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ABSTRACT

Here we demonstrate thatthe Saccharomyces cerevisiae
DNA ligase activity, which we previously designated
DNA ligase Il, is encoded by the genomic DNA
sequence YORO0O05c. Based on its homology with
mammalian L/G4, this yeast gene has been named
DNL4 and the enzyme activity renamed Dnl4. In
agreement with others, we find that DNL4 is not
required for vegetative growth but is involved in the
repair of DNA double-strand breaks by non-homologous
end joining. In contrast to a previous report, we find
that a dn/4 null mutation has no effect on sporulation
efficiency, indicating that Dnl4 is not required for
proper meiotic chromosome behavior or subsequent
ascosporogenesis in yeast. Disruption of the DNL4
gene in one strain, M1-2B, results in temperature-
sensitive vegetative growth. At the restrictive
temperature, mutant cells progressively lose viability
and accumulate small, nucleated and non-dividing
daughter cells which remain attached to the mother
cell. This novel temperature-sensitive phenotype is
complemented by retransformation with a plasmid-
borne DNL4 gene. Thus, we conclude that the abnormal
growth of the dnl4 mutant strain is a synthetic
phenotype resulting from Dnl4 deficiency in combination
with undetermined genetic factors in the M1-2B strain
background.

INTRODUCTION
Three mammalian genes encoding DNA ligasks], LIG3 and

enzymes are responsible for the DNA joining steps in the
pathways of DNA replication, DNA repair and genetic recom-
bination that occur in mammalian cells, the cellular functions of
each of the DNA ligases have not been definitively established.
There is substantial experimental evidence demonstrating that
DNA ligase | is the enzyme that joins Okazaki fragments during
DNA replication(8—11). However, the saitigity of both DNA
ligase 1-(8,12) and DNA ligase lll-deficient cell lines (13,14) to
alkylating agents indicates that the DNA ligases may play distinct
roles in the cellular responses to DNA damage.

The Saccharomyces cerevisi@DC9 gene, which encodes a
DNA ligase, was initially identified in a screen for conditional
lethal cell division cycle mutantfl5). Subsequely, it was
demonstrated thaticOmutants exhibit hypersensitivity to a wide
range of DNA damaging agents and hyper-recombination
(16-19). Based on amino acid sequeraradiogy, the polypeptide
encoded by thEDC9gene is most similar to human DNA ligase
I, suggesting that these enzymes may be functionally equivalent
(1,5). In ageement with this notion, mammalian DNA ligase |
and Cdc9 DNA ligase have the same polynucleotide substrate
specificity (20) and BNAs encoding human DNA ligase |
complement the conditional lethal phenotype ofaserevisiae
cdcOmutant (5).

Until recently it had been assumed that Cdc9 DNA ligase was
the only species of DNA ligase ®B.cerevisiaeHowever, the
partial purification and characterization of a yeast DNA ligase
activity, DNA ligase Il, which is biochemically and immuno-
logically distinct from Cdc9 DNA ligase (21) and the identification
of an open reading frame, YORO005c, in the yeast genome that
contains motifs which are conserved in ATP-dependent DNA
ligases suggests that yeast cells also contain more than one
species of DNA ligase (21-24). Here, we demonstrate that DNA

LIG4, have been identified (reviewed in 1). The enzymes encodédidgase Il is encoded by YORO005c. Given the homology between
by theLIG1 andLIG3 genes were characterized prior to cloningthe amino acid sequences of YOR005¢c and mammalian DNA
of the genes (2-6). lrontrast, thé. 1G4 gene was isolated before ligase IV(21-24), the open rdang frame will be referred to as
DNA ligase IV activity had been detectéd]7). Athough these DNL4 and the enzyme activity will be renamed Dnl4.
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MATERIALS AND METHODS
Expression plasmid constructs
The YORO005cPNL4) ORF was amplified by the PGR5) from

to direct targeted gene replacement at Ei¢L4 locus by
homologous recombination during yeast transformation. The
genomic structure of URAScolonies that grew on drop-out
medium lacking uracil was analyzed by Southern bloit?®)

yeast genomic DNA, using Pfu po|ymerase and primers [Senﬁ:]d/or PCR to |dent|fy strains in which tha&lL4 gene had been

d(CGGGATCQATG ATATCAGCACTAGATTCTATA);  anti-
sense, d(AACTGCAGTA AATGCTGTTCAGATATTGCTT)]

replaced by thelnl4::URA3 null allele. Tetrad analysis of the
transformants in two related strain backgrounds, ‘Sidetd

that anneal across the YOR005¢c ORF translation start and st§ide YA’ (Table 1), demonstrated single gene segregation for the

codons (bold), respectively. The underlinBdmH! and Psi

disrupted dnl4::URAS3 null allele. In addition, the observed

restriction sites were added to facilitate subcloning of the PCg€netic segregation of taial4::URA3null allele in both genetic
product. After purification using a Qiaquick PCR Purification Kitbackgrounds was confirmed physically by Southern blotting

(Qiagen), the PCR product was digested ®#hHI andPst and

analysis of the tetrad products. The identical phenotypic and

subcloned into pBluescript 1IKS (Stratagene). The nucleotidgenetic behavior of thenl4:URA3 null allele in the multiply

sequences at the ends of the PCR fragment were confirmed

Q@ckcrossed hybrid, CG2706, compared with the primary

double-strand DNA sequencing prior to subcloning in-frame intgliSruptant hybrid, CG2596, demonstrates the single gene inheritance
theEscherichia colexpression vectors pGSTag (26) and pQE3®@f thednl4:URA3null allele and the absence of phenotypic or
(Qiagen), to produce GST and poly(histidine) fusion protein§porulat|on modifiers in these transformed strains.

respectively. In addition, the YORO05®NL4) ORF was
subcloned into the yeast expression vector pTB326 to produce the

plasmid pWR-YORO005c, in which the ORF is expressed from thyple 1. saccharomyces cerevisiatrains and relevant genotypes

ADH promoter.

M1-2B
WR-1
Coupledin vitro transcription and translation reactions were \yr.o
performed with the TNT Coupled Reticulocyte Lysate System
(Promega) using 3pS]methionine as recommended by the WR3
manufacturer. Labeled polypeptides were partially purified bylL94-4D

In vitro transcription and translation

ammonium sulfate precipitation as descrif&g). WR-4
. . CG2582
Bacterial and yeast strains
CG2568
The temperature-sensitive, ligase-defectveoli strain AK76 G573

lig ts7 was provided by Francis Barany (Cornell University

Medical College). The congerfccerevisiastrains, M1-2B and ~ €G2579
L94-4D (Table 1), were supplied by Lee Johnston (NationalcG2583
Institute of Medical Research, UK). CG2584

CG2595
CG2596
TheDNL4 gene (YORO005c) was inactivated in several different

yeast strains (Table 1) using the one-step gene disruptioﬁG2597
techniqug28). Sense [d(GCCAAGCTOGGTGGTCGAGTG-  CG2706
TTCTT)] and antisense [d(CBAAGCTTTATCGTGATGAG-

Construction and verification of dnl4 mutant strains

MAT a ura3trpl

M1-2Bdnl4:URA3

M1-2Bdnl4:URA3

M1-2Bdnl4:URA3

MATa cdc9-7ura3trpl

L94-4Ddnl4::URA3

MAR Side X0

MATa dnl4:URA3Side X

ala HO SideXV/SideXA dnl4:URA3dnI4:URA3
a/a HO SideYA/SideYA dnl4:URA3dnI4:URA3
a/a HO SideXV/SidexXA DNL4/DNL4

a/a HO SideYWSideYA DNL4/DNL4

ala ho SideXVSideYA dnl4::URA3dnI4:URA3
ala ho SideXVSideYA dnl4::URA3dnI4:URA3
a/a ho SideXVSideYA dnl4:URA3DNL4

ala ho SideXy/SideYA dnl4::URA3dnI4::URA3 multiply
backcrossed

CAAGAAGGGA)] primers, which anneal 1 kb upstream of the
YORO005c¢ ORF translation start codon and 1 kb downstream of

the stop codon, respectively, were used to amplify YOR0058artial purification and assay of Cdc9 and Dnl4 from yeast

(DNL4 gene) and flanking regions of DNA from the genome of
the S.cerevisiasstrain M1-2B by PCR. The underlinédndlll

Yeast cells from a 1 | culture were harvested and resuspended in

restriction sites were added to facilitate subcloning of the PC50 mM Tris—HCI (pH 7.5), 0.75 M NacCl, 10 mM 2-mercapto-
product into thélindlll site of pBluescript IIKS. Th&.cerevisiae ethanol, 1 mM KP@and a cocktail of protease inhibit¢20).
URA3gene was amplified from the plasmid pYES2 (Invitrogen) clarified lysate, which was prepared as described previously

by PCR with the following primers: sense, d@OCCGGACT-
CATCTTTGACAGCTTATCATCG) (underlinedBsfE! site);
antisense, primer d(TRCAGCTGCCCGGCGTCAATACGG-
GATAAT) (underlinedPvdl site). To construct anl4:URA3

(20), was pplied to a hydroxyapatite column. Bound proteins
were eluted stepwise with 50, 200 and 400 mM KRSH 7.5)
buffers, each containing 0.5 mM DTT and protease inhibitors.
Protein in the eluates was quantitated by the method of Bradford

null allele, the 600 bBsEI-Eco47lll fragment of the YOR005¢ (30). Frations in each of the eluates that contained significant
ORF, which encodes the putative adenylation site of the DNkevels of protein were pooled and dialyzed against 50 mM
ligase (1), was replaced by blunt end ligation of the 1.1 kBbris—HCI (pH 7.5), 50 mM NacCl, 1 mM EDTA, 0.5 mM DTT,
BsiE1-Pvdl PCR fragment that encodes ti®A3gene. The 50% glycerol and protease inhibitors prior to storage atG20

resultant plasmid, pdnl4::URA3, was digested withdlll to

Assays to detect formation of labeled enzyme—adenylate complexes

release thenl4::URA3nNull allele with flanking DNA sequences were carried out as described previo(2ly). After separt#on by
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SDS-PAGE (31), labeledotypeptides were detected by auto-the catalytic domain of eukaryotic DNA ligases and is most

radiography. similar to human DNA ligase IV. Notably, the amino acid
homology between the polypeptides encoded by YORO005c and
Analysis of cell viability and morphology the humarkIG4 gene is not restricted to the catalytic domain and

in fact extends over the entire linear amino acid sequences (data
Overnight cultures, which were grown in the appropriatéiot shown).
drop-out medium at 3@, were diluted 1:50 in the same medium  Although theE.coli DNA ligase utilizes NAD as a co-factor
and then incubated at 3Z. At the indicated time intervals, (1), expression of ATP-dependent DNA ligases such as human
aliquots (100ul) were removed to determine the cell cycleDNA ligase | (32) and human DNA ligase IIFi§. 1)
distribution and viability. For the cell cycle distribution analysis,complements the conditional lethal phenotype oEali lig
at least 1000 cells were classified as single cells, single cells withutant. In similar experiments, expression of YOR005c as a
small buds, single cells with large buds or single cells witlylutathioneStransferase (GST) (Fig. 1) and a poly(histidine)
multiple small buds after visualization by light microscopy ¢400 fusion protein (data not shown) enabledoli AK67 lig 7ts cells
magpnification). To determine cell viability, cells in aliquots fromto grow at 42C (Fig. 1). In contrasE.coli AK67 lig 7ts cells
the liquid cultures were counted under the light microscope (celigarboring the empty vectors, either pGST-Tag (Fig. 1) or pQE30
with one or more buds were counted as a single cell), diluted agghta not shown), failed to grow at the non-permissive temperature.
then plated on the appropriate drop-out agar plates. Aftathis functional complementation of the conditional lethal
incubation at 30C for 4-5 days, colonies were counted. phenotype of af.colilig mutant provides strong evidence that
the polypeptide encoded by YORO005c has DNA ligase activity.

Sporulation and ascospore analysis

Frozen stocks of diploid strains were streaked directly onto Bhe open reading frame, YOR005c, encodes the activity
YPAD plate and incubated at 3D for 2 days to form single Previously designated ass.cerevisiaddNA ligase Il

colonies. Four independent colonies of each strain were patched . . . .
onto a YPAD plate, incubated overnight af @0replica plated n a previous study we described the partial purification and

- ; ; racterization of a 90 kDa DNA ligase that we designated DNA
to supplemented sporulation medium and incubated for 5 days%igse II, since it had different biochemical properties than Cdc9

30°C to allow completion of sporulation. Sporulation dat . . :
obtained from the four independent colonies of each strain welE\A ligase and was not recognized by a Cdc9 antis¢alm
though the predicted molecular weight of the polypeptide

examined for quantitative variation and pooled for subseque oded by YOROO5c is 104 000, a major labeled 90 kDa

analysis. Sporulated strains were examined by phase contrg® i duced aftén vi e q
gt microscopy (328) to assay the efiiency of sporulation, asy2 BERCCe (20 BIETACEC B0 S0 TV ER0056 that were
calculated by the percent of the total population which forme Ubcloned after PCR amplification from yeast genomic DNA.

phase bright, morphologically well-defined asci. To assa . o . o
meiotic progression, the quality of sporulatioyvjas calculated ihe electrophoretic mobility of the polypeptide labeledhytro
nslation of one such recombinant plasmid is shown in Figure 2A.

as the ratio of one and two spore asci (diagnostic for incompl i b h lculated molecul ioht and th
meiotic progression) to three and four spore asci (diagnostic fof'€ discrepancy between the calculated molecularweight and the
observed molecular mass may be due to aberrant electrophoretic

successful meiotic progression). . ; : ;
Viability of sporulation products was determined by micro-MoPility of the polypeptide or translation from an internal
ethionine. Interestingly, the electrophoretic mobility of ithe

manipulation and tetrad dissection on a YPAD plate followed by. o o
incubation for 3 days at 3C to allow spore clone colony itro translated YORO0O05c polypeptide is very similar to that of

formation. For tetrad dissection, a loop of sporulated cells WeBNA.Iigase. Il isolated fran.cgrevisiaeéZl). .

incubated in 4% glusulase (NEN) for 435 miﬁ atGao digest To investigate the relationship between DNA ligase Il an_d the
the ascal sac and to release the tetrad for micromanipulation EN’?‘ I}gase etnCtOd'edl\/tl)i/ \Z(ICSD EOgSC' V‘I’e disrupted Yl?‘ ROt.OSC thhe
a Zeiss Tetrad Dissection Microscope (26@nly complete four 1aP!01d yeast strain Vi1-25 by homologous recombination. After

spore asci were chosen for dissection and viability analysis. Tiactionation of cell lysates by hydroxyapatite chromatography,
tii¢ measured the levels of DNA ligase using an assay which

assay proper meiotic chromosome recombination and segregal . ;
the viability pattern of dissected tetrads was determined arBoNitors the formation of a labeled covalent enzyme-adenylate
mplex. In agreement with our previous st(@ly), the M1-2B

compared with the calculated wild-type pattern assuming randofi? : X )
sporz deat¥1v.l ! wid-type p uming extract contained two species of DNA ligase that could be

resolved by hydroxyapatite chromatography (Fig. 2B, lanes 1 and
2). Cdc9 DNA ligase, which is eluted from the hydroxyapatite
RESULTS column by 200 mM KP@ was present at similar levels in the
; ; ; extracts from the M1-2B and M1-2BYOR005c (WR-1) strains

The polypeptide encoded by YORO00S¢ is a DNA ligase (Fig. 2B, compare lanes 1 and 3). In contrast, DNA ligase Il was
ATP-dependent DNA ligases interact with ATP to form a covalentot detectable in the WR-1 extract after hydroxyapatite chroma-
enzyme—-AMP complex (1) in which the AMP moietyitsked  tography (Fig. 2B, lane 4), suggesting that YOR005c encodes
to a lysine residue within a motif, KXDGXR, that is diagnostic forDNA ligase II. To confirm this, WR-1 was transformed with a
ATP-dependent DNA ligases (1). Searches ofShmerevisiae multicopy plasmid, pWR-YOROORc, that expresses YORO005c
genome with this motif identified theDC9 gene, as expected, from an ADH promoter. As expected, DNA ligase Il activity was
and also a second open reading frame, YOR005c. The 944 amimstored to levels higher than those present in wild-type cells
acid polypeptide encoded by YORO0O5c contains other regiorfBig. 2B, compare lanes 2 and 6) whereas the level of Cdc9 DNA
that exhibit homology with amino acid sequences conserved ligase was not significantly changed (Fig. 2B, compare lanes 1,
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A 30°C B. 42°C

pGET-YOROOSC pGST-YOR00EC

pG5Tag

pGST-hLigll pGST-hLiglh

Figure 1. Effect of expression of the putative DNA ligase encoded by YOR@EE4) on the temperature-sensitive phenotype oEawli lig mutant. The
temperature-sensitive, ligase-defectikzecoli strain AK76 lig ts7 transformed with the empty vector (pGSTag) and plasmids encoding GST-YORO0O05c
(PGST-YORO005c¢) and GST-human DNA ligas@ [(IGST-hLiglll). Overnight cultures were streaked out on LB-AMP plates containing 2 mM IRYI@cgbation
overnight at 30C. (B) Incubation at 30C for 2 h and then at 42 overnight.

A B sensitivity to killing by UV radiation or methylmethane sulfate
i i % & i g (data not shown), indicating that tB&lL4 gene is not required
200— T Fndl for the repair of DNA damage that is recognized by the major
DNA repair pathways operating in yeast.
97— — T— - - In S.cerevisiaghe repair of DNA double-strand breaks occurs
e =3 ss— predominantly by a homologous recombination pathway that

involves products of genes in tfAD52 epistasis group. A
pathway for the repair of DNA double-strand breaks by a
non-homologous end joining (NHEJ) mechanism does exist in
yeast cells and can be measured by recircularization of linearized
plasmid molecules (33-35). Digtion of the DNL4 gene
Figure 2. Size of the polypeptide encoded by YORO0O0Sc: effects of disruption feduced the transformation efficiency with linearized plasmid
and overexpression of YOR0O05DNL4) on yeast DNA ligase activites. DNA compared with an isogenic wild-type strain 15- to 20-fold
(A) Coupledin vitro transcription and translation reactions were carried out (data not shown), in agreement with previous reg@s-24).

with 2pg of plasmid as described in Materials and Methods. Lane 1, : ) . . . .
pBluescript: lane 2, pBluescript-YOR0OTNL4). (B) Yeast cell extracts were This deficiency presumably reflects an inability to recircularize

fractionated by hydroxyapatite chromatography as described in Materials and€ linear plasmid molecules by a NHEJ m_eChamsm and implies

Methods. Proteins (1Qg) in the 200 and 400 mM KRGeluates from the  that the product of th®NL4 gene is required for the NHEJ

hydroxyapatite column were assayed for the ability to form labeled polypeptide—pathway in yeast.

AMP complexes. Lane 1, M1-2B 200 mM KP€luate; lane 2, M1-2B 400 mM

KPOQ4 eluate; lane 3, WR-Anl4::URA3200 mM KPQ eluate; lane 4, WR-1

dnl4::URA3400 mM KPQ eluate; lane 5, WR-dnl4::URA3pWR-YORO005¢ L "

(DNL4) 200 mM KPQ eluate; lane 6, WR-tinl4:URA3 pWR-YOR005c  Inactivation of DNL4 causes temperature-sensitive

(DNL4) 400 mM KPQ eluate. After denaturing gel electrophoresis, labeled growth

polypeptides were detected in the dried gels by autoradiography. The positions

of 14C-labeled molecular mass standards (Amersham) are indicated on the Iefburing the experiments described above it became apparent that
the WR-1 strain grew more slowly in liquid media compared with
its isogenic parental strain. Results similar to those shown in

3 and 5). In conclusion, our results demonstrate that YOR00%4gure 3A were obtained with several independh::URA3

encodes the activity that was previously designated yeast DNéolates (Table 1) in the M1-2B genetic background. However,

ligase Il. Since the DNA ligase encoded by YOROOS5c isnactivation of thdDNL4 gene in two other genetic backgrounds,

homologous with human DNA ligase IV, we will refer to forexample CG2568 (Table 1), did not result in abnormal growth.

YOROO05c as th®NL4 gene and the gene product as Dnl4.  Further analysis of the WRelhl4::URA3growth defect revealed
that this strain, unlike its parental strain, was unable to grow at

Inactivation of the DNL4 gene does not confer 37°C (Fig. 3B). Importantly, transformation of the WR-1

sensitivity to DNA damaging agents dnl4:URAS strain with a plasmid expressing tBiL4 gene
restored the ability of this strain to grow at°87 (Fig. 3B),

The viability of the WR-1dnl4::URAS3 strain described above confirming the dependence of cell proliferation at G7upon

demonstrates th&NL4 is not an essential gene. Furthermore, @NL4 gene function in this strain background. Furthermore,

dnl4::URA3cdc9-7strain is viable even though extracts from thetetrad analysis of crosses between WR-1 and Rids¥ains,

cdc9-7 strain grown at the permissive temperature have neither DNL4" or dnl4:URA3 (not temperature-sensitive for

detectable DNA ligase activity (5). Inactivation of bidL4gene  growth) demonstrated multigenic inheritance dnél::URA3

in either aCDC9 or cdc9genetic background does not increasedependence for segregation of the temperature-sensitive phenotype.

45 — 45 —
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Figure 3. Effects of inactivation of thBNL4 gene on cell growthA) Overnight cultures of WR-dnl4::URA3(filled-in squares) and its parental strain M1-2B (open
squares) were diluted to61CP cells/ml with the appropriate selective medium and then incubated@t Bebliferation was monitored by measuring absorbance

at 600 nm.B) Overnight cultures of WR-dnl4::URA3(ADNL4) and its parental strain M1-2B (WT) containing either the empty vector (pTB326) or the recombinant
plasmid (pWR-YORO005c), in which YOR0090KL4) is expressed from an ADH promoter, were streaked onto drop-out plates lacking tryptophan. The plates were
incubated for 4-5 days at 30 or°& as indicated.

Table 2. Viability and cell morphology of thdnl4::URA3strain at the non-permissive temperature

Cell morphology

Cells with Single cells (%) Cells with Cells with
large buds (%) small buds (%) multiple buds (%)
M1-2B
30°C 8h 41 29 30 0
37°C 2h 40 39 21 0
8h 45 33 22 0
24 h 15 60 25 <1
M1-2B dnl4::URA3
30°C 8h 35 34 30 1
37°C 2h 45 36 18 1
8h 35 40 20 5
24 h 5 45 25 25
M1-2B dnl4::URA3pWR-YORO005¢c
30°C 8h 40 30 30 0
37°C 2h 40 39 20 1
8 h 38 37 24 1
24 h 15 62 22 1

To further examine the temperature-sensitive growth phenotypgyltures of the M1-2B and WR-iinl4::URAS3 strains were
WR-1 cells growing exponentially in liqguid medium at°8) dramatically different (Table 2). Notably, 25% of the4::URA3
were transferred to 3T and, at various time intervals, plated oncell population were large cells that appeared to have more than
solid medium. The viability of the WR-#inl4::URA3 cells  one bud. Examples of this abnormal cell morphology are shown
decreased progressively with time. After 24 h &@7nly 34%  in Figure 4A. This type of abnormal morphology was observed
of the cells were able to form colonies. In contrast, 90% of that a low frequency (1%) in thinl4::URAS3strain grown at 30C
cells from the isogenic parental strain were able to form colonidmit was not observed in the isogenic parental strain at this
after 24 h at 37C. Introduction of a plasmid expressingbé¢L4  temperature (Table 2). Furthermore, transformation of the
gene from a constitutively active ADH promoter markedlydnl4::URAS strain with a plasmid expressing tB&NL4 gene
improved the viability of thelnl4::URA3strain to 65% after 24 almost completely restored the morphology and cell cycle
h at 37C (data not shown). distribution of this strain to that of the isogenic parental strain,

Next we examined the morphology of the yeast cells before amdnfirming theDNL4 dependence of this phenotype (Table 2).
after the temperature shift by phase contrast microscopy. AtThe DNA content of thelnl4::URAS3 cells that had been
30°C, the WR-1dnl4::URA3strain exhibited a small reduction in incubated for 24 h at 3T was examined by DAPI staining. The
the percentage of cells with large buds and a small increase in thajority of the putative buds on multiply budded cells contained
percentage of single cells compared with the isogenic parenaNA (Fig. 4B). This raised the question as to whether these
strain (Table 2). After 24 h at 3T, the cell cycle distribution in  structures were authentic buds. To test this, the cell population
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Figure 4. Analysis of the terminal morphology of WRahI4::URA3cells at the non-permissive temperature by fluorescence light microscopy. An overnight culture
of WR-1 cells grown at 3@ on drop-out medium lacking tryptophan was diluted 1:50 in the same medium and then incub&@datB7 h. Aliquots (2%l

were removed from the culture and diluted with 1 ml of deionized water. Cells were harvested, washed and then resuspendéd@otized water. After the
addition of 4,6-diamino-2-phenolindole propidium iodide (DAPI){bof a 1jug/ml solution), the suspension was incubated for 15 min at room temperature. Cells
were harvested, washed twice with 1 ml of deionized water and then resuspendgidoind2ionized waterX) Phase contrast microscopy (magnification>§00

(B) the same field visualized by epifluorescence using a Zeiss fluorescence microscope. Cell morphology was not altereBlistaherigArotocol.

was incubated with zymolase, vortexed and then re-examinddre-sensitive growt(B83,34,36,37). In adiibn to participating in
Since growing buds are still linked by a cytoplasmic bridge to thitne NHEJ pathway, Ku is implicated in the maintenance of
mother cells, they are resistant to enzymes that degrade the yeelsimereq33,34). Thus, it is possible that the growth defect in
cell wall. Incubation with the cell wall-digesting enzymethese strains is due to telomere shortening rather than a defect in
zymolyase eliminated the population of cells that appeared NHEJ. The length of telomeres in cells from the WiRdZ:: URA3
have more than one bud (Table 2). Thus, we conclude that thesiain and its parental strain M1-2B were measured by hybridiza-
structures are not growing buds but instead are more likely to kien of Xhd-digested genomic DNA with a labeled poly(Ggd)
inviable daughter cells that remain linked to the mother cell by tharobe (33). Sincenactivation of théNL4 gene had no significant
cell wall. effect on telomere length (data not shown), we conclude that the
Inactivation of the yeast homologs that encode subunits of tiiemperature-sensitive growth of the WHRF14::URA3strain is not
heterodimeric DNA binding complex Ku also results in temperaa consequence of progressive telomere shortening.

Table 3. Sporulation efficiency and quality dhl4::URA3mutants at 30C

Strain Relevant genotype No. of cells scored Sporulation efficiency (%) Sporulation qualityr)
CG2573 SideXA/SideXA dnl4/dnl4 3100 88.6 0.06
CG2579 SideYy/Side YA dnl4/dnl4 2100 89.6 0.08
CG2595 SideX/SideYA dnl4/dnl4 800 90.3 0.04
CG2596 SideX/SideYA dnl4/dnl4 800 88.5 0.07
CG2706 SideX/SideYA dnl4/dnl4 1400 93.1 0.05
Subtotal dnl4 8200 89.8 0.06
CG2597 SideX/SideYA dnl4/DNL4 800 87.0 0.06
CG2583 SideX/SideXA DNL4/DNL4 1100 86.8 0.07
CG2584 SideYy/Side YA DNL4/DNL4 2400 87.2 0.08
Subtotal DNL4 4300 87.1 0.07

Sporulation experiments were performed as described in Materials and Methods. The quality of spejueatsoce(culated as the ratio of one and two spore asci
to three and four spore asci.
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Table 4. Tetrad viability analysis of sporulation productslaf4::URA3mutants

Strain Relevant genotype No. of Spore Tetrad class
tetrads viability (%) (viable:inviable)
4:0 311 2:2 1:3 0:4

CG2573  SideXA/SideXA dnl4/dnl4 120 94.0 97 18 4 1 0
CG2579  SideYy/SideYA dnl4/dnl4 24 90 16 6 2 0 0
Subtotal  dnl4 observed 144 934 113 24 6 1 0

Theoretical random tetrad class distribution 110 31 3 0 0
CG2583  SideX/SidexA DNL4/DNL4 120 91.5 92 16 11 1 0
CG2584  SideYi/SideYA DNL4/DNL4 24 90 16 6 2 0 0
Subtotal DNL4 observed 144 91.1 108 22 13 1 0

Theoretical random tetrad class distribution 99 39 6 0 0

Spore viability was examined as described in Materials and Methods.

Inactivation of the DNL4 gene has no effect on
sporulation

The elevated levels &iG4 gene expression in human testis (6)
suggests that DNA ligase IV may be involved in germ cell.
differentiation. Since yeast sporulation is functionally equivalentﬁ
to gametogenesis in mammals, we have disruptdoihd gene
in two different yeast strains and compared the sporulation
behavior of these strains with isogenic parental strains. Inactivati%n

resulted in the loss of the activity that we originally designated
DNA ligase Il (21). Furthermore, this enzymetidty was

restored by the introduction of a plasmid containing YOR005c
into thednl4::URA3mutant strain. Thus, we conclude that DNA
gase Il activity is encoded by YORO005c and, because of the
omology between YOR005c and hunha@4, we now refer to
YORO005¢c aPNL4 and the enzyme activity as Dnl4.

Disruption of theDNL4 gene does not confer significant
ellular sensitivity to DNA damage, indicating that this gene

of the DNL4 gene had no significant effect on the efficiency or roduct does not plav a critical role in the maior DNA repair
quality of sporulation (Table 3). Furthermore, we observed nB H t play " i ]b pr "
difference in spore viability in either of tliml4::URA3mutant pat \(vayshoperz'illtlng 'E.K.eaSt' O\éve&/eg |fn the a ﬁencg_lp n
strains compared with their isogenic wild-type parental Straingcni\rlclttzia:izee tcignssf:():(tel dﬁini:arpalragmi d eD?\IC,; Irlr:o}e(?ulisl It‘lyhéc;e
(Table 4). These data demonstrate that normal meiotic chromosolfi& I il h P her | X
behavior does not require tB&NL4 gene product. results are similar to those fepo.”eo' by other aborat(tﬁ?le%)_
Because disruption of tHaNL4 gene in the M1-2B genetic and are consistent with the idea that Dnl4 functions in a
background (but not in the strain backgrounds used in tHbon-_homoI(_)gous end Jomlng_pathway whose inactivation h"’.‘s a
sporulation studies) results in temperature-sensitive vegetati(ﬁalat'vely minor effect on sensitivity to exogenous DNA damaglng .
growth, sporulation was examined at°@5 The sporulation agents because homologous recombinational repair predominates in

behavior of each of thanl4::URA3strains was indistinguishable yea?t. In supporfj of th'.st. n?t'?n’D"&lﬁagon of 'De“f g(ra]ne "
from that of its isogenic parental strain at the higher temperatu GNIEers Increased sensitivity 1o amage only wnhen tne
ologous recombination pathway has been inactivated

(data not shown). In contrast to these results, it has been repo O
: 0 . . ,24). It appears that Dnl4 and Ku, which is a logierer that
previously thatdnl4 mutants exhibit a delay during meiosis |, “ ds avidly to DNA double-strand ends, function in the same

reduced sporulation efficiency and an increase in the proporti EJ pathway because disruption of both 4 andHDFL

of inviable sporeg22). Since the corréon of this meiotic - ; _
phenotype by reintroduction of the wild-typ&lL4 gene was not (which encodes one of the subunits of the Ku heterodimer) genes

demonstrated, we suggest that the relatively subtle defects qges not cause any further increase in sensitivity to DNA damage
sporulation previously ascribed to loss of Dnl4 actiy#g) are (23,24),

more likely caused by secondary mutations introduced during” distinguishing feature of one of trinl4:URA3 strains
disruption of theDNL4 gene. onstructed in this study, WR-1, was its temperature-sensitive

growth. It is unlikely that this phenotype is caused by other
DISCUSSION genetic changes introduced during gene disruption, since several
independently isolatedhl4::URA3transformants in this genetic
Previously we partially purified and characterized a DNA ligas®#ackground exhibited the same phenotype and the temperature-
activity from S.cerevisiagextracts that was distinct from Cdc9 sensitive growth defect was complemented by plasmid-borne copies
DNA ligase (21). At the same time we reported that an opedf the DNL4 gene. Crosses of WR-1 with a non-temperature-
reading frame, YORO005c¢, which was identified during sequencingensitive strain confirm our conclusion that the temperature-
of the S.cerevisiaegenome, exhibited homology with other sensitive growth of WR-1 is a complex phenotype dependent
eukaryotic DNA ligases, in particular human DNA ligase IV. Toupon both thednl4::URA3 mutation and additional epistatic
confirm that YORO005c does encode a DNA ligase, we haviateractions present in the M1-2B genetic background. Interest-
shown that expression of this polypeptide complements thegly, hdf mutants also exhibit temperature-sensitive growth
temperature-sensitive phenotype of BEreoli lig mutant. To (33,34,36-38). It has beemggested that the abnormal growth of
determine the relationship between YOR005c and the previoudlyese strains is caused by their failure to maintain telomeres
described yeast DNA ligase activitig20,21), the open rding  (33,34). This canot account for the temperature-sensitive
frame was disrupted. This had no effect on Cdc9 DNA ligase bgtowth of the WR-1Inl4::URA3strain, because telomere length
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was found to be normal in these cells. Alternatively, it has bee® Husain,l., Tomkinson,A.E., Burkhart, W.A., Moyer,M.B., Ramos,W.,
suggested that, in the absence of the NHEJ pathway, some formsMackey.Z.B., Besterman,J.M. and Chen,J. (1998jol. Chem 27Q

of spontaneous DNA damage are not repaired and that th 9683-9690.
accumulation of this damage in the genome eventually triggers a
cell cycle checkpoin{38). It is posile that the network of

pathways which monitor genome integrity and transduce signals
to the cell cycle apparatus after DNA damage are less efficient in
the M1-2B cells and because of this difference these cells a
extremely sensitive to the low levels of DNA damage that are
normally repaired by the NHEJ pathway. It should be notedy
however, that the terminal morphology observed idihéstrain 8
at the non-permissive temperature is different from that observed
in the hdf strains (38) and does not resemble that coniyn
associated with cell cycle arrest. Elucidation of the moleculay,
basis for the terminal morphology of ithel4 strain awaits further

investigation. 11

In humans, DNA ligase IV is highly expressed in the thymus

and the testis (6). Given the predicted involvement of DNA ligas®
IV in V(D)J recombinatior(39,40), one wuld expect this gene |
to be highly expressed in lymphoid tissues but not in reproductive
organs containing germ cells, which are characterized by a high
frequency of homologous recombination. However, a previous
study of yeast sporulation reported that inactivatiodt4 15
caused a delay during meiosis |, a reduced efficiency q_f6
sporulation and an increased proportion of inviable sf@®s -
In our study, inactivation of tHeNL4 gene in two different strains
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