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Summary. Ten DNA repair (rad) genes from the fission 
yeast, Schizosaccharomyces pombe were mapped to the 
17 NotI fragments of the three chromosomes. Nine of 
the genes map to chromosome I, but there is no evidence 
for significant clustering. 
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Introduction 

DNA repair processes play an important role in all living 
organisms. The complexity, intricacy and diversity of 
the repair pathways attest to their importance in main- 
taining genomic stability. This is confirmed by the ex- 
istence in man of several genetic disorders, whose severe 
symptoms result from defects in DNA repair. It is be- 
coming increasingly apparent that basic cellular pro- 
cesses are conserved throughout eukaryotes, and that 
this functional conservation extends to gene structure. 
In particular, at least four of the cloned human DNA 
repair genes that have been investigated have homo- 
logues in yeast. Thus the human ERCC-I and ERCC-2 
genes are homologous to the S. cerevisiae RADIO (Van 
Duin et al. 1986) and RAD3 (Weber et al. 1990) genes 
respectively, and the recently cloned ERCC-3 gene (Wee- 
da et al. 1990) has homologues in both S. cerevisiae and 
Schizosaccharomyces pombe (unpublished results of 
M.H.M. Koken, G. Weeda and J.H.J. Hoeijmakers). 
Likewise human DNA ligase (Barnes et al. 1990) is ho- 
mologous to the DNA ligases from S. cerevisiae (Barker 
et al. 1985) and S. pombe (Barker et al. 1987). 

We have recently commenced a systematic study of 
DNA repair genes in the fission yeast S. pombe. Mutants 
in 23 independent complementation groups involved 
with UV or gamma-ray sensitivity, and by implication 
with DNA repair, have been identified previously 
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(Phipps et al. 1985, Lieberman et al. 1989). We have 
cloned 10 DNA repair genes by their ability to comple- 
ment radiation-sensitive mutants. In addition the 
S. pombe homologues of the RAD6 gene of S. cerevisiae 
(Reynolds et al. 1990) and of the human ERCC-3 gene 
(M.H.M. Koken, G. Weeda and J.H.J. Hoeijmakers, un- 
published) have been cloned using hybridization tech- 
niques. The cloning and characterization of the genes 
will be described elsewhere. 

The S. pombe genome is comprised of three chromo- 
somes of length 3.5, 4.7 and 5.7 Mb. Digestion of 
S. pombe DNA with the rare-cutting restriction enzyme, 
NotI, produces 17 fragments, most of which can be read- 
ily resolved using pulsed-field gel electrophoresis 
(PFGE). These fragments have been ordered on the 
three chromosomes (Fan et al. 1988). In this report we 
describe the mapping of ten DNA repair genes to these 
fragments using PFGE and hybridization techniques. 

Materials and methods 

DNA preparation. Our procedure for preparing DNA 
in agarose plugs was modified from that of Anand 
(1986). S. pombe spheroplasts were prepared by diges- 
tion of the cell walls with NovoZym (Novo BioLabs), 
using the procedure of Beach et al. (1982), and resus- 
pended in 10 mM TRIS-HC1, 1.2 M sorbitol to give a 
concentration of 5 x 108 cells/ml. Molten 1% agarose 
(InCert agarose, FMC Bioproducts) at 37 ° C was added 
and gently pipetted up and down. The suspension was 
transferred to plug moulds cooled to 4°C by placing 
on a bed of ice and the agarose allowed to set. Using 
a rubber teat, the solid plugs were blown directly into 
NDS (0.5 M EDTA, 10 mM TRIS-HC1, 1% lauroyl sar- 
cosine, pH 9.5). The lysed cells were incubated twice in 
proteinase K (Sigma) overnight. Remaining proteinase 
K was removed by rinsing twice in 10 ml TE (10 mM 
TRIS-HC1, 1 mM EDTA) on ice for approximately 
30 min, in an excess of NDS for 30 min and finally 
stored in NDS at 4 ° C. 



Digestion. Each plug was cut into 3 pieces. Each piece, 
equivalent t o  approximately 0.5 gg DNA, was rinsed 
twice in a minimum of  10 ml TE buffer containing 
0.1 mM phenylmethylsulphonyl fluoride (PMSF), and 
once in the recommended digestion buffer but without 
any protein or dithiothreitol. Plugs were then transferred 
to 60 gl of  complete digestion buffer and allowed to 
equilibrate at room temperature for 10 min. Digestion 
was with 40 units of  enzyme at the recommended tem- 
perature for 4 to 6 h. In cases where a second digestion 
followed, plugs were equilibrated overnight in the appro- 
priate buffer first. Digestion was halted by adding 100 ~tl 
of  STOP (10 mM EDTA, 3% Ficoll, 0.5 x TAE (1 x 
TAE =40  mM TRIS-acetate, 2 mM EDTA, pH 8.5) and 
orange-G dye) and the plugs loaded into the gel. Molecu- 
lar weight markers used were lambda phage DN A  lad- 
ders and chromosomal D N A  from S. cerevisiae. To 
avoid any local high salt effects in the gel, they were 
briefly washed in TE to remove most of the storage 
buffer before use. 

Pulsed-field gel electrophoresis (PFGE). P F G E  was car- 
ried out using the Waltzer apparatus (Southern et al. 
1987). Standard conditions were electrophoresis in 1.5% 
agarose gels for 22 h at 20°C at a voltage of  150 V 
(5.8 V/cm), and a pulse time of  either 30, 45 or 60 s. 
With the Waltzer system, the gel rotates 110 ° between 
each pulse, the direction of  the electric field remaining 
constant. The buffer used was 0.5 x TAE. DN A  was 
transferred onto nylon filters (Hybond N +, Amersham 
International) and hybridized with 3ZP-labelled probes 
using standard procedures (Sambrook et al. 1989). In- 
serts were isolated from vector sequences by gel purifica- 
tion in all cases. 

Results and discussion 

We have recently cloned the S. pombe rad2, rad4, rad8, 
rad9, radll, radl3, radl5 and radl7 genes by comple- 
mentation of  the defects in the corresponding mutants. 
Rhp6 + is the S. pombe homologue of  the S. eerevisiae 
RAD6 gene (Reynolds et al. 1990) and ERCC-3 sp is the 
S. pombe homologue of  the human ERCC-3 gene. The 
latter was isolated by low stringency hybridization of  
an S. pombe gene bank with fragments of ERCC-3 
cDNA (unpublished work of  M.H.M. Koken, G. Weeda 
and J.H.J. Hoeijmakers). 

S. pombe DNA immobilized in agarose was digested 
with NotI and in some instances also with SfiI, and 
electrophoresed using the Waltzer PFGE system (South- 
ern et al. 1987). The D N A  was transferred to nylon 
filters and successively hybridized with fragments of each 
of the cloned genes. Figure 1 reproduces the NotI restric- 
tion map of  S. pombe as reported by Fan et al. (1988). 
The NotI fragments are indicated, together with the as- 
signments to them of  the various D N A  repair genes. 
We have been able to define further the location of  radl5 
by digestion with SfiI. The 500 kb NotI fragment J is 
split by SfiI into a 185 kb distal fragment and a 315 kb 
proximal fragment, radl5 hybridizes to the former. The 
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Fig. 1. Assignment of DNA repair genes to NotI fragments. Genet- 
ic locations are indicated to the left of the chromosomes, locations 
determined by restriction mapping to the right 

radl gene was cloned and mapped by Sunnerhagen et al. 
(1990). Also shown in Fig. 1 are the approximate loca- 
tions of  rad genes which have previously been mapped 
genetically (Munz et al. 1989). 

The distribution of the ten genes that have been suc- 
cessfully mapped is markedly non-random, in that nine 
of  them are on chromosome I. Furthermore seven of  
the genes map to the top third of  chromosome I. This 
region of the chromosome, however, covers 2.3 Mb of  
DNA, so this cannot be construed as evidence for close 
clustering of repair genes. Nevertheless it is of  interest 
to determine whether this regional clustering has any 
evolutionary significance. In S. eerevisiae, D N A repair 
genes appear to be scattered through the chromosomes 
(reviewed in Hoeijmakers and Bootsma, 1990). Cloned 
human D N A  repair genes also map to different chromo- 
somes, although four of  these genes (ERCC-1, ERCC-2, 
XRCC-1, D N A  ligase I) are located on chromosome 19 
(Mohrenweiser et al. 1989, Barnes et al. 1990, Hoeij- 
makers and Bootsma 1990), and, of  these, the ERCC-1 
and ERCC-2 genes are found on the same 250 kb frag- 
ment (Mohrenweiser et al. 1989). 

Acknowledgements. This work was supported in part by EC con- 
tract B16 042 UK(H) (BCB, ARL and AMC), the Dutch Cancer 
Society project grants IKR 88-2 and 90-20 (MK) and MRC project 
grant G88/03213CB (JM and FZW). 

References 

Anand R (1986) Pulsed field gel electrophoresis: a technique for 
fractionating large DNA molecules. Trends Genet 2:278-283 

Barker DG, White HHM, Johnston LH (1985) The nucleotide 
sequence of the DNA ligase gene(CDC9) from Saccharomyces 
cerevisiae: a gene which is cell-cycle regulated and induced in 
response to DNA damage. Nucleic Acids Res 13:8323-8337 



472 

Barker DG, White JHM, Johnston LH (1987) Molecular character- 
isation of the DNA ligase gene, cdcl7 from the fission yeast 
Schizosaccharomyees pombe. Eur J Biochem 162 : 659-667 

Barnes DE, Johnston LH, Kodama K-I, Tomkinson AE, Lasko 
DD, Lindahl T (1990) Human DNA ligase I cDNA: Cloning 
and functional expression in Saccharomyces eerevisiae. Proc 
Natl Acad Sci USA 87:6679-6683 

Beach DB, Piper M, Nurse P (1982) Construction of a Schizosae- 
charomyees pombe gene bank: a yeast bacterial shuttle vector 
and its use to isolate genes by complementation. Mol Gen Gen- 
et 187:326-329 

Fan J-B, Chikashige Y, Smith CL, Niwa O, Yanagida M, Cantor 
RC (1988) Construction of a NotI restriction map of the fission 
yeast Schizosaccharomyees pombe genome. Nucleic Acids Res 
17:2801-2818 

Hoeijmakers JHJ, Bootsma D (1990) Molecular genetics of eukar- 
yotic DNA excision repair. Cancer Cells 2:311-320 

Lieberman HB, Riley R, Martel M (1989) Isolation and initial 
characterization of a Schizosaccharomyces pombe mutant exhib- 
iting temperature-dependent radiation sensitivity due to a muta- 
tion in a previously unidentified rad locus. Mol Gen Genet 
218 : 554-558 

Mohrenweiser HW, Carrano AV, Fertitta A, Perry B, Thompson 
LH, Tucker JD, Weber CA (1989) Refined mapping of the three 
DNA repair genes, ERCC1, ERCC2, and XRCC1, on human 
chromosome 19. Cytogenet Cell Genet 52:11-14 

Munz P, Wolf K, Kohli J, Leupold U (1989) Genetics overview. 
In: Nasim A, Young P, Johnson PF (eds) Molecular Biology 
of the fission yeast. Academic Press, San Diego, pp 1-30 

Phipps J, Nasim A, Miller DR (1985) Recovery, repair and muta- 
genesis in Sehizosaeeharomyees pombe. Adv Genet 23 : 1-72 

Reynolds P, Koken MHM, Hoeijmakers JHJ, Prakash S, Prakash 
L (1990) The rhp6 + gene of Sehizosaccharomyces pombe: a 
structural and functional homolog of the RAD6 gene from the 
distantly related yeast Saccharomyces eerevisiae. EMBO J 
9:1423-1430 

Sambrook J, Fritsch EF, Maniatis TE (1989) Molecular Cloning: 
a laboratory manual (2nd Ed). Cold Spring Harbor Laboratory 
Press, New York 

Southern EM, Anand R, Brown WRA, Fletcher DS (1987) A mod- 
el for the separation of large DNA molecules by crossed field 
gel electrophoresis. Nucleic Acids Res 15 : 5925-5943 

Sunnerhagen P, Seaton BL, Nasim A, Subramani S (1990) Cloning 
and analysis of a gene involved in DNA repair and recombina- 
tion, the radl gene of Schizosaccharomyces pombe. Mol Cell 
Biol 10: 3750-3760 

Van Duin M, De Wit J, Odijk H, Westerveld A, Yasui A, Koken 
MHM, Hoeijmakers JHJ, Bootsma D (1986) Moleclar charac- 
terization of the human excision repair gene ERCC-I : cDNA 
cloning and amino acid homology with the yeast DNA repair 
gene RADIO. Cell 44:913-923 

Weber CA, Salazar EP, Stewart SA, Thompson LH (t990) ERCC- 
2: cDNA cloning and molecular characterization of a human 
nucleotide excision repair gene with high homology to yeast 
RAD3. EMBO J 9:1437-1448 

Weeda G, Van Ham RCA, Vermeulen W, Bootsma D, Van Der 
Eb AJ, Hoeijmakers JHJ (1990) A presumed DNA helicase 
encoded by ERCC-3 is involved in the human repair disorders 
xeroderma pigmentosum and Cockayne's syndrome. Cell 
62: 777-791 

C o m m u n i c a t e d  by  B.J. K i lbey  


