NHE] regulation by mating type is
exercised through a novel protein, Lit2p,
essential to the Ligase IV pathway
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In the yeast Saccharomyces cerevisiae, DNA double strand break (DSB) repair by nonhomologous end-joining
(NHE]) requires the DNA end-binding heterodimer Yku70p-Yku80p and the ligase Dnl4p associated with its
cofactor Liflp. NHE] efficiency is down-regulated in MATa/MATa cells relative to MATa or MATa cells, but
the mechanism of this mating type regulation is unknown. Here we report the identification of Lif2p, a S.
cerevisiae protein that interacts with Liflp in a two-hybrid system. Distruption of LIF2 abolishes the capacity
of cells to repair DSBs by end-joining to the same extent than lif1 and dnl4 mutants. In MATa/MAT« cells,
Lif2p steady-state level is strongly repressed when other factors involved in NHE] are unaffected. Increasing
the dosage of the Lif2p protein can suppress the NHEJ defect in a/« cells. Together, these results indicate that
NHE]J regulation by mating type is achieved, at least in part, by a regulation of Lif2p activity.
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In eucaryotes, DNA double strand breaks (DSBs) can be
induced by metabolic processes, DNA damaging agents,
or specific endonucleases. If unrepaired or wrongly re-
paired, such breaks lead to cell death or genomic rear-
rangements. DSBs can be repaired by at least two path-
ways, homologous recombination or nonhomologous
end-joining (NHEJ). Homologous recombination is a
mostly error-free process that involves the presence of
homologous sequences. In the nonhomologous repair
mechanism, DNA ends are joined with little or no base
pairing at the junction and the end-joining product may
be accompanied with insertions or deletions (Paques and
Haber 1999; Wood et al. 2001). In addition to its major
role in resistance to DNA damage, NHE] is required for
V(D)] recombination in mammals (Frank et al. 1998).
To date, genetic and biochemical studies have estab-
lished that end-joining in yeast and mammals requires
the same core set of proteins, the DNA end-binding pro-
teins KU70 and KUS8O that form the KU heterodimer, as
well as DNA ligase IV and its associated factor XRCC4
(called Dnl4p/Ligdp and Liflp, respectively, in S. cerevi-
siae) (Schar et al. 1997; Teo and Jackson 1997; Wilson et
al. 1997; Herrmann et al. 1998; Wood et al. 2001). In
addition, NHEJ in mammals also required DNA-PK_,
(Wood et al. 2001). Liflp interacts with the carboxy-ter-
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minal domain of Dnl4p and is required for its activity in
vivo (Herrmann et al. 1998). Liflp is detectable near
DNA ends, suggesting that Lif1p binds DNA in coopera-
tion with KU and targets Dnl4p to DSB (Teo and Jackson
2000). In S. cerevisiae, a complex formed by Rad50p,
Mrellp, and Xrs2p is essential to NHE] (Moore and
Haber 1996; Boulton and Jackson 1998). In the fission
yeast Schizosaccharomyces pombe and in vertebrates,
the homologs of these proteins do not appear to be re-
quired for NHE]J, suggesting that the role played by this
complex in the end-joining reaction is not conserved in
all eucaryotes (Wilson et al. 1999; Yamaguchi-Iwai et al.
1999; Harfst et al. 2000; Manolis et al. 2001).

In S. cerevisiae, NHE] level is influenced by mating-
type status. Diploid cells, expressing simultaneously
MATa and MATaq, exhibit levels of NHE] lower than
haploid cells expressing either MATa or MATa (Astrom
et al. 1999; Lee et al. 1999; Clikeman et al. 2001). Dele-
tions of the SIR2, SIR3, and SIR4 genes, which are in-
volved in transcriptional silencing, have been reported to
reduce NHEJ (Tsukamoto et al. 1997). This effect is
largely attributable to the derepression of the silent mat-
ing-type loci HMLa and HMRa, resulting in the coex-
pression of a and a information in haploid cells (Astrom
et al. 1999; Lee et al. 1999). To date, the genes controlled
by mating type that carry out this NHE] regulation are
unknown.

To dissect the mechanism of end-joining, we set out to
isolate proteins interacting with Liflp in a two-hybrid
assay in S. cerevisiae. We identified Lif2p as a new Liflp-
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interacting factor and showed that Lif2p is required for
DSB repair by end-joining. Lif2p expression is specifi-
cally reduced in MATa/MAT« cells and its overexpres-
sion restores higher NHE] efficiency.

Results

Isolation of LIF2

To investigate the function of the Lifl1p-Dnl4p complex,
we used the yeast two-hybrid system to search for yeast
proteins that interact with Liflp. Plasmid pGBT9-LIFI,
encoding full-length Liflp fused to the DNA-binding do-
main of Galdp (Gal4p-DBD) was used for screening a
library of random genomic fragments fused to the Gal4p-
activation domain (Gal4p-AD). Eight different positive
clones were isolated with plasmids encoding Gal4p-AD
fused in-frame with the DNL4 gene (Fig. 1A). Clones
start from amino acid 539 to 812 and extend over the
carboxy-terminal end of Dnl4p, all encompassing the en-
tire second BRCT domain. This result is in agreement

with the previously described interaction between the
BRCT domains of Dnl4p and Liflp (Herrmann et al.
1998; Teo and Jackson 2000).

In addition, seven different plasmids encoding Galdp-
AD fused in-frame with the YLR265¢c ORF were isolated
(Fig. 1A). Hereafter, YLR265c is designated as LIF2 , en-
coding a 342 amino acid protein. The fusion domains of
the different clones start at amino acids ranging from 121
to 254 and extend over the carboxy-terminal end of
Lif2p. The two-hybrid interaction between Liflp and
Lif2p was reproduced after reintroduction of fusion pro-
tein encoding plasmids into yeast (Fig. 1B). These results
suggest that the carboxy-terminal part of Lif2p specifi-
cally interacts with Liflp. They also suggest a potential
role of Lif2p in end-joining.

Lif2p is essential for NHE]

To examine whether LIF2 could play a role in end-join-
ing, we created null strains by gene disruption. lif2A mu-
tant strains were viable and displayed no obvious growth
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Figure 1. Identification of LIF2 by a two-hybrid screen. (A) Schematic representation of Dnl4p and Lif2p with the positions of the
carboxy-terminal fusions interacting with Liflp. The boundaries of the catalytic and BRCT domains of Dnl4p are reproduced from
Schar et al. (1997). (B) Specificity of the Liflp-Lif2p interaction in the two-hybrid assay. Two Lif2p-Gal4p-AD fusions isolated in the
screen were reintroduced into the Y190 two-hybrid strain in the presence of the Gal4p-DBD alone or fused to Liflp or Yku80p. The
two-hybrid interaction is revealed by growth on plates lacking histidine complemented with 50 mM 3-amino-triazole, and by X-gal

staining.
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defect at 30 and 37°C (data not shown). We analyzed
NHE] efficiency in lif2A mutants using two DSB-inducer
systems in two distinct genetic backgrounds. The HO
system was developed by Lee and colleagues in a
DBY745 background (Lee et al. 1998). Under conditions
of mating-type switching in yeast, HO endonuclease
physiologically creates a DSB at the mating type (MAT)
locus. The break is normally repaired by homologous
recombination with one of the two silent mating-type
loci, HML and HMR. Here, we used haploid strains lack-
ing HML and HMR, in which the DSB can only be re-
paired by NHE]. The gene encoding HO was placed un-
der the control of a galactose regulatable promoter. Ad-
dition of galactose to the medium induces a single DSB
at MAT (Moore and Haber 1996; Lee et al. 1998). The
I-Scel system was developed in a W303 genetic back-
ground. A restriction site for the I-Scel endonuclease was
introduced upstream of URA3 on chromosome V and the
cells were transformed with a plasmid expressing I-Scel
under the control of a galactose regulatable promoter.
Galactose addition to the medium induces a single DSB,
which should only be repaired by end-joining.

First, we examined religation efficiency of an HO cut
by Southern blot analysis in wild-type, dIn4A, lif1A, and
Iif2A cells. Cells were induced to express HO for 1 h.
Galactose was then replaced by glucose to turn off the
expression of the endonuclease. To allow for an unbiased
quantification of the repair products, cells were main-
tained blocked in late G, phase with a-factor during the
whole experiment. In wild-type cells, the amount of in-
tact DNA molecules dropped after HO induction and
then increased after glucose repression of the endonucle-
ase (Fig. 2). After 4 h in glucose containing medium, the
DSB has been repaired by religation in about one-third of
the cells. In cells lacking LIF2, as in cells lacking DNL4

A new component of NHE]J regulated by mating type

and LIF1, the reformation of intact DNA molecules was
not observed. In addition, cell viability at the end of the
experiment has dropped to (6% in dnl4A, Iif1A, and Iif2A
cells from #5% in wild-type cells (data not shown).
Thus, like Liflp and Dnl4p, Lif2p is required for the re-
ligation of a DSB by end-joining.

When HO and I-Scel endonucleases are expressed con-
tinuously, complementary ends cannot simply religate,
as the restored site will be cut again. When the DSB
occurs on an essential chromosome, this continuous
cleavage leads to cell death (Fairhead and Dujon 1993;
Moore and Haber 1996). Only in cells competent for
NHE] short-range mutations altering the endonuclease
cleavage site can occur, giving rise to survivors (Moore
and Haber 1996; see below). The frequency of survival on
galactose plates can therefore be used to examine the
role of LIF2 in NHEJ. In wild-type haploid cells, we
found that cell viability on galactose was at [l x 10~ and
[ x 1072 with HO and I-Scel, respectively (Table 1, line
1).1 In dnl4A, Iif1A,and Iif2A strains, cell viability fell by
two orders of magnitude indicating that these particular
religation events are abolished to the same level in all
three mutants (Table 1, lines 2-4). After HO induction,
cell viability was not reduced further in a Iif1A Iif2A
double-mutant strain, indicating that LIF1 and LIF2 act
in the same pathway (Table 1, lines 3-5). To ensure
specificity of the Iif2 disruption effect, we analyzed the
rescue by a centromeric plasmid encoding Lif2p (pCEN-
LIF2). This low copy number plasmid restored wild-type
viability in Iif2A cells when HO and I-Scel were ex-
pressed continuously (Table 1, line 6). These results con-
firm the specific requirement for Lif2p in NHE].

Finally, we performed plasmid rejoining assays (Boul-
ton and Jackson 1996) and compared Iif2A mutant with
isogenic dnl4A mutant. The yeast plasmid pRS313 was

Figure 2. LIF2 is required for the religa-
tion of an HO cut at MAT in the absence of
a homologous sequence. Yeast strains
Lev348 (WT), Levd06 (lif2A), Lev349
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and exposed to galactose for an additional
1 h. Cells were resuspended in glucose-
containing medium and maintained in G,
phase with « factor for an additional 4 h.

LifIA

Raff Gal Glu Raff Gal Glu Raff Gal Glu Raff Gal

— .

time (h) 0 1 3

5 0 1 3 5 0 1 3

5.5-Kb— M v e e e e . e

3.4-kb— = . -

MAT (%) 100 9 26 36 100 5 6 6 100 7 3 6

5 0 1 3 5

100 9 7 3

Glu Genomic DNAs were digested with

EcoRV, separated by electrophoresis on a
1% agarose gel, and blotted onto a nitro-
cellulose membrane. The membrane was
probed with a 700-bp fragment immedi-
ately adjacent to the HO site. After expo-
sure, the membrane was rehybridized with
a TRP1 fragment (data not shown). The
signal from the uncut/repaired MAT band
at 5.5 kb was quantified with Image-Quant
using the signal at TRPI as an internal
control for each lane and normalized for
each strain.
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Table 1. Survival frequency in strains with a continuously
induced DSB

Survival (x10°)*  Survival (x106)*

Relevant genotype with HO with I-Scel
Haploid MATa strains
1 wild type 970 = 140 1700 + 610
2 dnld4A 10+7 14+ 8
3 Iif1A 86 n.d.
4 Jif2A 6+3 75
5 Iif1A lifeA 14+9 n.d.
6 lif2A pCEN-LIF2 960 = 150 2600 + 680
7 wild-type p2u-LIF2 990 = 160 2600 = 400
Haploid MATa/MATa« strains
8 wild type n.d. 3020
9 wild type p2u-LIF2 n.d. 190 + 70
10 dnl4A n.d. 11+3
11  dnl4A p2u-LIF2 n.d. 38 £26
Diploid MATa/MATa strains
12 wild type 150 = 50 n.d.
13 wild type p2p-LIF2 870 + 140 n.d.
14 dnl4A/dnl4A <1 n.d.
15 dnl4A/dnl4A p2u-LIF2 <2 n.d.

All haploid strains expressing HO were isogenic to Lev 348.
Diploid strains were obtained by crossing Lev 348 x Lev 360
(wild type) and Lev 349 x Lev 363 (dn14A/dni4A). All strains
expressing I-Scel were isogenic to Lev 338. (n.d.] Not deter-
mined.

2The mean and standard deviation were calculated by averaging
three samples.

linearized by the restricition endonuclease EcoRI in a
region without sequence homology to chromosomal
DNA. Competent cells were then transformed in parallel
with limiting amounts of cut and uncut plasmid DNA,
and the number of transformants was determined after
selection for a plasmid-expressed genetic marker (HIS3).
The relative transformation efficiency obtained with lin-
ear versus circular plasmid DNA was used as a measure
of end-joining. From three independent experiments, the
relative transformation efficiency in wild-type cells was
estimated at 28 + 7%. In dnl4A and Iif2A cells, this level
was two orders of magnitude lower to 0.24 + 0.04% and
0.23 + 0.05%, respectively. This result confirms that
LIF2 is required for NHE]J to the same extent as DNL4.

tagged protein Lif2p,,. Dnldp, .

Liflp,,

Lif2p expression is down-regulated in MATa/MAT«
cells

A systematic analysis by DNA microarray indicates that
YLR265¢/LIF2 mRNA steady-state level is repressed in
MATa/MATa cells compared with MATa or MATa cells
(Galitski et al. 1999). The MAT loci encode al and a2,
which dimerize to form a transcriptional repressor. The
al/a2 repressor recognizes a consensus sequence (AC-
TACATNNANWNNTGTRC) present in the promoter
region of haploid-specific genes (Goutte and Johnson
1988). In the LIF2 gene, a perfect match of this consensus
is located 130 bp upstream of the putative start codon.
These observations prompted us to examine directly
whether Lif2p dosage is affected by mating type.

By Western blot, we compared epitope-tagged protein
steady-state levels in MATa haploid cells, in MATa hap-
loid cells harboring an integrated copy of MAT« and in
MATa/MATa diploid cells. As shown in Figure 3, the
amount of Lif2p fell dramatically in MATa/MATa cells
compared with MATa cells by at least 25-fold. Among
the other proteins required for NHE]J that were tested,
only Liflp displayed a very modest repression in MATa/
MATua cells. The levels of Dnl4p, Yku70p, and Yku80p
were unaffected by mating type and slightly reduced in
diploid cells, as expected, because only one of the two
gene copies was tagged.

The striking and specific regulation of Lif2p level by
mating type correlates with the known repression of
NHE] in MATa/MATa cells. Could Lif2p overexpression
bypass this regulation?

Higher dosage of LIF2 suppresses NHE] defect
in MATa/MATa cells

First,we quantified the repression of NHE] by MAT het-
erozygosity in the two DSB inducer systems used in this
study. On continuous expression of HO, MATa/MATa
diploid strain containing a cleavable site on each homo-
log displayed an [kixfold reduction in cell viability rela-
tive to a MATa haploid strain (Table 1, line 12). On con-
tinuous expression of I-Scel, the integration of a copy of
MATa in MATa haploid cells caused a [60-fold reduc-
tion in cell viability (Table 1, line 8). To increase the
dosage of LIF2, cells were transformed with a 2u-based

Yku70p,,. Yku80p,,
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d h h d h h d h h d h h d
mating type a a/a a/a a a/a a/a a ala ala

a a/a a/lo a ala ala
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Figure 3. Lif2p is down-regulated in MATa/MAT« cells. Haploid MATa strains Lev412 (Lif2p,,..), Lev413 (Dnldp,,,.), Lev368
(Lif1pyc), Lev359 (Yku70p,,,.), and Lev355 (Yku80p,,,.) were transformed with an integrative plasmid bearing MAT« (sp427) or
crossed with MATa strain Lev360. Total proteins were extracted with TCA and 30 pg were analyzed by Western blotting using
monoclonal 9E10 anti-myc antibody. All tagged alleles behaved as wild type when tested for NHE] (data not shown). (h) Haploid; (d)
diploid.
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plasmid containing the LIF2 sequence under the control
of its own promoter (p2u-LIF2). The plasmid was main-
tained at [0 copies per cell (data not shown). On con-
tinuous induction of HO and I-Scel, higher dosage of
LIF2 increased cell viability by approximately sixfold in
MATa/MATa cells (Table 1, lines 9 and 13). An improve-
ment of survival by a higher dosage of LIF2 was not ob-
served in MATa/MATa cells lacking DNL4 (Table 1,
lines 10-11 and 14-15) and in wild-type MATa haploid
cells (Table 1, line 7). Thus, even though LIF2 on the
plasmid is still subject to a/a repression, its increased
dosage was able to at least partially suppress the NHE]
repression by MAT heterozygosity.

Processing associated with NHE] following
I-Scel cleavage

The repair events obtained when I-Scel was expressed
continuously were characterized by sequencing the re-

G->A
T->G
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C—->T
C—>T
C—>A
T->A
AGATCTATTACCCTGTTATCCCTAGGATCT
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: 'I[‘GTTATCCC
.IQTGTTATCC

AC

ACCCTGTTA

i
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gion around the cleavage site in the survivors. In all ana-
lyzed cells, changes were limited to a few nucleotides in
the sequence recognized by the endonuclease. As shown
in Figure 4, in NHE]J-competent MATa haploid cells dis-
playing a higher viability (wild-type, Iif2A pCEN-LIF2
and wild-type p2p-LIF2), almost all mutations were
small deletions of 1 to 9 bases within the restriction site.
The insertion of one or two bases was also observed. In
NHE]J-deficient MATa haploid cells (dnl4A and Iif2A),
the site in most cases was either intact or affected by a
single base-pair substitution. An intact site indicates
that the event responsible for survival occurred else-
where (e.g., on the endonuclease expressing plasmid)
prior to plating on galactose. Base-pair substitutions at
the cleavage site could also have pre-existed or be par-
ticular products of attempts at repairing the break (e.g.,
polymerase error during a gene conversion repair event
using information from the uncleaved sister chromatid;
Strathern et al. 1995).
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Figure 4. Modifications of the I-Scel site arising in survivors. The 600 base pairs surrounding the site were amplified by PCR and
sequenced. For each context, 8 to 10 independent clones were analyzed. The original sequence with the 18-bp site recognized by I-Scel
is represented. The arrow indicates the position of cleavage. The deletions are drawn in blue, the insertion in red, and the base

substitution in yellow.
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These data indicate that repair events associated with
limited sequence loss at the DSB site are specific prod-
ucts of the NHE] pathway. We found that in MATa/
MATa wild-type cells, small deletions within the I-Scel
site were not present, and in this regard these cells be-
haved as NHE]-deficient mutants (Fig. 4). Higher dosage
of LIF2 restored the occurrence of small deletions in
MATa/MATa cells. This was not observed in MATa/
MATa cells lacking DNL4, indicating that the restora-
tion of small deletions was a product of NHE].

Discussion
Position of LIF2 in the NHE] pathway

Lif2p is a previously uncharacterized protein of S. cer-
evisiae that we identified through its two-hybrid inter-
action with Liflp, a protein associated to the NHE] ligase
Dnl4p. The LIF2 gene is essential to the precise rejoining
of a DSB induced by a transient expression of the HO
endonuclease in the absence of homologous template.
LIF2 is also required for the imprecise end-joining events
observed with continuous cleavage of the DNA by HO
and I-Scel endonucleases, and for the rejoining of a plas-
mid linearized with an endonuclease prior to transfor-
mation into yeast cells. The end-joining defects observed
in cells lacking LIF2 are undistinguishable from the ones
observed in cells lacking DNL4 or LIF1. We conclude
that LIF2 is required for DSB repair by NHE]J.

In budding yeast, three distinct gene groups are in-
volved to the same degree in the NHE] pathway as fol-
lows: DNL4 and LIF1; YKU70 and YKUS80; and RAD50,
MRE11, and XRS2 (Boulton and Jackson 1996, 1998;
Milne et al. 1996; Tsukamoto et al. 1996; Herrmann et
al. 1998). In addition, the last two groups are required for
a different function at telomeres and the loss of one of
their genes results in telomere shortening (Boulton and
Jackson 1996, 1998). YKU70 and YKUSO are involved in
telomere protection and RAD50, MRE11, and XRS2 are
required for wild-type telomerase-dependent telomere
elongation (Gravel et al. 1998; Nugent et al. 1998; Mar-
cand et al. 1999; Peterson et al. 2001). Behaving as dnl4
and Iif1 mutants (Teo and Jackson 1997; Herrmann et al.
1998), cells lacking LIF2 displayed normal telomere
length (data not shown). These data, in addition to the
complete loss of Dnl4p-dependent end-joining observed
in Iif2A cells, and the interaction of Liflp with Dnl4p
and Lif2p in a two-hybrid system, indicate that LIF2 be-
longs to the DNL4-LIF1 group.

Database searching failed to reveal any striking simi-
larity between Lif2p and other known protein sequences,
and our data do not address its biochemical function. We
were unsuccessful at demonstrating the Liflp-Lif2p in-
teraction biochemically by coimmunoprecipitation of
epitope-tagged proteins expressed at endogenous levels.
Interestingly, double-tagged Lif2p-myc,; Dnl4p-HA,
strains were partially defective in NHE] when single-
tagged strains were not (data not shown). This negative
genetic interaction could be interpreted as an evidence
for a Lif2p-Dnl4p complex important to NHEJ and dis-
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rupted by the two epitope tags. In conclusion, although
strongly suggested by genetic evidence, the physical in-
teraction between Lif2p and the Liflp-Dnl4p complex
remains to be unambiguously proven.

Lif2p may fulfill a role in association with Liflp-
Dnl4p, possibly acting as a mediator between DNA ends
and ligation at DSBs. In vertebrates, the crystal structure
of XRCC4, the Liflp homolog, shows a strikingly elon-
gated dumbell-like tetramer that can bind Ligase IV and
DNA simultaneously (Junop et al. 2000). In addition, the
KU heterodimer is required for targeting Lif1p-Dnl4p to
DNA ends in vivo (Teo and Jackson 2000). A protein-like
Lif2p could be involved in the recruitment of these pro-
teins at DSBs, or in the alteration in chromatin structure
to permit DNA access. Future experiments are needed to
elaborate a model of Liflp binding to Dnl4p, Lif2p, and
DNA and the predicted assembly of these components in
NHEJ.

A mechanism for NHE] regulation by mating type

Here we present evidence that Lif2p is a target of NHE]
regulation by mating type. First, Lif2p steady-state level
was strongly repressed by MAT heterozygosity when
other factors involved in the NHE] pathway were unaf-
fected. Second, Lif2p overexpression restores higher re-
pair efficiency in MATa/MATa cells. DSB repair in these
conditions was bona fide NHE]J, as it required DNL4 and
the molecular events associated with repair were indis-
tinguishable from those observed in MATa wild-type
cells.

The inhibition of Lif2p activity by mating type pro-
vides a molecular mechanism for the regulation of the
channeling of DNA ends into either homologous or non-
homologous repair pathways. In nature, cells expressing
a or a mating type would almost always be haploid and
a/a cells would be diploid. In haploid cells, NHE] would
be the only efficient pathway to repair a DSB occurring
prior to DNA replication. In diploid cells, error-free re-
combination using the homologous chromosome would
be preferred and it should be advantageous to repress the
alternative pathway.

In agreement with this model, DNA repair by homolo-
gous recombination is enhanced by mating type hetero-
zygosity (Heude and Fabre 1993; Fasullo et al. 1999; Lee
et al. 1999; Clikeman et al. 2001). In diploid cells lacking
YKU70, DSB-induced allelic recombination is still re-
duced in a/a compared with a/a cells, suggesting that
homologous recombination regulation by mating type is
not entirely due to the repression of the competing NHE]
pathway (Clikeman et al. 2001). Identification of other
repair proteins submitted to a/a regulation should fur-
ther increase our understanding of how the choice be-
tween pathways is controlled.

The efficiency of the essential but unknown function
performed by Lif2p in NHE] seems particularly sensitive
to the dosage of the protein. This would explain why this
protein, and not Dnl4p or Liflp, is a regulatory target.
Homologs of Lif2p in other organisms remain to be iden-
tified. In theory, they too could be the targets of different



forms of regulation. For instance, in the fission yeast S.
pombe, end-joining between defective telomeres was ob-
served in cells arrested in an uncommitted G, state, but
not in cycling cells (Godhino Ferreira and Cooper 2001).
It will be interesting to determine whether this regula-
tion of NHEJ during the cell cycle involves a Lif2p ho-
molog.

Material and methods

Strains

The yeast strains used in this study are listed in Table 2. Gene
disruption and tagging used to generate these strains were done
according to Longtine et al. (1998). Strain Lev348 results from
the transformation of JKM139 with the linearized plasmid
CY807+TRP1 (barl:: TRP1; Aparicio and Gottschling 1994).
Strain Lev360 results from the transformation of JKRM179 with
the linearized plasmid sp59 (Marcand et al. 1997). Strain Lev338
results from the transformation of Lev306 with the linearized
plasmid sp392. Strains Lev414 and Lev415 result from the trans-
formation of Lev338 and Lev339, respectively, with the linear-
ized plasmid sp433.

Plasmids

The region upstream of URA3 was amplified by PCR and in-
serted into sp59 (Marcand et al. 1997) cut with HindIII and Sall,
creating plasmid sp391 with a BgIII site adjacent to the HindIII

Table 2. Yeast strains

Strain Genotype

Y190 MATa gal4 gal80 his3 trp1-901 ade-101 ura3-52
leu2-3,112 URAS3::GAL1-lacZ
LYS2::GAL4(UAS)-HIS3 (Harper et al. 1993)

JKM139 MATa hmrA::ADE1 hmlA::ADE1 adel-100
leu2-3,112 lys5 trp1::hisG ura3-52
ade3::GAL-HO (Lee et al. 1998)

JKM179 MATa hmrA::ADE1 hmlA::ADE1 adel-100
leu2-3,112 lys5 trpl::hisG ura3-52
ade3::GAL-HO (Lee et al. 1998)

Lev 348 JKM139 barl::TRP1

Lev 349 JKM139 barl::TRP1 dnl4A::KAN

Lev 379 JKM139 bar1::TRP1 lif1A::KAN

Lev 406 JKM139 barl:: TRP1 lif2A::KAN

Lev 411 JKM139 bar1::TRP1 lif1A::kIURA3 Lif2A::KAN

Lev 360 JKM179 adh4::URAS3::TEL

Lev 363 JKM179 adh4::URA3-TEL dnl4A::KAN

Lev 355 JKM139 bar1::TRP1 YKUS80-13myc::KAN

Lev 359 JKM139 barl::TRP1 YKU70-13myc::KAN

Lev 368 JKM139 bar1::TRP1 LIF1-13myc::KAN

Lev 412 JKM139 barl::TRP1 LIF2-13myc::KAN

Lev 413 JKM139 barl::TRP1 DNL4-13myc::KAN

W303-1a MATa ade2-1 trp1-1 ura3-1 leu2-3,112 his3-11,15
can1-100 rad5-535

Lev 306 W303-1a cdc5%?

Lev 338 Lev 306 GEA2::1-Scel::URA3

Lev 339 Lev 306 GEA2::I-Scel::URA3 dnl4::KAN

Lev 408 Lev 306 GEA2::I-Scel::URAS3 1if2A::KAN

Lev 414 Lev 306 GEA2::1-Scel::URA3 TRP1:MAT«a

Lev 415 Lev 306 GEA2::I-Scel::URAS3 dnl4A::KAN

TRP1::MAT«

A new component of NHE]J regulated by mating type

site. An [-Scel site was inserted upstream of URAS3 sequences at
the BgIII site of plasmid sp391 using oligonucleotides Isce 1
(5'-GATCCTAGGGATAACAGGGTAATA-3’) and Isce 2 (5'-
GATCTATTACCCTGTTATCCCTAG-3'), creating plasmid
sp392 with a unique BgIII site distal of URAS3. Plasmid sp392
was linearized with Sall and BamHI prior to transformation into
yeast. Plasmid p373 (pGAL-I-Scel) was created by inserting a
BamHI fragment from pPEX7 (Fairhead and Dujon 1993) into
p413GALL (CEN, HIS3).

The LIF2 gene was amplified by PCR (including 360 bp up-
stream of start codon and 330 bp downstream of the stop codon)
and inserted into pRS315 (CEN, LEU2) and pRS425 (211, LEU2)
creating plasmids sp421 (pCEN-LIF2) and sp431 (p2u-LIF2), re-
spectively.

A 4-kb fragment encompassing MATa was amplified by PCR
and inserted into pRS404 (integrative, TRP1) and pRS406 (inte-
grative, URA3), creating plasmids sp433 and sp427, respec-
tively. Prior to transformation into yeast, sp433 and sp427 were
linearized with Bsu36I and Stul, respectively.

Two-hybrid screen

The screening was done according to Flores et al. (1999). The
bait construct contained the complete ORF of LIFI cloned in
pGBT9. About 7 x 10° transformed cells were selected on plates
containing 50 mM 3-amino-triazole.

Cell survival

Cells were grown exponentially in raffinose containing me-
dium, diluted in water and spread at appropriate dilutions on
glucose and galactose containing plates. After 3 d at 30°C, colo-
nies were counted. The survival rates were calculated by divid-
ing the number of colonies on galactose by the number of colo-
nies on glucose.
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