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End joining of double-strand breaks (DSBs) requires Ku proteins and frequently involves base pairing
between complementary terminal sequences. To define the role of terminal base pairing in end joining, two
oppositely oriented HO endonuclease cleavage sites separated by 2.0 kb were integrated into yeast chromosome
III, where constitutive expression of HO endonuclease creates two simultaneous DSBs with no complementary
end sequence. Lack of complementary sequence in their 3� single-strand overhangs facilitates efficient repair
events distinctly different from when the 3� ends have a 4-bp sequence base paired in various ways to create 2-
to 3-bp insertions. Repair of noncomplementary ends results in a set of nonrandom deletions of up to 302 bp,
annealed by imperfect microhomology of about 8 to 10 bp at the junctions. This microhomology-mediated end
joining (MMEJ) is Ku independent, but strongly dependent on Mre11, Rad50, and Rad1 proteins and partially
dependent on Dnl4 protein. The MMEJ also occurs when Rad52 is absent, but the extent of deletions becomes
more limited. The increased gamma ray sensitivity of rad1� rad52� yku70� strains compared to rad52�
yku70� strains suggests that MMEJ also contributes to the repair of DSBs induced by ionizing radiation.

Ionizing radiation and radiomimetic chemicals induce a va-
riety of DNA lesions, the most lethal of which is the DNA
double-strand break (DSB). Eukaryotes have thus evolved a
number of different mechanisms to repair DSBs (19). Two
types of mechanisms for repairing DSBs are homologous re-
combination (56), wherein the break is repaired by recombi-
nation between homologous sequences; and nonhomologous
end joining (NHEJ), which involves the rejoining of DNA ends
by ligation (31). In Saccharomyces cerevisiae, three different
mechanisms of homologous recombination have been de-
scribed: gene conversion, break-induced replication (BIR),
and single-strand annealing (SSA), all of which are dependent
on a set of genes known as the RAD52 epistasis group (43).
Homologous recombination initiates with the resection of DSB
ends by a 5�-to-3� exonuclease to produce long 3�-ended single-
stranded DNA (ssDNA), which in gene conversion or BIR will
invade a homologous donor sequence and act as a primer of
new DNA synthesis (43). In SSA, complementary strands of
homologous regions flanking a DSB can anneal, producing an
intermediate that has two nonhomologous 3�-end tails that
must be removed before new DNA synthesis and ligation can
occur (54).

The second pathway is NHEJ, also called illegitimate recom-
bination, in which little or no homology is required to join the
ends of the DNA (35). At least two types of end-joining reac-
tions, both of which are independent of RAD52 but dependent
on the Ku proteins, have been described. One pathway is the
precise joining of short overhanging, complementary ends,
such as those produced by restriction endonucleases (1, 29).

This is a highly efficient process, whereby most ends are suc-
cessfully rejoined without any alteration of the DNA informa-
tion (1, 29). However, when the ends are not complementary
or when the continued presence of an endonuclease precludes
precise religation, the break can be joined by an alternative,
imprecise NHEJ pathway (38). The imprecise NHEJ mecha-
nism involves alignment of overhanging ends by pairing of as
few as 1 bp, followed by gap filling by a DNA polymerase or
trimming of a few bases, resulting in the ligation of ends with
either the insertion or the deletion of a few base pairs (38). In
budding yeast, imprecise NHEJ is relatively inefficient, allow-
ing only about 1 in 1,000 cells to survive (38).

NHEJ in yeast and mammals requires gene products that are
distinct from those needed for homologous recombination. In
all organisms studied, NHEJ requires the heterodimeric DNA
binding proteins Ku70 and Ku80 (Yku70p and Yku80p in
budding yeast), and the DNA ligase IV and the associated
factor XRCC4 (Dnl4p and Lif1p, respectively, in budding
yeast) (6). In S. cerevisiae, the Rad50p-Mrellp-Xrs2p complex
also plays an essential role in promoting intermolecular DNA
joining by Dnl4p-Lif1p (4). The product of the NEJ1 gene,
whose transcription is strongly regulated by yeast mating type,
facilitates the nuclear localization of Lif1p (13, 25, 41, 67, 70).
Pol4p and Fen1p/Rad27p are required for DNA polymeriza-
tion or removal of 5�-flap intermediates, respectively, during
the end-processing steps of NHEJ when the terminal bases are
damaged or not fully compatible for simple ligation (65, 72,
73).

In addition, substantial evidence exists for an alternative
end-joining mechanism that is Ku and Rad52 independent (11,
26, 34, 74). Although very little is known about the factors
required for the Ku- and Rad52-independent DSB repair pro-
cess, the repair events that occur by this process appear de-
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pendent on DNA microhomologies and are frequently associ-
ated with large deletions (11, 34, 74).

Many studies on DSB repair rely on the ability to create
site-specific strand breaks on a plasmid or chromosomes either
by transformation of restriction endonuclease-cleaved plas-
mids or by the induction of HO or I-SceI endonuclease in vivo
(1, 29, 32, 34, 70). The DSBs caused by these agents have the
terminal ends with either 5� or 3� 4-bp overhangs that can
reanneal by their complementary sequences. These studies un-
covered the use of complementary base pairing (even as few as
1 bp) of the ends for alignment prior to ligation as the distinct
feature of Ku-dependent NHEJ (38, 72). In vivo, however, cells
may frequently encounter breaks whose ends are incompatible
for alignment by any base pairing. Many DSB causative agents
such as ionizing radiation or oxygen free radicals, as well as
various forms of endogenous damage, are in fact believed to
generate DSBs with a diverse set of biochemical end configu-
rations (35). The key question then is whether the repair of
breaks with no complementary end sequences occurs by the
same mechanisms formulated from studies using the ends with
the complementary sequences.

To address this question, we have developed a system that
can induce unique DSBs in vivo with no complementary end
sequences. Surprisingly, the repair of DSBs without comple-
mentary end sequence occurs by a mechanism distinctly differ-
ent from that which operates for the repair of complementary
overhanging ends. The repair of such breaks involves joining by
base pairing between opposite single strands, yielding deletions
with short stretches of homology (microhomology). We discov-
ered that the microhomology-mediated end joining (MMEJ) is
independent of Ku or Rad52 proteins, but dependent on
Mre11, Rad50, and Rad1 proteins.

MATERIALS AND METHODS

Strains and plasmids. All strains are derivatives of JKM179, which has the
genotype ho� MAT� hml�::ADE1 hmr�::ADE1 ade1-100 leu2-3,112 lys5
trp1::hisG ura3-52 ade3::GAL::HO (29). SLY18 and SLY19 were constructed by
one-step gene replacement method, replacing MAT� with an EcoRI- and Hin-
dIII-cleaved MAT�::URA3::HO cut site fragment of pSL18 and pSL19, respec-
tively. The YKU70 deletion derivatives of SLY18 (EMK10) and SLY19 (EMK11)
were constructed by using a PCR-derived KANMX module flanked by short
terminal sequences homologous to the ends of the YKU70 open reading frame
(68). The rad14::KANr strain was constructed by the same PCR-derived KANMX
module. Construction of the rad52::TRP1 (EMK12) or rad1::LEU2 (EMK13)
derivatives of SLY19 was done by using plasmid pJH182 (38) or pRHB113 (44),
respectively.

The MRE11 (JLM30) or RAD50 (JLM33) deletion derivatives of SLY19 were
made by crosses between SLY19 and SLY46 (MATa mre11::hisG) or JKM125
(MATa rad50::hisG), respectively. The DNL4 deletion derivative of SLY19 was
constructed by the one-step gene deletion method by using a HindIII and SacI
fragment of pJJ252 (67). The rad1 yku70 double-gene deletion derivative of
SLY19 (JLM31) was constructed by a cross between EMK13 and JKM173
(MATa yku70::KANr). Other double or triple mutants were generated by crosses
between each single- or double-mutant strain and then selected for the appro-
priate marked segregant after tetrad dissection.

Both pSL18 and pSL19 were generated from pJH220 that has had URA3
inserted at the promoter region of MAT�1 and -�2 by cloning an SmaI and
HincII fragment of pJH245 that contains a 117-bp MATa HO cut site into the
SmaI site of URA3. The orientations of a cloned SmaI and HincII fragment in
pSL18 and pSL19 are such that pSL18 has the two HO recognition sites that are
in a direct orientation, whereas the two HO cut sites in pSL19 are in the opposite
orientation.

HO endonuclease induction. Cells were grown in preinduction medium (YEP-
glycerol) at 30°C and then spread onto plates containing either galactose (YEP-
GAL) or glucose (YEPD). The frequency of survival after a HO-induced DSB

was determined by dividing the number of colonies growing on YEPGAL by the
number of colonies growing on YEPD (27, 29).

Determination of gamma ray sensitivity. Cells grown in YEPD media that
reach logarithmic culture (optical density at 600 nm [OD600] of �0.5) were
plated onto YEPD plates and then irradiated with the indicated dose of gamma
ray (137Cs source at a dose rate of 0.808 krad/min) and examined along with the
unirradiated control plates after 3 or 4 days of growth at 30°C.

Analysis of repair junctions. Initial analyses of repair events were carried out
by checking the uracil auxotrophy and the mating phenotype of the colonies
growing on YEPGAL plates by replica plating onto plates containing SC medium
lacking uracil and the complementation mating phenotype test (53).

To analyze sequence of the repair junction, PCR was performed directly on
yeast cells by using the following sets of primers: pX (5�-GTAAACGGTGTCC
TCTGTAAGG-3�) and p2 (5�-TCGAAAGATAAACAACCTCC-3�) for ampli-
fying Ura� survivors, pM (5�-ATGTCTAGTATGCTGGATTTAAAC-3�) and
pURA3-2 (5�-GAACCGTGGATGATGTGGTCTCTA-3�) for amplifying repair
junctions of the MATa cut site from Ura� survivors, and p12(5�-CTAGCTGA
GCATGTGAGGCC-3�) and pL (5�-ACATTGGGAACAAGAGCAAGACG-3)
for the repair junctions of the MAT� cut site from Ura� survivors (38). All DNA
sequencing was performed with an Applied Biosystems 377 DNA sequencer and
dye terminator chemistry according to the manufacturer’s instructions.

RESULTS

Repair of DSBs without complementary ends results in de-
letions. We have created yeast strains SLY18 and SLY19, in
which the MAT locus of chromosome III contains two HO
cleavage sites, a 117-bp segment from MATa and the normal
MAT� sequence, separated by �2.0 kb of DNA containing the
1.2-kb URA3 gene and 0.8 kb of the Y� region (Fig. 1). These
strains contain a galactose-inducible HO endonuclease gene
integrated at the ADE3 locus in the genome to efficiently
induce two site-specific breaks simultaneously (27). Deletion
of the two silent donor sequences, HML and HMR, prevents
homologous recombination and restricts repair of the DSBs by
DNA end-joining mechanisms (27, 29). SLY18 and SLY19 are
identical except for the orientation of HO cleavage sites, such
that SLY18 has two HO cleavage sites in a direct orientation,
but SLY19 has the oppositely oriented HO cleavage sites (Fig.
1). Upon induction of HO endonuclease, both sites are cut
simultaneously, liberating a DNA sequence containing the
URA3 fragment and the Y� region, leaving complementary
4-base 3�-overhanging ends in SLY18 or 3�-overhanging ends
with no complementary sequences in SLY19.

We measured the survival rate of SLY18 and SLY19 strains
upon induction of persistent HO endonuclease-generated
DSBs by plating cells onto galactose-containing media. To
survive from these breaks, cells must become HO endonucle-
ase resistant by end-joining reactions that alter the HO recog-
nition sequence to prevent recutting by HO endonuclease (29).
As noted above, homologous recombination does not occur in
these strains because of the absence of a homologous template.

SLY18 cells survived the two HO endonuclease-induced
DSBs at a frequency of 1.2 � 10�4, which is approximately 10
times lower than that in an isogenic strain with a single HO-
induced DSB (Table 1) (27). About 35% of survivors were
Ura�; these could arise by several different mechanisms, in-
cluding the imprecise NHEJ of both HO cleavage sites (de-
scribed below) or, on rare occasions, situations in which DSBs
were not made by HO. All of these repair events retained the
sequences between the two cleavage sites, including URA3, and
depended on Ku-dependent NHEJ, because the deletion of
the YKU70 gene dramatically impaired cell survival in SLY18
(Table 1). Sequence analysis of 20 PCR-amplified HO cleavage
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sites of the Ura� survivors indicated that all of these repair
events involve either 2- or 3-bp insertions or 3-bp deletions at
the HO recognition sequences, as was seen previously from
Ku-dependent NHEJ of a single DSB with the same 4-bp
3�-overhanging ends (38; data not shown). Approximately 65%
of the survivors became Ura� and had repaired the DSBs by
joining the ends that were initially 2 kb apart.

Unexpectedly, the survival frequency of SLY19 cells was 5
times higher than that of SLY18 (6.0 � 10�4, Table 1). The
majority of SLY19 survivors arising in the continuous presence
of HO were Ura�, accounting for 84% of survivors. The ob-
served difference in the survival frequency between SLY18 and
SLY19 is mainly due to a 6-fold increase in the repair events
that give Ura� cells (7.7 � 10�5 versus 5.0 � 10�4, respec-
tively), although there is also a twofold increase in Ura� events
(Table 1).

To gain insight into the repair events that generate Ura�

survivors in SLY18 and SLY19, we amplified the junction

sequences by using a set of oligonucleotides (p2 and pX) that
anneal to the regions 5� to the 117-bp MATa HO recognition
site and 3� to the MAT� HO cleavage site (Fig. 1). The PCR
amplification of Ura� survivors in SLY18 indicated that this
class of survivors indeed arises by repair events joining the two
distant ends through imprecise NHEJ with the loss of the
URA3 gene and Y� sequence. Sequence analysis of these PCR
products confirmed that most of these repair events occur by
imprecise NHEJ using at least a 1-bp overlap upon ligation,
very similar to those seen previously for a single HO cleavage
site (38; data not shown). In contrast, the PCR products from
the Ura� colonies in SLY19 are frequently smaller and more
heterogeneous, suggesting that they arise from a repair process
different from that in SLY18. Sequence analysis of 46 PCR
products from the Ura� survivors in SLY19 demonstrated that
many of them are associated with the deletions of up to 302 bp.
Twenty-nine of 46 of the repair events were a 62-bp deletion
lacking 2 bp at the centromere proximal end and 60 bp at the

FIG. 1. HO cleavage sites in the MAT locus of chromosome III in SLY18 and SLY19. After HO endonuclease induction, two complementary
breaks are generated in SLY18, whereas in SLY19, noncomplementary breaks will be formed. The locations of primers that were used for PCR
amplification and sequence analysis of the repair junctions from survivors are indicated by arrows.

TABLE 1. Survival frequency after induction of persistent HO breaks

Strain Genotype Frequency of survival
(fold reduction)a

Frequency of survivor type

Ura� Ura�

SLY18 Wild type (1.22 � 0.6) � 10�4 (1) 4.33 � 10�5 7.87 � 10�5

EMK10 yku70� (4.87 � 2.7) � 10�6 (25) 4.16 � 10�6 7.08 � 10�7

SLY19 Wild type (6.00 � 1.7) � 10�4 (1) 9.60 � 10�5 5.04 � 10�4

EMK11 yku70� (4.43 � 1.6) � 10�4 (1.35) 0 4.43 � 10�4

EMK12 rad52� (7.57 � 2.2) � 10�4 (0.79) 5.25 � 10�5 7.05 � 10�4

JLM30 mre11� (4.00 � 2.4) � 10�5 (15) 6.40 � 10�6 3.36 � 10�5

JLM33 rad50� (1.33 � 0.4) � 10�4 (4.5) 0 1.33 � 10�4

EMK13 rad1� (1.30 � 0.3) � 10�4 (4.6) 2.89 � 10�5 1.01 � 10�4

JLM31 rad1� yku70� (9.93 � 4.5) � 10�6 (60.4) 6.45 � 10�6 3.48 � 10�6

JLM32 dnl4� (1.34 � 0.8) � 10�4 (4.47) 1.09 � 10�5 1.23 � 10�4

a Reduction was calculated by dividing the survival frequency of each mutant strain by that of either parental strain SLY18 or SLY19. Each value represents the
average from at least three independent experiments � standard deviation.
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other, annealed at a 9-bp sequence of imperfect homology
(Table 2).

Microhomology-mediated deletional end joining does not
require Ku and Rad52 proteins. To determine whether the
deletion-associated repair events seen in SLY19 require Ku,
we created yku70� derivatives of SLY18 and SLY19—EMK10
and EMK11, respectively—and examined the survival fre-
quency upon induction of persistent HO breaks. Although the
deletion of the YKU70 gene in SLY18 dramatically impaired
cell survival, deletion of YKU70 in SLY19 only caused a mild
reduction (1.35-fold) in cell survival (Table 1). Interestingly, all
of the survivors from EMK11 became Ura�. PCR amplifica-
tion and sequence analysis of the repair junctions of these
survivors demonstrated that the majority of the repair events
involve the same 62-bp deletion that we saw in SLY19, being
mediated by 9 bp of imperfect microhomology (Table 2). Thus,
this type of repair, which comprises at least 60% of all survivors
in SLY19, is independent of Ku.

We then asked if the MMEJ repair events in SLY19 require
Rad52-mediated SSA (54). EMK12, a rad52� derivative of
SLY19, survived continuous HO cleavage with the same fre-
quency as SLY19 (Table 1). Moreover, the frequency of Ura�

colonies among survivors in SLY19-rad52� is indistinguishable
from that of SLY19, indicating that RAD52 does not contribute
to cell survival in this setting. Interestingly, deletion of RAD52
affects the extent of deletion, so that most of the repair events
involved deletions ranging from 5 to 39 bp (Table 2). None-
theless, the great majority of the repair events involve deletions
and occur via 10 to 12 bp of imperfect microhomology.

From these data, we concluded that chromosome breaks

with no complementary ends are repaired predominantly
through the MMEJ pathway that is independent of Ku and
Rad52.

MMEJ requires Mre11 protein. Mre11 is a multifunctional
protein that plays roles in homologous recombination, NHEJ,
telomere length maintenance, and cell cycle checkpoint regu-
lation (16). Mre11 forms a heterotrimeric complex with Rad50
and Xrs2 and exhibits double-strand 3�-to-5� exonuclease ac-
tivity as well as single-strand endonuclease activity (46, 63, 64).
The Mre11 complex has also been reported to mediate end-
to-end DNA association and annealing of complementary
ssDNA (4, 8, 9).

To ask whether Mre11 is required for MMEJ in SLY19, we
created an mre11� derivative of SLY19 (JLM30) and exam-
ined its survival upon induction of HO-induced DSBs. The
deletion of MRE11 reduced cell survival by 15-fold (Table 1).
Most mre11� survivors were Ura�; rare Ura� survivors main-
tained the original HO recognition sequences, suggesting that
they arose from inefficient HO expression. The reduction in
cell survival in JLM30 cannot be solely attributed to the lack of
Ku-dependent NHEJ, since deletion of YKU70 only caused a
1.3-fold reduction in survival. The results therefore indicate
that Ku-independent MMEJ requires Mre11.

We characterized the repair events of the individual survi-
vors in the absence of MRE11 (JLM30) by PCR amplification
and analysis of the junctional sequences (Table 3). The most
frequent type of repair in mre11� survivors is still the deletion
of 62 bp, which was the most frequent class in SLY19. Other
repair events also involve microhomologies, but with smaller

TABLE 2. Junctional sequences observed in survivors of SLY19 and in the rad52 and yku70 gene deletion derivativesa

Strain Junctional sequence Modifica-
tions

No. of
overlapping

bases

No. of
events

Parental TTTATAAAATTATACTGTT GTATAATTTTATAAACCCTGGTTTTGGTTTTGTAGA
AAATATTTTAATATG TTGTCATATTAAAATATTTGGGACCAAAACCAAAACATCT

SLY19 TTTATAAAATTATA(CTGTT) AACAGTATAATTTTATAAACCCTGGTTTTGGTTTTGTAGAGG �5/0 1 1
TTTATAAAATTATAC(TGTT) (A) ACAGTATAATTTTATAAACCCTGGTTTTGGTTTTGTAGAG �4/�1 2 4
TTTATAAAATTATACTGT(T) (AACA) GTATAATTTTATAAACCCTGGTTTTGGTTTTGTAGAG �1/�4 2 1
TTTATAAAATTATACTG(TT) (AACAGTATAATTTTATAAACC) CTGGTTTTGGTTTTGTAGAG �2/�21 3 1
TTTATAAAATTATA(CTGTT) (AACAG) TATAATTTTATAAACCCTGGTTTTGGTTTTGTAGAG �5/�5 4 2
TTTATAAAATTATA(CTGTT) (AACAGTATAATT) TTATAAACCCTGGTTTTGGTTTTGTAGAG �5/�12 10 (12) 2
TTTATAAAATTATACTG(TT) (AACAGTATAA––-GAGTGGTTGACGAATAATTATG) CTGAAG �2/�60 9 (10) 29
TTTATAAAATTAT(ACTGTT) (AACAGTATAA––-GAGTGGTTGACGAAT) AATTATGCTGAAG �6/�53 9 (10) 5
TTTATAAAAT(TATACTGTT) (AACAGTATAA––––––––GTCTATGTATTTG) TATAAAATAT �9/�293 8 1

EMK11
(yku70�)

TTTATAAAATTATACTG(TT) (AACAGTATAA––-GAGTGGTTGACGAATAATTATG) CTGAAG �2/�60 9 (10) 29
TTTATAAAATTAT(ACTGTT) (AACAGTATAA––-GAGTGGTTGACGAAT) AATTATGCTGAAG �6/�53 9 (10) 1

EMK13
(rad52�)

TTTATAAAATTATACTGT(T) (AACA) GTATAATTTTATAAACCCTGGTTTTGGTTTTGTAGA �1/�4 2 1
TTTATAAAATTATA(CTGTT) (AACAG) TATAATTTTATAAACCCTGGTTTTGGTTTTGTAGAG �5/�5 4 3
TTTATAAAATTATA(CTGTT) (AACAGTATAATT) TTATAAACCCTGGTTTTGGTTTTGTAGAG �5/�12 10 (12) 4
TTTATAA(AATTATACTGTT) (AACAG) TATAATTTTATAAACCCTGGTTTTGGTTTTGTAGAG �12/�5 10 (12) 2
GTTTATAAA(ATTATACTGTT) (AACAGTATAA) TTTTATAAACCCTGGTTTTGGTTTTGTAGAG �11/�11 10 (12) 8
AAAACCAGGGTTT(AT––TGTT) (AACAGTATAATTTTATAAACCCT) GGTTTTGGTTTTGTAGAG �16/�23 10 (12) 2

a Shown are the nucleotide sequences at the sites of joining between two HO breaks in Ura� survivors of SLY19 and their mutant derivatives. The original sequences
that constitute noncomplementary single-stranded ends are underlined. Microhomologies with overlapping sequences are shown in boldface. The deletions are shown
in parentheses. Negative numbers in the “Modifications” column indicate the number of nucleotides deleted in either side of the DSBs. In cases of imperfect overlap,
mismatches with several matching bases on either side were only considered as microhomologies. The number of overlapping bases is shown to indicate the total number
of overlapping sequences (in parentheses) and the identical sequences among them.
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deletions. Smaller deletions could be expected because of in-
efficient 5�-to-3� degradation of breaks in mre11� cells (28).

The Mre11, Rad50, and Xrs2 proteins form a stable com-
plex, and their strong association is substantiated by the iden-
tical phenotypes of their deletion mutations (2, 3, 23). To
determine whether Rad50 is needed for MMEJ, we deleted
RAD50 in SLY19 (JLM33) and measured the survival fre-
quency after induction of noncomplementary HO breaks. De-
letion of the RAD50 gene caused a 4.5-fold reduction in sur-
vival, and all rad50� survivors were Ura�. The repair events in
rad50� survivors are indistinguishable from those in mre11�
(data not shown), supporting the idea that the entire Mre11-
Rad50 complex is needed for MMEJ.

Roles of Rad1 and Dnl4/Lig4 in MMEJ. Yeast Rad1 and
Rad10 proteins form a stable endonuclease complex that is
required for several different DNA repair pathways, including
nucleotide excision repair (NER) and recombination repair (7,
55, 61). The RAD1 and RAD10 genes are also required for SSA
involving repeated sequences flanking a DSB (12, 18, 59).
These genetic observations suggested to us that Rad1 and
Rad10 may be needed for MMEJ by removing the 3�-flap DNA.

To test this idea, we created a rad1� derivative of SLY19
(EMK13) and examined its survival frequency after induction
of HO breaks. In the absence of RAD1, there was a 4.6-fold
decrease in survival compared to SLY19 (Table 1). Although
the majority of survivors were Ura�, there were many Ura�

survivors that could arise from imprecise NHEJ. To further
determine the basis of survival in the absence of Rad1p, we
PCR amplified and analyzed Ura� rad1� survivors. In the

absence of the Rad1p, MMEJ disappeared; instead, cells sur-
vived the HO-induced DSBs primarily by end joining, similar
to Ku-dependent NHEJ (Table 3; described below). The pres-
ence of rare survivors of the RAD1 gene deletion strain that
appeared to repair DSBs by MMEJ suggests the existence of a
Rad1-independent 3�-flap removal mechanism, as with SSA
(5). Nevertheless, our results strongly implicate the Rad1 pro-
tein in MMEJ.

To ascertain the role of Rad1 in MMEJ, we deleted both
RAD1 and YKU70 from SLY19 and induced HO endonucle-
ase-created DSBs. We reasoned that if Ku-independent
MMEJ requires Rad1 protein, the absence of both Rad1 and
Yku70 should eliminate Ku-dependent and -independent end
joining to cause a severe reduction in cell survival. Indeed,
deletion of both RAD1 and YKU70 genes led to a synergistic
60-fold reduction in survival (Table 1). Characterization of
rare survivors revealed that all have repaired the HO-induced
DSB by MMEJ. These data confirm the requirement for Rad1
in MMEJ and further support the existence of a Rad1-inde-
pendent, inefficient mechanism of removing 3� flaps.

In S. cerevisiae, there are two distinct DNA ligases (50, 60).
Cdc9, the essential yeast homolog of DNA ligase I is required
for the joining of Okazaki fragments at the replication fork and
is also involved in Rad52-dependent homologous recombina-
tion and single-strand break repair (17, 22, 37, 62). Impor-
tantly, there is in vitro evidence that ligase I may be involved in
using minihomologies to join noncomplementary DNA ends
(21, 45, 51). The other yeast ligase, Dnl4p, is a homolog of
mammalian DNA ligase IV and functions in the NHEJ path-

TABLE 3. Junctional sequences observed in survivors of the mre11, rad1, rad1 yku70, and dnl4 gene deletion derivatives of SLY19a

Strain Junctional sequence Modifi-
cations

No. of
overlapping

bases
No. of
events

Parental TTTATAAAATTATACTGTT GTATAATTTTATAAACCCTGGTTTTGGTTTTGTAGA
AAATATTTTAATATG TTGTCATATTAAAATATTTGGGACCAAAACCAAAACATCT

JLM30 (mre11�) TTTATAAAATTATA(CTGTT) (AACAG)TATAATTTTATAAACCCTGGTTTTGGTTTTGTAG �5/�5 4 1
TTTATAAAATTATA(CTGTT) (AACAGTATAATT)TTATAAACCCTGGTTTTGGTTTTGTAG �5/�12 10 (12) 2
TTTATAA(AATTATACTGTT) (AACAG)TATAATTTTATAAACCCTGGTTTTGGTTTTGTAG �12/�5 10 (12) 2
AAACC(AGGGTTTA––TGTT) (AACAGTATAATTTTAT)AAACCCTGGTTTTGGTTTTGTAG �23/�16 10 (12) 4
TTTATAAAATTATACTG(TT) (AACAGTATAA––-GAGTGGTTGACGAATAATTATG)CTGA �2/�60 9 (10) 9
TTTATAAAATTAT(ACTGTT) (AACAGTATAA––-GAGTGGTTGACGAAT)AATTATGCTGA �6/�53 9 (10) 1
ACCAAAAACC(AAA––TGTT) (AACAGTATAATTTTAT)AAACCCTGGTTTTGGTTTTGTAG �29/�16 5 1

EMK13 (rad1�) TTTATAAAATTATACTGTT (AA)CCAGTATAATTTTATAAACCCTGGTTTTGGTTTTGTA 0/�2,�1 0 1
TTTATAAAATTATAC(TGTT) (A)ACAGTATAATTTTATAAACCCTGGTTTTGGTTTTGTAG �4/�1 2 7
TTTATAAAATTATACTGT(T) (AACA)GTATAATTTTATAAACCCTGGTTTTGGTTTTGTAG �1/�4 2 2
TTTATAAAATTATAC(TGTT) (AACA)GTATAATTTTATAAACCCTGGTTTTGGTTTTGTAG �4/�4 0 5
TTTATAAAATTA(TACTGTT) AACAGTATAATTTTATAAACCCTGGTTTTGGTTTTGTAGAG �7/0 1 1
TTTATAAAATTATA(CTGTT) (AACAG)TATAATTTTATAAACCCTGGTTTTGGTTTTGTAG �5/�5 4 2
AACCAG(GGTTT––-CTGTT) (AA)CAGTATAATTTTATAAACCCTGGTTTTGGTTTTGTAG �21/�2 10 (12) 1
TTTATAAA(ATTATACTGTT) (AACAGTATAA)TTTTATAAACCCTGGTTTTGGTTTTGTAG �11/�11 10 (12) 1

JLM31 (rad1� yku70�) TTTATAAAATTATA(CTGTT) (AACAGTATAATT)TTATAAACCCTGGTTTTGGTTTTGTAG �5/�12 10 (12) 1
TTTATAAAATTATACTG(TT) (AACAGTATAATTTTATAAACC)CTGGTTTTGGTTTTGTAG �2/�21 3 1

AAAACCAGGGTTT(AT––TGTT) (AACAGTATAATTTTATAAACCCT)GGTTTTGGTTTTGTAG �16/�23 10 (12) 2
TTTATAAAATTATACTG(TT) (AACAGTATAA––-GAGTGGTTGACGAATAATTATG)CTGA �2/�60 9 (10) 3

JLM32 (dnl4�) TTTATAAAATTATA(CTGTT) (AACAGTATAATT)TTATAAACCCTGGTTTTGGTTTTGTAG �5/�12 10 (12) 1
TTTATAAAATTATACTG(TT) (AACAGTATAA––-GAGTGGTTGACGAATAATTATG)CTGA �2/�60 9 (10) 17

a Top strand sequences at the sites of joining between two HO breaks in Ura� survivors of the mre11, rad1, rad1 yku70, and dnl4 gene deletion derivatives of SLY19
are shown, as described in Table 2. The insertions are shown in italic.

8824 MA ET AL. MOL. CELL. BIOL.



way of DSB repair (52, 58, 71). To identify the DNA ligase that
is involved in Ku- and Rad52-independent MMEJ, we deleted
the DNL4 gene in SLY19 (JLM32) and determined the sur-
vival frequency after persistent HO endonuclease-generated
DSBs. The absence of Dnl4 reduced survival about 4.5-fold
(Table 1). Characterization of individual survivors of the dnl4�
version of SLY19 after persistent DSBs showed that all the
Ura� survivors were derived from inefficient HO induction,
and all of the Ura� colonies were the result of the MMEJ
(Table 3). The lack of Ku-dependent imprecise NHEJ events
among dnl4� survivors is consistent with its known role in this
process (52, 58, 71). In addition, the lower rate of survival of
dnl4� cells compared to yku70� cells after the persistent HO
breaks implicates Dnl4 in MMEJ. Nevertheless, there was
much less inhibition of DSB end repair than was seen, for
example, in rad1� yku70� or mre11� cells. The moderate
MMEJ impairment in the dnl4� mutant indicated that another
ligase (very likely Cdc9) can also function in MMEJ.

Repair of radiation damage by the Ku- and Rad52-indepen-
dent mechanism requires Rad1. Ionizing radiation such as
gamma rays can cause DSBs; hence, cell survival depends on
successful DSB repair (30). Although the majority of DSBs
induced by ionizing radiation are repaired through Rad52-
dependent homologous recombination and Ku-dependent
NHEJ, in the absence of functional Rad52 and Ku proteins,
cell survival after gamma irradiation should rely on MMEJ.
We thus created a rad1� yku70� rad52� triple-mutant strain
and examined cell survival after gamma irradiation. Our results
show that the triple-mutant strain is significantly more sensitive
to gamma irradiation than the yku70� rad52� double-mutant
strain (Fig. 2). This epistatic relationship further confirms the
existence of the Ku- and Rad52-dependent DNA repair pro-
cess that requires Rad1 protein. The effect of the RAD1 gene
deletion on gamma-ray hypersensitivity in the absence of
Rad52 and Yku70 is not due to defective NER, since the
deletion of another essential component of NER, RAD14, did
not affect the radiation sensitivity of yku70� rad52� cells (49)
(Fig. 2).

DISCUSSION

We developed a genetic assay to create site-specific DSBs
with noncomplementary 4-bp, 3�-overhanging end sequences
in vivo and discovered that the repair of these DSBs is primar-
ily mediated by MMEJ, a highly error-prone mechanism inde-
pendent of Ku or Rad52 proteins, but dependent on Rad1,
Mre11, and Rad50 proteins and partially dependent on Dnl4
proteins. Moreover, this pathway appears to contribute to the
repair of ionizing radiation damage in the absence of Ku and
Rad52 proteins.

Much of what we know about DNA DSB repair and recom-
bination both in yeast and mammals has come from studies
that induce chromosomal DSBs in vivo (20, 43). Two classes of
causative agents have been used to create DSBs: either the
random, unspecified number of breaks with the complex bio-
chemical end configurations (such as ionizing radiation) or a
site-specific endonuclease-generated DSB whose ends contain
either 3� or 5� overhangs with complementary sequences (such
as HO endonuclease or EcoRI) (32, 43). The site-specific en-
donucleases such as HO and I-SceI have been particularly
useful not only to generate a site-specific DSB synchronously

from a large proportion of cells, but also because the repair of
DNA damage in real time can be followed by monitoring the
repair products at specific sites in a quantitative manner (20,
43). These studies demonstrated that the end joining is medi-
ated by base pairing of overlapping sequences of DNA ends
and requires a set of proteins including Ku proteins (43).
However, many chromosome breaks that occur during normal
cell growth may not possess such overlapping complementary
end sequences, including blunt ends and resected but non-
complementary sequences (35). We thus developed an assay to
create site-specific DSBs with noncomplementary end se-
quences in vivo and explored whether the repair of such ends
occurs by the same principles as those deduced from the repair
of DSBs with the complementary end sequences. Surprisingly,
we discovered that the lack of complementary sequences at the
ends prompted a cell to rely on repair primarily by a Ku-
independent MMEJ mechanism. This repair pathway is quite
efficient and highly competitive against the Ku-dependent im-
precise end joining in our assay condition. In addition, all of
the joints mediated by the Ku-independent end joining re-
sulted in deletions that apparently involve annealing of as few
as 8 bp of almost identical sequences located at some distance
from each side of the HO break. Many of these overlapping
sequences are AT rich and are frequently interrupted by a few
mismatches. However, the fact that other sequences in the
same interval with similar microhomologies are not utilized for
MMEJ evades definition of the effective microhomology for
the Ku-independent end joining.

The requirement of short stretches of homology for Ku- and
Rad52-independent end repair is consistent with a number of

FIG. 2. Epistasis analyses of the effects of RAD1, RAD52, and
YKU70 on gamma-ray hypersensitivity. Logarithmic cultures of yeast
cells were harvested and resuspended in phosphate-buffered saline,
plated onto YEP-dextrose media, and irradiated with the indicated
dose of gamma rays. After 3 to 4 days of growth, surviving colonies
were counted, and the survival rate was calculated by comparison to
the number of colonies from the mock-treated cells. The percentages
of survival of RAD� (solid circles), rad1� (open diamonds), yku70�
(solid diamonds), rad52� (open squares), rad52� yku70� (solid trian-
gles), rad1� rad52� (open circles), rad14� rad52� yku70� (open tri-
angles), and rad1� rad52� yku70� (solid squares) cells are shown.
Each experimental point represents the average of three independent
experiments.
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previous studies (74). In yeast, Ku- and Rad52-deficient cells
can still repair DSBs, albeit less efficiently (48). These repair
events were almost always associated with long one-sided de-
letions and extensive imperfect overlapping sequences at the
junctions, as shown here (74). Moreover, plasmid molecules
cleaved with an EcoRI restriction enzyme and transformed
into the Ku-deficient strains were rejoined with the deletions
ranging from 6 to 811 bp in length, with junctional overlapping
sequences of 3 to 15 bp (1).

Evidence for Ku- and Rad52-independent DSB repair is not
limited to yeast cells. In Ku-deficient mice, some lymphocyte
development was observed, suggesting that there is a Ku-inde-
pendent pathway capable of resolving the DSBs created during
V(D)J recombination (15). A few of these repair events were
characterized and were revealed to identify extensive deletions
in their repair junctions. Moreover, a Ku86-deficient cell line
showed increased frequencies of imprecise end joining, which
can be attributed to Ku- and Rad52-independent DSB repair
(24, 33). In the chicken B-cell line DT-40, the ability to repair
DSBs was partially retained in the absence of Rad54 and Ku
proteins (57). Finally, several groups have reported the partial
purification of a Ku- and Rad52-independent end-joining ac-
tivity by using cell extracts from Xenopus eggs, calf thymus, and
human lymphoblast cells (14, 26, 36). Therefore, the available
evidence strongly supports the existence of a highly mutagenic
DSB repair mechanism that is independent of Ku and Rad52
proteins, and the use of the microhomology seems universal
for this repair mechanism.

Our study has provided further evidence of such Rad52- and
Ku-independent end-joining events: in this case, for a well-
defined DSB generated in chromosomal DNA that has its
normal chromatin composition as opposed to naked, restric-
tion endonuclease-digested DNA transformed into yeast.
Moreover, we show that this Ku-independent pathway creates
nonrandom deletions and is surprisingly efficient—more effi-
cient in fact than the apparently less complex process of mis-
aligning 4-bp 3�-overhanging complementary sequences to-
gether to form small insertions and deletions. In addition, we
show that this process is strongly dependent on Mre11, Rad50,
and Rad1 (and presumably Rad10) but only partially depen-
dent on DNA ligase IV.

In many ways, the MMEJ seems mechanistically similar to
the Rad52-dependent SSA. However, we suggest that they
represent two distinct repair mechanisms based on their dif-
ferent genetic requirements. Unlike most SSA that depends on
Rad52 protein, the efficiency of MMEJ is not affected by the
absence of Rad52, although it affects the extent of deletions.
Notably, rare SSA has been reported to occur in the absence of
Rad52 proteins when it involves very long (several kilobase)
lengths of homology that can compensate for the lack of Rad52
activity (42). In contrast, the MMEJ involves short stretches of
imperfect sequences of only about 10 bp, supporting the idea
that it should rely on a distinct mechanism that is different
from SSA.

Furthermore, whereas the Mre11 complex is largely dispens-
able for SSA (70), it plays a critical role in MMEJ. Biochem-
ically, the Mre11 complex from both yeast and humans exhibits
3�-to-5� resection activity on double-stranded DNA as well as
single-stranded endo- and exonuclease activities (39, 45, 47, 63,
66). More importantly, the purified human Mre11 protein me-

diates the annealing of complementary single-stranded mole-
cules in vitro (8). Although the lack of efficient ssDNA forma-
tion in mre11 strains may affect the MMEJ, we favor the model
that the ssDNA annealing activity implicated in human Mre11
may underlie the critical involvement of Mre11 in this process.
Such a model is consistent with the minor role of Mre11 in
SSA, which should also require the degradation of 5� ends to
uncover the flanking homologous sequences.

Taken together, we propose the model for MMEJ illustrated
in Fig. 3. The model assumes that a microhomology uncovered
by the Mre11-Rad50-dependent exonucleolytic processing of
DSBs could mediate annealing of broken ends, and then un-
paired 3� flaps would be removed by the Rad1-Rad10 endo-
nuclease complex to prime for gap synthesis and ligation (Fig.
3).

One of the key questions that emanate from our study is why
the breaks with no complementary end sequences are the pre-
ferred substrates for the Ku-independent end joining, but not
for Ku-dependent NHEJ. Although it is yet unclear, we imag-
ine that some factor or factors may preferentially bind to and
stabilize the base pairing between complementary sequences at
the overhanging ends to inhibit the processing of DNA ends.
Consequently, the microhomology that is needed for Ku-inde-
pendent MMEJ may be prevented from being exposed by
exonucleolytic resection of the DSB ends. In fact, Paull and
Gellert had previously reported that Mre11 exonuclease activ-
ity is sensitive to the structure and the sequence of the ends
(46). Addition of mismatched DNA ends promotes degrada-
tion of DNA by Mre11, whereas cohesive ends strongly inhibit
it (46). In this context, the base pairing of ends may inhibit the
search for microhomology that will only be exposed by 5�-to-
3�-end degradation.

The crystal structure of Ku70/Ku80 (69), combined with data
suggesting that Ku binds at the border between ssDNA and
double-stranded DNA (10), implies that Ku will be an effective
mediator of religation and end joining when the overhanging
tails are short, but Ku may not be able to effect end joining
when the base pairing occurs away from the DSB ends. Con-
sequently, it may be that the Mre11-Rad50-Xrs2 complex, with
its annealing and bridging activities (4, 8, 9), takes over these
functions in order to promote deletion formation. The binding
of Ku to unresected ends may also make intrinsically inefficient
the misaligned, Ku-dependent end-joining events, so that Ku-
independent, Mre11-Rad50-Xrs2-dependent MMEJ actually
becomes more efficient.

Ku- and Rad52-independent DSB repair is an error-prone
process, because many of the repair events are associated with
large deletions (1, 33). In most cases, the ends are rejoined by
base pairing between opposite single strands, yielding junctions
with short stretches of homology (microhomology) (1, 14, 24,
33). Such a mechanism will contribute significantly to the ge-
netic instability observed in many cancer cells. In fact, it was
reported that the absence of the tumor suppressor BRCA1
frequently causes the cells to repair DSBs using the repair
events reminiscent of MMEJ (75). In addition, high levels of
chromosomal aberrations were reported in cells deficient in
homologous recombination and Ku-dependent NHEJ after ex-
posure to gamma irradiation (57). In yeast, Myung et al. (40)
identified spontaneous translocations and deletions involving
long imperfect homologous sequences at the junctions that are

8826 MA ET AL. MOL. CELL. BIOL.



independent of Rad52 and Ku proteins, but dependent on
Mre11 and highly similar to those observed from cancer cells.

In summary, we have developed an assay to assess the repair
of chromosomal breaks with no complementary end sequences
in vivo. This assay enabled us to discover that these breaks are
repaired primarily and efficiently by a Ku-independent but
Mre11-, Rad50-, and Rad1-dependent MMEJ mechanism.
This assay should be highly useful to dissect the mechanistic
and genetic requirements of this highly mutagenic repair pro-
cess that may be of great relevance to genetic instability.
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