced frequencies of ends-
in (CRoMIE and LeacH 2000; SymINGTON 2002) DSB-
induced plasmid:chromosome recombination. For as-
sessment of DSB repair by recombination, cells were
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transformed with a linearized integrating plasmid that
could undergo recombination with a homologous chro-
mosomal locus (shown schematically in Figure 3B).
Cells were transformed with a HIS3 URA3 DNA fragment
(cut within URA3 using Ncol) that could recombine
with the chromosomal wra3-52 locus. Nearly all Ura*
recombinants arose from integration of the entire cut
plasmid into the chromosome by ends-in recombination
to produce Ura™ His™ cells, but a small fraction (typi-
cally ~0.5-1% in wild-type cells) of DSBs were repaired
by gene conversion of the chromosomal locus to pro-
duce Ura®™ His™ colonies (see below). For all experi-
ments, transformation efficiencies (recombinants formed
per microgram of DNA) were normalized to those for
uncut CEN/ARS plasmids transformed into the same
competent cell preparations on the same day.

The efficiency of ends-in recombinational repair was
reduced ~20-fold in mrel IA strains (Figure 4B). Inter-
estingly, mrel 1-D16A cells were as defective in recombi-
national repair of the plasmid DSBs as mrel IA strains.
In contrast, recombination was much higher in strains
expressing the mrelI-D56N and -HI125N mutants (25
and 33% of wild-type levels, respectively). Over 99% of
transformant colonies from wild-type cells contained
integrated plasmids and were phenotypically Ura® His™,
with the remainder being Ura®™ His™ gene convertants.
The corresponding numbers for mrelIA and mrell-
DI16A cells were 99 and 96%, suggesting that crossover
and noncrossover frequencies were not greatly affected.

We also determined if the severe recombination de-
fect observed in the mrel1-D16A cells was restricted to
the types of ends-in plasmid:chromosome targeting
events analyzed in Figure 4B. The chromosome muta-
genesis procedure employed to create mrel [-D16A in-
volved replacement of a selectable-counterselectable
cassette with homologous DNA contained within an oli-
gonucleotide. This process requires a functional RAD52
gene (Storicr ef al. 2001) and involves the alternative,

“ends-out” form of DSB-induced recombination (Cro-
MIE and LEaAcH 2000; SymINGTON 2002). The scheme
used for the assays is depicted in Figure 3C. Briefly,
wild-type and mutant cells containing a HygB” GALp::
Pp53-VI22 cassette integrated into TRP5 were trans-
formed with 95-mer DNA composed of upstream and
downstream TRP5 sequences as described (STORICI et
al. 2001). Correct recombinational repair events re-
sulted in cells that were HygB* p53 and TRP5". As shown
in Figure 4C, no recombinants were observed when
rad52 cells were assayed. Recombination frequencies in
mrel IA and mrel I-D16A strains (recorded as integration
events per 0.5 nmol of oligonucleotide DNA) were de-
creased to 2.1 and 1.3% of wild-type levels, respectively.
Thus, mrel1-DI16A mutants are approximately as defi-
cientas mrel I null cells in both classes of recombination
events.

The nuclease mutants are differentially sensitive to
the S-phase clastogens HU and MMS: Exposure of cells
to high levels of the ribonucleotide reductase inhibitor
HU leads to replication inhibition and formation of
DSBs in chromosomal DNA (MERRILL and Horm 1999;
D’AMours and JacksoN 2001). In contrast, low levels
of HU produce few DSBs, but do result in activation
of the S-phase checkpoint and killing of cells that are
deficient in this checkpoint response. Early checkpoint
activation events such as phosphorylation of Rad53 are
inhibited and survival of RMX mutants is reduced after
exposure to low levels of HU (D’AMOURS and JACKSON
2001). Like HU, the DNA-methylating agent MMS in-
duces DSBs during replication and is lethal to mutants
defective in DSB repair and the S-phase checkpoint
(LEwis and Resnick 2000; Usurt et al. 2001; CHANG et
al. 2002).

We examined sensitivities of several repair-deficient
mutant strains to a range of HU and MMS concentra-
tions (Figure 5). Growth inhibition was apparent in
mrel IA strains at concentrations of HU as low as 5.0
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mM. These cells were moderately more sensitive than
Rec™ rad51 cells and much more sensitive than NHE]J-
deficient yku70 cells. Cells expressing the phosphoester-
ase mutants Mrel1-D16A, -D56N, and -HI125N required
much higher doses of HU to detect loss of viability than
did mrell null cells. The mrel1-DI16A strains exhibited
killing at a lower dose (40 mm) than that of either of
the other nuclease mutants. A similar general pattern
of survival was observed when cells were exposed to
MMS (Figure 5B). Relative sensitivities could again be
ordered as mrelIA > rad51A > mrell-DI6A > mrel I-
D56N or mrel I-H125N (most sensitive to least sensitive).
The greater killing of mrel 1-D16A cells compared to the
other two mutants is qualitatively consistent with the
radiation survival curves (Figure 2A).

Purified Mrell-D16A protein binds efficiently to
Rad50 and Xrs2: Mrell interacts with Rad50 and Xrs2 to
form a trimeric complex (SUNG et al. 2000; SYMINGTON
2002). To ask whether Mrell-D16A protein retains the
ability to bind Rad50 and Xrs2, purified six-histidine-
tagged Mrell-D16A was mixed with purified Rad50 or
Xrs2, and the complexes formed between the protein
pairs were isolated using nickel-NTA-agarose beads,
which have high affinity for the histidine tag on Mrel 1-
DI6A. We included as positive control six-histidine-

tagged wild-type Mrell protein. As shown in Figure 6,
A and B, while Rad50 and Xrs2 have no affinity for the
nickel-NTA-agarose beads, a substantial portion of these
two proteins became associated with the beads when
tagged Mrell-DI6A was present, indicating complex
formation. Importantly, the histidine-tagged Mrell-
D16A protein has the same affinity for Rad50 and Xrs2
as histidine-tagged wild-type Mrell (Figure 6, A and B,
lanes 4 and 8). Consistent with the affinity pulldown
results, Mrell-DI6A forms a trimeric complex with
Rad50 and Xrs2 that has a component stoichiometry
indistinguishable from that assembled with wild-type
Mrell (CHEN et al. 2001; data not shown). These results,
in conjunction with the previous work of FURUSE ¢t al.
(1998), demonstrate that Mrel1-D16A protein is profi-
cient at both DNA binding and RMX complex forma-
tion.

DISCUSSION

The RMX complex is required for successful comple-
tion of several specific DNA metabolic processes in mi-
totic cells. These functions include repair by recombina-
tion and end-joining, telomere length maintenance,
DNA replication-associated cell cycle checkpoints, inhi-
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bition of gross chromosomal rearrangements and pro-
cessing of transiently formed DNA secondary structures
such as hairpins (summarized in D’AMOURS and JACK-
SsON 2002; SYMINGTON 2002). Several recent studies have
examined possible correlations between the nuclease
activities of the purified complex detected in vitro and
the multiple roles in vivo. Most experiments focused
on expression and characterization of mutant Mrell
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FIGURE 5.—Assessment of S-phase clastogen sensitivities of
mrel 1-D16A, mrel I-D56N, and mrel I-HI125N mutants. Haploid
yeast cells were pronged to synthetic glucose plates lacking
tryptophan and containing increasing concentrations of (A)
hydroxyurea or (B) MMS.

proteins containing alterations within one or more con-
served phosphoesterase motifs in the nuclease domain.
Four mutant proteins described in the literature, Mrel1-
D16A (motif I, FURUSE et al. 1998), Mrell-D56N and
Mrell-H125N (motifs IT and III, MoREAU et al. 1999;
SYMINGTON et al. 2000; D’AMOURS and JacksoN 2001;
RATTRAY et al. 2001; TsuraMoOTO et al. 2001; LOBACHEV
et al. 2002), and Mrell1-H213Y (motif IV, TsuBoucHI
and Ocawa 1998; Usut e al. 1998; CHAMANKHAH and
X1a0 1999; LEE et al. 2002), have been evaluated for
both in vitro nuclease activities and multiple in vivo con-
sequences. The D16, D56, and H213 residues are each
associated with an Mn®" ion in the crystal structure of
Mrell, while the histidine at position 125 is thought to
be involved in the phosphodiester hydrolysis reaction
(HOPFNER et al. 2001).

Characteristics of cells expressing each of the mutant
proteins are summarized in Table 2. An additional less
well-characterized mutant, mrel I-H1251./D126V, was in-
cluded in the table because of its similarity to the mrel I-
HI25N allele, although nuclease activities of this pro-
tein have not been measured in vitro. One of the mutants
listed in the table, mrel I-H213Y, behaves essentially like
anull mutation in most in vivoassays and is also defective
in protein:protein interactions. Thus, this protein is de-
ficient in nuclease activities and also in other functions
of the enzyme.

Three of the mutant proteins depicted in Table 2
(D56N, HI25N, and D16A) are particularly useful for
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analysis of cellular requirements for the Mrell nuclease
activities. Each of these proteins has been reported to
have no detectable nuclease activities ¢ vitro, but the
mutant proteins retain many Mrell functions. For ex-
ample, each of the proteins is proficient for DNA repair
by NHE] and the purified proteins are capable of RMX
complex formation in vitro (SyMINGTON 2002; Figure
6; Table 2).

Several common DNA repair and chromosome stabil-
ity defects are found in cells expressing the altered pro-
teins. For example, all of the mutants are unable to com-
plete meiotic DSB processing. In addition, each mutant
is more sensitive than wild-type cells to ionizing radiation,
MMS, and HU. mrell-DI6A cells consistently demon-
strated a stronger sensitivity to the clastogens than did the
D56Nand H125Nmutants. In the two assays of recombina-
tional repair of a defined DSB presented here, the D16A
mutant behaved as a null while the D56N and HI25N
mutants displayed modest reductions. This resultis qualita-
tively consistent with the relative radiation, MMS, and HU

sensitivities. Another property of mrel I-D16A strains is that
telomeres are shortened in these mutants, unlike mrell-
D56N or mrel I-HI25N cells (FURUSE et al. 1998; MOREAU
et al. 1999). This property has previously been observed
in RMX-deleted cells and in strains containing deletions
of other NHE] genes, including YKU70, YKUS0, SIR2,
SIR3, and SIR4 (LeEwis and ResNick 2000). If this defect
in telomere maintenance is due to a greater reduction in
nuclease activity in the Mrel1-D16A protein (discussed
below), it would be supportive of models that postulate
a role for RMX in processing of chromosome ends to
generate single-stranded DNA overhangs (DI1EDE and
GOTTSCHLING 2001).

Of central importance is the question of why the D16A
mutant has more severe defects in mitotic cells than the
other phosphoesterase mutants do. The RMX complex
has ssDNA endonuclease and 3’-to-5' dsDNA exo-
nuclease activities, as well as a weak DNA helicase activ-
ity. In addition, the Mrell subunit forms specific associ-
ations with DNA, Radb0, Xrs2, and possibly other
proteins (Sae2?) and may also be subject to post-transla-
tional modification in mitotic cells (D’AMOURS and
Jackson 2002; SyMINGTON 2002). Although each of
these activities and associations may vary in the three
nuclease mutants, we favor the simplest explanation;
i.e., the D16A protein is more defective than the other
mutants in nuclease processing of DSBs in vivo.

Support for this proposal comes from several consid-
erations. First, many phenotypic differences between
the mutants are simply a matter of degree. For example,
radiation, MMS, and HU sensitivities and plasmid:chro-
mosome recombination are reduced in all of the mu-
tants and mrel I-D16A cells are simply more defective
than the others.

Second, studies utilizing either overexpression or in-
activation of EXOI in RMX mutants also provide sup-
port. Overexpression of the 5'-to-3" exo activity of Exol
partially rescues repair of DSBs induced by radiation,
MMS, EcoRI, and HO in RMX mutants, as well as the
mitotic recombination defects of the mutants (LEE et al.
2002; LEwis et al. 2002; SymMINGTON 2002 and references
within). This effect is likely due to enhanced processing
of the broken DNA ends by Exol to create 3’ tailed
substrates for the Radb1/Radb52 strand exchange com-
plex. We note, however, that EXO1 overexpression does
not rescue meiotic DSB repair (involving removal of
DNA ends containing attached protein by Mrell endo-
nuclease activity), inverted repeat-stimulated recombi-
nation (thought to involve endonuclease cleavage of
hairpin loops), or shortening of telomeres (which might
also involve endo cleavage of T-loop structures; DIEDE
and GoTTsCHLING 2001; SymiNncTON 2002; K. LOoBA-
cHEV and M. REsNICK, unpublished results). These lat-
ter results clearly point to the importance of the endo-
nuclease activity of Mrell in vivo. The endo activity may
also be important in resection of damage-induced DSB
ends in mitotic cells, possibly in conjunction with the



L. K. Lewis et al.

1710

(300g v 12 TAT Q6T 7P 12 10S() ‘8661 VMVO(Q pUR THONO0MNS]) Pairodor arom AIANISUIS SINJA JO S[9AI] JUDIYJI(T ,

*(866T 7 12 NVSSTA() pery (g—() 28uer asop oy 1040 2dA) p[Im Tedu os[e sem SYURINW A9Z [ (T/TCZ [H-T [
JO [PAIAINS £(6GT 72 72 NVANO S[I0M SIY)) SINJA JO SUONENUOU0d Y31y 10 (PRI ()g<) UONBIPEI JO sasop ySIy 1k A[uo s[[20 odA-p[m uey) Sulf[ny 210w JIGIYXo SIUBINN ,
"gsIX /06pey 01 uaoad oI yueInw jo Surpurq ,

“Loudnyop Suons ‘— — — Lousnyop derdpowr ‘— — Koudnyap 1y3Is ‘— odL ppm ueyy 10ySiy ‘+ + 4+ Kousnyge odL-pm ‘4 ‘erep ou ‘N Oqedridde jou ‘YN

(300G v 12 A {6661 OVIX PUR HVEDINVINVHY) ‘8661 72 72 INS() ‘866T VMVOQ PUE IHONOLNS], ‘8G-[[2IN) ASTGH-T oI PUR ‘(SLIOM ST Q6ET 72 %2 4sndny) VT (-1 oI
‘(3003 17 12 AT Q66T 71V 12 NVSSTI) A9GTA/TGGTH-TTPIN ‘ (T10M ST 1500 NOLONINAS ‘6661 77 2 AVANON) NGGTH-TI2IA PUC N9GU-T [T SMO[O] SB 9Ie SOOUIIIFY

—— -— an aN /- an +++ aN -—-—- -—— AN ——— ——- (¢ Tasm)
AEICH[ [0
(e-11o0u) A9ZTA
- + aN aN + —/+ + aN + aN aN aN aN /TSTIHT [
- + aN - —/+ —/+ + + - aN AN ———  ——— NSZTHT [
- + an - —/+ —/+ + + + L NOSQT 124
- - - - - - + + + + + ——= == VOIa-I o
—— —— —— = - - ++t ——— VN VN VN ¥N W VI [
+ i+ + + i+ i+ i+ + + + + + - [ TSR
UoneuIquIodax Anpqess mno-spuy - ul-spuyy SININ uonerpey  uoneuIquIosal [AaN »X/4 TN VNA oxd opuy QRIV
MO SIDWOA L, prodip pruserq
UONRUIqUODDT [PAIAING snoaueyuodg SUOTIRIDOSSY sanANOR
£q aredox gsq aseaponu
o4 up

Lnqess pue aredox YN (I UO SINIANDE ISEIPNU 04722 Ul PIIMPAI (PM surdjoxd | axp Jo 1oeduy

6 I1dV.L



Mrell Nuclease Required in Mitotic Cells 1711

weak helicase activity of the complex (TrujiLLO and
SunG 2001; SymingTOoN 2002). The major point here
is that increased levels of a nuclease (Exol) rescues
clastogen sensitivities and recombination defects of
RMX mutants during mitotic growth, suggesting that
nuclease processing is the function that is missing.

Analyses of the ionizing radiation sensitivities of
mrel 1-D16A and mrel 1-H125 mutants with and without
a functional EXOI gene present also lend support to
this premise. mrelI-DI6A strains were more sensitive
than the other nuclease mutants and mrel I-D16A exol
double mutants exhibited a linear, dose-dependent re-
duction in survival that was greater than that of mrell-
D16A single mutants (~10-fold difference at 20 krad).
This indicates that much of the resistance in the DI16A
single mutants was due to basal levels of Exol. The
strong sensitivity of these cells and its dependence on
Exol seem most consistent with the idea that very little
or no nuclease activity is retained in the Mrell-D16A
complex in vivo, although other factors may also be
involved.

In contrast to results with D16A, radiation survival
was high in mrel I-H125N mutants and was not reduced
further in mrel I-HI25N exol double mutants at doses
up to 30 krad (MOREAU et al. 2001; Figure 2), which
corresponds to ~40 DSBs per G, cell (REsNick and
MARTIN 1976). If the Mrel1-H125N protein is nuclease
deficient, then this result would indicate that cells lack-
ing both RMX and Exol nuclease activities are largely
proficient at processing of radiation-induced DSBs for
recombinational repair. Put another way, this would
mean that the major enzymatic activities defined for
Mrell (and Exol) in vitro are not essential for a major
function of the complex in vivo (repair of chemically
and physically induced DSBs). It seems more likely that
survival is high in mrelI-HI25N cells lacking the
“backup” Exol nuclease activity because the mutant
RMX complex has residual nuclease activity in vivo.

Another question that must be addressed is the follow-
ing: If the nuclease activity of mrelI-DI6A mutants is
absent (or greatly reduced), why is radiation resistance
notreduced to the level of mrel I null strains? We suggest
that an important difference here is the presence or
absence of the RMX complex bound to DSB ends. Struc-
tural studies have indicated that two Mrell molecules
bind to the proximal ends of two folded, fibrous Rad50
subunits to form the DNA-binding portion of the com-
plex (ANDERSON et al. 2001; CHEN ef al. 2001; DE JAGER
et al. 2001; HOPFNER et al. 2002). The structures imply
that RMX might potentially form a bridge between two
DNA ends in a broken molecule or between adjacent
sister chromatids in a replicated chromosome. The lat-
ter structure would be consistent with the observation
that Rad50 is structurally similar to SMC proteins re-
quired for sister chromatid cohesion (HOPFNER et al.
2000). It is possible that this “tethering” function of
RMX is retained in the mutant Rad50/Mrell1-D16A/

Xrs2 complex, although nuclease activities are reduced.
We infer that this tethering, combined with redundant
nuclease activities, provides an explanation for the ob-
servation that the radiation sensitivity of mrell-D16A
cells did not reach that of mrel IA cells. After exposure
to ionizing radiation, the tethering function would keep
sister chromatids (or possibly broken DNA ends) in
proximity and enhance the likelihood that a break is
processed by Exol or another partially redundant
nuclease and repaired by the dominant pathway of radi-
ation repair in yeast, homologous recombination.
mrel I-D16A mutants were not as radiation sensitive
as mrel IA cells, but they were as defective as null cells
in the ends-in and ends-out recombination assays. It is
possible that the impact of RMX DNA bridging is less
in the plasmid:chromosome and oligonucleotide:chro-
mosome DSB repair assays than in the radiation survival
assays, since the latter are almost completely dependent
on sister chromatid exchanges. DNA tethering by mu-
tant RM*X complexes may also explain why spontane-
ous recombination rates of diploid cells are not elevated
in the three mutants with reduced nuclease activities
(Table 2). Unlike other RAD52 group mutants, diploid
strains lacking RMX display increased spontaneous re-
combination between homologous chromosomes, pos-
sibly because of a reduced preference for interactions
between sister chromatids (SYMINGTON 2002). The ab-
sence of high spontaneous recombination rates in the
three nuclease mutants may be an indication that RMX
complexes containing Mrell-D16A, Mrel1-D56N, and
Mrel1-H125N are still capable of forming bridges be-
tween sister chromatids, and therefore the strong pref-
erence for sister-sister recombination has been retained.
mrel I-D56N and mrel I-HI25N mutants have only
slight reductions in mitotic DSB repair, but they show
strong defects in assays of inverted repeat-stimulated
recombination in mitotic cells and DSB processing in
meiotic cells (this work; RATTRAY ef al. 2001; LOBACHEV
et al. 2002; SyMmINGTON 2002). The latter two processes
are likely to involve endonucleolytic cleavage of tran-
siently formed hairpin structures and protein-bound
DNA ends, respectively, and they cannot be rescued by
overexpression of EXOI. It is possible that the mutant
D56N and HI25N complexes have a reduced level of
endonuclease activity in vivo and that the type of end-
processing required for these structures cannot be sup-
plied by backup enzymes such as Exol. If this is true,
then the reduced levels of RMX endonuclease activity
in the mutants might be limiting for these repair events,
but not for others that can also be performed by redun-
dant nucleases. Other possibilities, such as impacts on
helicase activity or postendonucleolytic processing by
the exonuclease cannot be ruled out, however.
Finally, we note that D16 of S. cerevisiae Mrell is com-
pletely conserved among many related yeasts (H125
also), but D56 is changed to a valine in the yeast S.
klwyver: (Saccharomyces Genome Database; http: /www.
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yeastgenome.org/). The reduced evolutionary conser-
vation of this aspartic acid, one of several residues found
in association with Mn?* ions in the P. furiosus Mrell
crystal structure, suggests that its contributions to the
phosphodiesterase reaction may be less critical than
those of other residues such as D16.

In summary, cells expressing Mrel1-D16A exhibit sev-
eral dramatic mitotic DNA repair defects that are more
severe than those seen in two widely studied phosphoest-
erase mutants with reduced in vitro nuclease activities.
The mutant protein exhibits normal RMX complex for-
mation and DNA binding in vitro and mrel 1-D16A cells
are proficient at NHE] repair in vivo. We suggest that
the strong radiation sensitivity and recombination de-
fects are due primarily to lack of nuclease processing
by the mutant Rad50/Mrel1-D16A/Xrs2 complex. This
conclusion is contrary to those of previous mutant stud-
ies proposing a limited role for the Mrell nuclease
activity in mitotic cells (e.g., BRESSAN et al. 1999; MOREAU
et al. 1999; SYMINGTON et al. 2000; TSUKAMOTO et al.
2001; LoBACHEV et al. 2002) and suggests the possibility
that some mutants such as mrel I-D56N and -H125N may
have residual nuclease activity in vivo. We note that more
subtle distinctions are also possible. For example, the
endo- and exonuclease activities, whose precise roles in
DNA processing in vivoremain unclear, may be differen-
tially affected in the mutants. Itis likely that the residual
radiation resistance in haploid mrel I-D16A mutants and
the absence of high spontaneous recombination in
mrel I-D16A diploids arise, at least in part, because the
mutant complex retains the ability to tether sister chro-
matids and/or DSB ends. It is intriguing that telomeres
are shortened in mrelI-D16A cells. This result might
also be due to a greater loss of nuclease activities in this
mutant and supports the idea that chromosome ends
(possibly forming T-loop structures) may require pro-
cessing by RMX to create substrates for DNA replication
by telomerase (D1EDE and GOTTSCHLING 2001).
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