Proc. Natl. Acad. Sci. USA
Vol. 94, pp. 867-872, February 1997
Cell Biology

DNA double-strand-break sensitivity, DNA replication, and cell
cycle arrest phenotypes of Ku-deficient Saccharomyces cerevisiae

GEORJANA BARNES* AND DONALD R10

Department of Molecular and Cell Biology, Division of Genetics, 401 Barker Hall, University of California, Berkeley, CA 94720-3202

Communicated by David Botstein, Stanford University, Stanford, CA, November 25, 1996 (received for review May 2, 1996)

ABSTRACT In mammalian cells, the Ku heterodimer is
involved in DNA double-strand-break recognition and repair.
We have established in yeast a connection between Ku activity
and DNA double-strand-break damage repair, and a connec-
tion between Ku activity and commitment to DNA replication.
We generated double-stranded DNA breaks in yeast cells in
vivo by expressing a restriction endonuclease and have shown
that yeast mutants lacking Ku p70 activity died while isogenic
wild-type cells did not. Moreover, we have discovered that
DNA damage occurs spontaneously during normal yeast
mitotic growth, and that Ku functions in repair of this
damage. We also observed that mitotically growing Ku p70
mutants have an anomalously high DNA content, suggesting
a role for Ku in regulation of DNA synthesis. Finally, we
present evidence that Ku p70 function is conserved between
yeast, Drosophila, and humans.

The Ku protein complex was first identified as an autoimmune
antigen recognized by antisera from patients with polymyosi-
tis-scleroderma overlap syndrome (1). Further investigation
showed Ku to be a heterodimer composed of 70-kDa and
80-kDa subunits that are localized in the nucleus (2). Origi-
nally, results of in vitro studies suggested that Ku has a role in
DNA repair and transposition because the Ku complex dis-
plays sequence-independent double-strand DNA end-binding
activity (3). Ku also binds to DNA nicks, gaps, and hairpins
(4-7). The participation of Ku in double-strand DNA break
repair, recombination, and transposition has since been doc-
umented (2, 8-12).

Mutant cultured hamster cell lines lacking Ku function have
an increased sensitivity to ionizing radiation (IR) (ref. 13 and
references therein). In addition to IR sensitivity, the cell lines
are defective in double-strand-break repair and immunoglob-
ulin V(D)J recombination (14-16). These DNA repair and
recombination deficiencies as well as the IR sensitivity can be
complemented by expressing the human gene encoding the Ku
p70 or p80, depending on the cell line (refs. 8§ and 9 and
references therein). The Drosophila Ku p70 homologue is
involved in the repair of DNA breaks formed during transpo-
sition of P transposable elements and is also involved in repair
of DNA damage induced by the x-ray mimetic methyl meth-
anesulfonate (MMS) (17). The mammalian Ku heterodimer
has been shown to be a component of the double-stranded
DNA-dependent protein kinase activity. The Ku p70 and p80
subunits confer the DNA dependence to the catalytic subunit
(DNA PKcs) of the kinase (18-20).

The Ku proteins appear to be expressed in all eukaryotic
cells, suggesting they play a fundamental role in general DNA
metabolism. DNA binding activity attributed to homologues of
the Ku p70 and p80 proteins has been found in organisms as
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diverse as Saccharomyces cerevisiae, mammals, and Drosophila
melanogaster (10, 21, 22). The p80 homologues have been
cloned from mammals and yeast and are 21% identical to each
other (23). Mammalian, yeast, and Drosophila Ku p70 homo-
logues have all been cloned. These Ku p70 homologues are also
only 17-22% identical to each other (10). The low degree of
sequence identity of the Ku p70 and Ku p80 homologues from
these distantly related organisms raises questions about the
conservation of Ku function in these organisms.

In this paper, we evaluated the conservation of function
between the Ku proteins from humans, yeast, and Drosophila
and tested whether yeast Ku function was required for DNA
double-strand-break repair. In addition, we explored the im-
pact that loss of Ku p70 function had on cell-cycle progression
and the surveillance of the integrity of the genome.

MATERIALS AND METHODS

Yeast Methods. Media for yeast growth and sporulation, and
methods for mating, sporulation, and tetrad analysis, were as
described (24, 25). Tetrads were dissected onto rich medium
(yeast extract/peptone/dextrose) plates and grown at 20°C.
The transformation of yeast with DNA was performed by the
lithium acetate procedure as described (26).

Strains and Plasmids. The following strains were used in
this work: BRY1, MATa, his3A200, lys2-801, leu2-3,112, ura3-
52, hdfIAI::LEU2; BRY2, MATa,ade2-101, ade3-130, ura3-52,
leu2-3,112, hdfIAl::LEU2; BRY3, MATa, ade2-101, ade3-130,
ura3-52, leu2-3,112; BRY4, MATa, his3D200, leu2-3,112, lys2-
801, ura3-52; BRYS, MAT«a, rad9A::URA3, hdfIAl::LEU2,
ade2-101, his3, lys2; and BRY6, MATa, rad9A::URA3, his3,
leu2-3, 112, trp1-289, ura3-52. The following plasmids were
used in this work: YCpGalRIb (27); pRS316ADE3YKu
[pRS316 (28) containing the ADE3 gene and the HDF1 gene];
pRB1438 (pRS316 containing the GAL1/10 promoter ele-
ment; from D. Botstein, Stanford University); pRB1438IRBP
(pRB1438 containing the Drosophila IRBP gene); pCH37
[pRS313 (28) containing the GAL1/10 promoter element;
from D. Drubin, University of California, Berkeley);
pCH37HuKu [pCH37 containing the human Ku p70 cDNA
(29)]; pCH37IRBP [pCH37 containing the Drosophila IRBP
gene (10)]; YCp50GalHO (R. Jensen and I. Herskowitz,
University of California, San Francisco). The following plas-
mids were a generous gift from Jasper Rine (University of
California, Berkeley). All are based on a derivative of YE-
plac195, a 2-micron, URA3 plasmid-based vector into which
different yeast promoters are fused to green fluorescent
protein (GFP) coding sequence: pACA60 (RNR2 promoter),
pACA74 (GPDI promoter), pACA75 (RNR3 promoter),
pACA84 (STE2 promoter), pACA102 (ADHI promoter),
pACA103 (ADH2 promoter), pACA119 (HIS4 promoter).

Abbreviations: MMS, methyl methanesulfonate; GFP, green fluores-
cent protein; DAPI, 4’,6-diamino-2-phenylindole; FACS, fluores-
cence-activated cell sorter.

*To whom reprint requests should be addressed. e-mail:
barnes@mendel.berkeley.edu.
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Construction of the kdfI Deletion Allele. The hdfiAl dele-
tion allele was constructed by the following method. Two DNA
fragments were generated by conventional PCR using primers
homologous to the HDFI gene. Fragment 1 encompasses DNA
starting 20 bp 5’ of the HDF1 ATG and extending 510 bp 5.
Fragment 2 encompasses DNA starting 4 bp 3’ of HDF1 stop
codon and extending 563 bp 3’. Also by standard PCR
techniques, Xbal and EcoRI restriction endonuclease sites
were placed onto the 5’ end and 3’ ends, respectively, of
fragment 1; BamHI and Xhol restriction endonuclease sites
were placed onto the 5’ end and 3’ ends, respectively, of
fragment 2. In a four-way ligation, the DNA sequences of
fragments 1 and 2 were ligated onto the 5’ and 3’ ends,
respectively, of a DNA fragment containing the LEU2 gene
and the restriction sites at the 5" and 3’ ends of the original
fragments 1 and 2 (Xbal and Xhol) were used to ligate this new
DNA fragment into the vector pHSX (30). The LEU2 gene
flanked by EcoRI and BamHI restriction sites at the 5’ and 3’
ends was synthesized by conventional PCR using the pRS415
plasmid (28) as the source of the LEU2 coding information.
This four-way ligation generated plasmid pHSX-YKuLEU?2
from which a linear piece of DNA containing the LEU2 gene
flanked 5’ by 510 bp and flanked 3’ by 563 bp of the
chromosomal DNA that normally flanks the HDF1 gene was
obtained by cleaving the plasmid with the restriction enzyme
Notl. This linear piece of DNA was used to transform diploid
cells and disrupt the wild-type HDF1 gene (31), yielding a
strain heterozygous for the adf1A1 null allele and the wild-type
HDFI allele. Leu™ colonies were selected and then verified for
disruption at the HDFI locus by DNA blot hybridization and
PCR analysis (data not shown).

Fluorescence Microscopy. Fluorescence microscopy was
performed as described (32), using anti-a-tubulin antibody,
YOL1/34 (33) and 4’,6-diamino-2-phenylindole (DAPI).

Measurement of DNA Content. Cellular DNA was stained
with propidium iodide as described (34), and DNA content was
determined with a Becton Dickinson FACScan flow cytome-
ter. At least 20,000 cells were counted per time point. When
necessary, yeast cells were sorted by DNA content using a
Becton Dickinson FACStar™ s machine. The cells collected
from a given DNA content were then analyzed by light
microscopy to determine their morphology.

GFP Quantitation. The promoter/GFP fusion plasmids
were transformed into BRY2 and BRY3 cells. The transfor-
mation reaction was plated onto supplemented minimal plates
and incubated at 20°C. The GFP level of all transformants (50
to 100 colonies on average) present on the plate was quanti-
tated using the FluorImagerSI (Molecular Dynamics).

a-Factor Arrest. The a-factor arrest experiments were done
by incubating exponential phase cells at 20°C in medium
containing 3 uM a-factor for 6 h. The cells were then processed
for fluorescence-activated cell sorter (FACS) analysis as de-
scribed above.

RESULTS

The hdfiAl Null Strain Exhibited Temperature-Sensitive
Growth and a Phenotypic Lag. In an effort to determine the
exact biological function(s) of Ku, we took advantage of yeast
genetics and cell biology and evaluated our hdfIAl null
mutant, which has a complete deletion of the HDFI gene
encoding the yeast Ku p70 homologue (21). A diploid strain
heterozygous for the hdfI1Al deletion was sporulated at 20°C.
All four spores from each of 30 tetrads were able to grow,
demonstrating that a true Adfl null was viable. Spores that
inherited the complete hdfIA deletion were temperature-
sensitive for growth. These cells grew as well as isogenic
wild-type cells at 20°C, were impaired for growth at 30°C, and
died at 37°C. The nongrowth at the nonpermissive growth
temperature (37°C) was in agreement with the results of an
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earlier study using a partial Adf! deletion mutant (21). How-
ever, in addition, we observed a phenotypic lag in the arrest
phenotype. Cells with an hdfI Al deletion mutation could form
colonies on solid medium at 37°C, but the cells in these
colonies were inviable and would not grow after being replica-
plated to fresh medium at 37°C (see Fig. 14). Assays of
viability of cells grown in liquid culture at the permissive
temperature, 20°C, and then shifted to 37°C revealed that the
viability of the cells incubated at 37°C remained high for
several generation times, but by 24 h viability had dropped to
20%. This finding is consistent with the phenotypic lag ob-
served on plates.

The hdfIAl null cells exhibited a previously unreported
phenotype. These cells showed a complex terminal arrest
phenotype at 37°C. At the restrictive temperature, the hdflAl
null strain arrested as an almost equal mixture of large-budded
cells and unbudded cells (Table 1). Antitubulin immunofluo-
rescence microscopy and DAPI DNA-staining of AdfIAl null
cells revealed that the large-budded cells arrested with a short
spindle and a single nucleus at the neck between mother cell
and daughter cell indicative of a G,/M arrest (Fig. 2). The
unbudded cells in the arrested population also had a single
nucleus and had a microtubule astral array typical of cells in the
G stage of the cell cycle. Therefore, by cell morphology and
nuclear and microtubule organization, the population of cells
had arrested at two positions in the cell cycle, half in G; and
the other half in G2/M (i.e., as unbudded and large-budded
cells, respectively).

The Morphologic Arrest Phenotype Was Rad9p-Dependent.
This arrest phenotype, characterized by microtubule morphol-
ogy and by the presence of a single nucleus, was that expected
of a cell sustaining DNA damage and triggering G;/S and
G2/M cell-cycle check points, such as those controlled by
RADY (35-38). To determine whether the terminal arrest
phenotype of the hdfIAl null cells was indeed Rad9p-
dependent, a double-mutant strain (BRY5) containing the
rad9 deletion mutation and the hAdfIAl deletion mutation was
constructed. This double mutant died at 37°C with the same
phenotypic lag kinetics as the RAD9™, hdfiAl single mutant
strain (BRY2). However, the double-mutant cells died as a
morphologically heterogeneous population of cells distributed
throughout the cell cycle (Table 1). In addition, at the non-
permissive temperature, the large-budded cells of the double-
mutant strain (rad9A, hdfIAl), unlike those of RAD9*, hdfI Al
strain, were characterized by nuclei that were divided and
segregated between the mother and daughter cells (Table 1).
The rad9 deletion itself does not cause a temperature-sensitive
lethality (Table 1, BRY6; and refs. 35 and 37). These results

F1G. 1. Replica plating experiment showing the phenotypic lag of
the temperature-sensitive growth of the hdfI null strain, BRY1, at
37°C. BRY1 was transformed with (4) the vector (pCH37), (B) the
HDF]I gene on a plasmid, or (C) the pCH37/IRBP (Drosophila Ku p70
c¢DNA) plasmid. Transformants were selected on medium containing
glucose and then streaked to medium containing galactose and
incubated at 37°C (plate on left). After 3 days, the plate was replica
plated to a fresh galactose plate and the second plate was incubated
at 37°C (plate on right).
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Table 1. Phenotypes of Ku-deficient yeast cells
Large
Large No Small M
Strain and temperature bud,* % bud,* % bud,* % Viability,T % 1nuc. 2 nuc.
BRY3 (HDFI)
20°C 24 42 34 99 12 88
37°C
1h 18 53 29 ND ND ND
4 h 21 42 37 94 ND ND
6h 29 40 31 92 14 86
24 h 4 75 21 73 ND ND
BRY?2 (hdfIAl)
20°C 33 25 42 97 22 77
37°C
1h 37 30 33 ND ND ND
4h 43 23 34 90 ND ND
6h 50 24 25 97 92 8
24 h 50 43 7 21 97 3
BRYS (rad9A, hdfIAI)
20°C 35 43 22 97 9 91
37°C, 23 h 24 56 20 14 19 81
BRY6 (rad9A)
20°C 42 30 28 98 ND ND
37°C23 h 23 53 24 82 16 84
BRY1 + YCpGalRI (hdfIAl)
20°C galactose, 0 h 16 47 37 98
20°C galactose, 40 h 46 44 10 —

ND, not determined.
*On average, 1000 cells were counted.

TViability was determined by counting cells using a Coulter Counter and then plating cells solid growth

medium.
#No growth.

suggested that AdfIAl cells sustained DNA damage at 37°C
and triggered a Rad9p-dependent G; or G, checkpoint arrest.

DNA Damage-Inducible Genes Are Activated in hdfIAl
Deletion Mutants. If 4dfIA] null mutants have elevated levels

Fi1G. 2. Immunofluorescence analysis of the hdfIA null (BRY2)
cells incubated at 37°C for 8 h. (Upper) Antitubulin staining. (Lower)
The same cells with DAPI staining to localize the nucleus. (Bar = 5

pm.)

of DNA damage, then the transcription from DNA damage-
inducible genes, such as RNR2 and RNR3 (39, 40), should be
elevated relative to their levels in wild-type cells. We analyzed
the transcriptional activity from both the RNR2 and RNR3
promoters in AdfIAl and isogenic wild-type strains. To mon-
itor this activity, we used constructions in which the RNR2 and
RNR3 promoters regulate the transcription of the GFP coding
sequence in yeast (see Materials and Methods). As shown in Fig.
3, there was approximately a 4-fold and a 5-fold transcriptional
induction of the RNR2 promoter and RNR3 promoter, respec-
tively, in hdfIAl cells relative to wild-type cells. Each of five

relative GFP levels
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F1G.3. Relative transcriptional activity in 4dfIA null and wild-type
strains as monitored by GFP activity. GFP activity expressed in yeast
by seven different promoter fusion constructions. The promoter tested
in each case is listed at the base of a pair of GFP levels. GFP levels have
been normalized to the wild-type level for each promoter fusion
construction. GFP levels in mutant AdfIA null cells (BRY2) are shown
in striped boxes, and GFP levels in wild-type cells (BRY3) are shown
in solid boxes. Identical results were obtained at 20°C and 37°C.
Standard deviation for each data set was 10% or less.
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control plasmids expressing GFP from non-DNA damage-
inducible promoters showed approximately the same level of
transcription in AdfI Al null mutant and wild-type cells (Fig. 3).
Interestingly, the RNR2 and RNR3 promoters had the same
transcriptional induction in AdfIAl cells relative to wild-type
cells at the permissive growth temperature (20°C) and the
nonpermissive growth temperature (37°C).

Ku-Deficient Yeast Had Anomalous DNA Content. FACS
analysis of DNA content of haploid 4df1AI null cells incubated
at the permissive temperature of 20°C or at the nonpermissive
temperature of 37°C revealed a new dimension of Ku-deficient
cells not evident by morphological measures. At the permissive
temperature (20°C), the majority of the hdflAI haploid cells in
an exponentially growing population have a 2N DNA content
(Fig. 4B), despite only ~33% of the population being large-
budded (Table 1). By cell sorting (see Materials and Methods),
we determined that the composition of the 2N DNA content
peak (Fig. 4B) was 60% large budded, 20% unbudded, and
13% small budded.

Moreover, at the nonpermissive temperature (37°C), when
the cells have terminally arrested for growth as ~50% unbud-
ded and 50% large-budded cells (Table 1), 50% of the popu-
lation arrested with a DNA content of 2N and the rest with a
DNA content of 4N (Fig. 4D), even though the cells were
originally haploid. By cell sorting (see Materials and Methods),
we were able to determine that the 2N DNA peak was
composed of 70% unbudded cells and 30% large-budded cells,
and that the 4N DNA peak was composed of 85% large-
budded cells, 13% unbudded cells, and 2% small-budded cells.
Therefore, at the terminal arrest, the majority of unbudded
cells had a 2N DNA content and the majority of large-budded
cells had a 4N DNA content.

The FACS results described above could not be explained by
over replication of mitochondrial DNA because isogenic tho®
hdfIAl strains gave exactly the same profile as rho™ strains
(data not shown).

Ku-Deficient Cells Arrest in a-Factor with 1IN DNA. To
determine whether the originally haploid hdfIAI null cells
described above ever enter a normal haploid G; cell-cycle
stage with 1IN DNA content, we analyzed these cells in two
independent ways. First, we determined genetically whether
the hdfIAl null cells behaved as normal haploid cells. We
found that they mated normally with haploid cells of the
opposite mating type to generate diploid cells. We examined
10 independent diploid cells; upon sporulation, these diploids
showed normal 2:2 segregation of all genetic markers present

IN 2N 2N 4N
M; C
[ 200 4o 600 800 0 200 400 600 "800
D
B
0 200 400 600 800 ) 200 400 600 800 |

Fic. 4. FACS analysis of (4) wild-type cells (BRY3) growing
exponentially at 20°C, (B) hdfIA null cells (BRY2) growing exponen-
tially at 20°C, (C) hdfI A null cells shifted to 37°C and incubated for 3 h,
and (D) hdfiA null cells shifted to 37°C and incubated for 22 h. The
y-axis shows relative number of cells, and the x-axis shows relative
DNA content.
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in the cross (data not shown). Triploid yeast (which would
result from crossing a 2N strain to a 1N strain) would not show
2:2 segregation of markers and would have poor viability.
Therefore, hdf1Al cells, like normal cells, arrest during mating
with a 1IN DNA content. Second, we arrested hdfIAl mutant
cells and isogenic wild-type cells with a-factor and carried out
FACS analysis. We found that the mutant AdfI Al population
which exhibited the 2N DNA content in exponential growth,
arrested with 1IN DNA content when treated with a-factor, and
with exactly the same FACS profile as isogenic HDFI™ cells
(Fig. 5). Thus hdf1 Al null cells, despite being mostly 2N during
mitotic growth, enter G; with a 1IN DNA content.

hdfl Null Cells Were Sensitive to Double-Stranded DNA
Breaks. The RNR2 and RNR3 promoter induction results
above showed that DNA damage during mitotic growth at 20°C
and at 37°C is elevated in the absence of Ku activity. We
therefore tested whether Ku p70 function(s) was essential for
repairing double-strand broken DNA molecules. To do this, we
expressed the bacterial EcoRI restriction endonuclease in
hdfIAI null cells and isogenic HDF1 wild-type cells by trans-
forming the cells with a plasmid that expresses the bacterial
EcoRI endonuclease gene from the galactose-inducible pro-
moter of the GALI gene (27). Previous studies using this
plasmid have demonstrated that the EcoRI endonuclease is
not expressed on medium containing glucose, but is expressed
on medium containing galactose. Furthermore, the EcoRI
endonuclease expressed from this plasmid generates double-
strand breaks in chromosomal DNA at EcoRI recognition sites
throughout the genome, but the cells remain viable if they
retain the ability to repair these breaks (27). The hdfIAl null
cells containing the EcoRI endonuclease-expressing plasmid
are able to grow normally on glucose-containing medium at
20°C, but were unable to grow at 20°C on medium containing
galactose which induces EcoRI expression (Fig. 64). Isogenic
HDFI wild-type cells containing the EcoRI-expressing plas-
mid were able to grow on medium containing galactose (Fig.
6C). Finally, hdfIAl null cells containing a control plasmid
were able to grow on medium containing galactose (Fig. 6B).

The terminal arrest morphology of a population of hdfIAl
null cells expressing the EcoRI endonuclease in vivo, at the
permissive temperature (20°C), was exactly the same as the
temperature-sensitive arrest phenotype. That is, the culture of
hdf1AI null cells expressing the EcoRI endonuclease arrested
as a mixture of ~50% unbudded cells (G; cells) and 50%
large-budded cells (G2/M cells) (Table 1).

In a similar experiment, we transformed our hAdfIAl null
haploid cells with a plasmid expressing the HO endonuclease
under the control of the GALI promoter. The hdfIAl null cells

600 800 [ 200 400 600 800

F1G6.5. Effect of a-factor on wild-type and Ku p70-deficient yeast.
FACS profiles of wild-type and hdfI A null cells were incubated at 20°C
before (4 and C) and after (B and D) 6-h treatment with a-factor.
Wild-type profiles are shown on the left (4 and B); hdfIA null profiles
on right (C and D). B and D show the 6-h a-factor arrest FACS profile
in black superimposed on the FACS profiles from 4 and C, respec-
tively, in gray.
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Fi16. 6. EcoRI endonuclease expression experiment. All strains
were grown at 20°C on medium containing glucose and then streaked
onto medium containing galactose and incubated at 20°C. (4) hdfIA
null strain (BRY1) transformed with the EcoRI-producing plasmid
YCpGalRIb. (B) hdfIA null strain (BRY1) transformed with the
control vector. (C) Isogenic wild-type cells (BRY4) transformed with
the EcoRI plasmid, YCpGalRIb.

incubated at 20°C were not sensitive to the single double-strand
break at the MAT locus caused by the HO endonuclease. We
confirmed that these cells expressed HO endonuclease because
they were able to complete the steps involved in mating type
switching, forming zygotes and diploids, (data not shown).

Finally, in contrast to the significant sensitivity differences
of a rad52 mutant and a RAD52 wild-type cell to standard
DNA damaging agents such as MMS, UV, or ionizing radia-
tion, we and others have determined that 4df! mutant cells at
their permissive growth temperature (20°C) are not dramati-
cally more sensitive than are isogenic wild-type cells to these
standard DNA damaging agents Although at the semirestric-
tive temperature of 30°C, there is a moderate MMS effect on
hdfl mutants (refs. 8 and 41-43; unpublished data).

Human and Drosophila Ku p70 Homologues Complement
the Yeast hdfl Null Mutation. The Ku p70 homologues from
D. melanogaster and human are ~22% identical to each other
and 18% and 17% identical, respectively, to the yeast Ku p70
encoded by the HDF1 gene (10). We investigated whether and
to what extent the human and Drosophila Ku p70 Hdflp
homologues would function in yeast cells. Specifically, we
tested whether the human and Drosophila Ku p70 homologues
could complement the temperature-sensitive growth defect of
the hdfI null strain.

The cDNA for the Drosophila Ku p70 gene, IRBP (10), and
one for the human gene (29) were each placed under the
control of the galactose-inducible GALI promoter (see Mate-
rials and Methods). hdfIA null cells were transformed sepa-
rately with these plasmids and also with the control plasmid
vector, pCH37. The transformants, selected on medium con-
taining glucose, were picked, restreaked, and allowed to grow
into single colonies. The isolated single colonies were then
tested for their ability to grow on medium containing galactose
at 37°C. The cells transformed with either the Drosophila IRBP
c¢DNA or the human Ku p70 cDNA were able to grow at 37°C
(Figs. 1C and Fig. 7). These cells did not show a phenotypic lag
and they remained viable. In contrast, cells containing the
control vector plasmid were not able to grow (Figs. 14 and
7A4). Thus the human and Drosophila proteins were able to
function in yeast cells.

DISCUSSION

The results from this study establish new dimensions to the
function of the Ku p70 protein homologue encoded by the
HDF1 gene. First, several lines of in vivo evidence showed that
DNA damage occurred during normal mitotic growth and that
Ku p70 was required for the in vivo repair of this damage.
These conclusions are based on the following results. The
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FiG. 7. Complementation of the hdfIA null strain temperature-
sensitive growth defect. (4) hdfIA null strain (BRY1) transformed
with the control vector pCH37. (B) BRY1 transformed with pCH37/
IRBP. (C) BRY1 transformed with pCH37/HuKu. Cells were grown
at 20°C and then streaked onto medium containing galactose and
incubated at 37°C.

hdflIAl mutant had elevated levels of DNA damage (at both
the permissive and nonpermissive growth temperatures) when
compared with wild-type (HDFI*) cells, evident by the ele-
vated transcriptional activity of the DNA damage-inducible
genes, RNR2 and RNR3. In addition, the mutant had a
temperature-sensitive terminal arrest phenotype (an equal
mixture of unbudded cells and large-budded cells) at the
nonpermissive temperature that was dependent on Rad9p
function. The terminal arrest dependency on Rad9p suggested
that the AdfIAl null mutant died as a result of DNA damage.
These results also suggest that the hdfIAl mutant may be
deficient for repair of damaged DNA; a suggestion we have
confirmed. We found that Ku p70 was required for repair of
double-strand DNA breaks because the AdfI null mutants were
sensitive to double-strand DNA breaks caused in vivo by the
EcoRI endonuclease, whereas the HDFI1" wild-type cells are
not sensitive. Finally, the population of EcoRI-expressing hdf1
null cells had the same terminal arrest morphology as the
Rad9p-dependent terminal arrest morphology of hdfl null
cells incubated at 37°C. It should also be noted that these
EcoRI lethality induction results are in agreement with the
results of plasmid ligation assays in AdfI mutants (23, 43).

The second novel dimension to Ku function not previously
observed relates to DNA replication and was evident by the
apparently high DNA content of the hdfIAl mutants during
mitotic growth. Because each hdfIAl cell entered G; with 1IN
DNA, yet the population is primarily 2N DNA, the fraction of
the cell cycle spent as 1N was shorter in Adf1Al mutants than
in wild-type cells. The simplest explanation would be that the
timing of replication was advanced relative to the beginning of
G resulting in or resulting from a compression of G; in the
hdflAl mutants. This conclusion was supported by the mor-
phological data which showed that a large fraction of cells in
the 2N peak at the permissive growth temperature were
unbudded. Thus it would appear that S phase was completed
before bud emergence in a large fraction of the cells. If so, in
the hdfIAIl mutant, the morphological cell division cycle and
the DNA replication cycle have been uncoupled. Analysis of
cells at the nonpermissive temperature (37°C) revealed an
added complexity. The unbudded cells arrested with 2N DNA,
but a majority of large-budded cells arrested with 4N DNA (or
higher). At present, we are reluctant to offer an interpretation
of these 4N cells as this phenotype was observed in a popu-
lation of mostly dead cells. Additional study is needed to learn
whether the 4N peak observed at the nonpermissive temper-
ature results from endoreduplication, further replication, or
some other phenomenon.

The 2N DNA content of the Ku-deficient mutant at the
permissive temperature could explain why a phenotype ex-
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pected for Ku-deficient yeast cells was not seen: a dramatic
sensitivity to DNA damaging agents like MMS or ionizing
radiation. This phenotype was expected of Ku-deficient yeast
because it is seen with mammalian and Drosophila Ku-
deficient cells (13, 17). The 2N DNA content of most haploid
hdfIAl null cells creates an opportunity for the Rad52-
dependent homologous recombination repair pathway to re-
pair the DNA damage and effectively mask most of the
sensitivity of the Adf1 null mutant to damage caused by MMS
or ionizing radiation. Indeed, the rad52, hdfl double mutants
have heightened MMS and ionizing radiation sensitivities
compared with either single mutant alone (23, 41, 43). In
contrast, in mammalian cells, direct break-fusion processes
rather than homologous recombination are the predominant
pathway for DNA repair (8, 9). Therefore, Ku-deficient mam-
malian cells would still die upon treatment with agents that
cause random breaks in DNA independent of their DNA
content or ploidy.

The 2N content of the AdfI mutant could save the yeast cell
from MMS-induced DNA damage but would not be expected
to save it from EcoRI-induced damage. This is because MMS
damage is randomly distributed in the genome and therefore,
a lesion in one chromatid would not be expected to occur at
exactly the same location on the sister chromatid. Therefore,
the Rad52-dependent repair pathway would be able to repair
the random MMS damage using the wild-type information of
the duplicate chromosome. In contrast, the site-specific nature
of restriction enzymes ensures that breaks would occur at
exactly the same position on both sister chromatids, precluding
recombination-based repair mechanisms. In the case of the
HO endonuclease experiment, wild-type information is still
available from the HML or HMR loci to repair the damage at
the MAT locus.

When considering the temperature-sensitive phenotype of
the hdf1A1 mutant, it was not immediately obvious why a null
mutant would be temperature sensitive for growth rather than
dead at all temperatures. There are at least two different ways
to explain this phenotype. It is likely that DNA damage occurs
equally frequently in the AdfIAl null mutant at low and high
temperatures because the RNR2 and RNR3 promoter-driven
GFP transcription was induced to the same levels in the hdfIAl
null cells at the permissive temperature (20°C) or at the
nonpermissive temperature (37°C). One possibility is a ther-
molabile repair function that is redundant with Ku p70 in yeast
cells. A second possibility is that the shorter cell-cycle time at
37°C (90 min) relative to 20°C (4-5 h) allows less time for the
redundant function to repair the damage. In either case, it
appears that replication of damaged DNA ultimately causes
the death of the cell at 37°C. The phenotypic lag of the
temperature sensitivity implied that within a single cell cycle,
DNA damage occurred sufficiently infrequently or is repaired
efficiently enough, that multiple cell divisions must occur
before a substantial fraction of the population accumulates
lethal damage.

Finally, our data established that Ku function has been
conserved during evolution because the human and Drosophila
Ku p70 proteins can complement the temperature-sensitive
phenotype of the AdfI null mutant. This suggests that lessons
learned about Ku p70 in yeast apply to all eukaryotes.
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