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INTRODUCTION 

Tomas Lindahl and Carmen Pueyo 

A multitude of endogenous and environmental mutagens cause structural damage to cellular 

DNA, and DNA replication errors also occur as infrequent chance events. Three different DNA 

excision-repair pathways (base excision-repair, nucleotide excision-repair, and mismatch repair) 

provide a first line of defense against such alterations, and these pathways have been largely 

conserved from microorganisms to man. In recen! years, cloning of human cON As encoding key 

repair factors , and their functional expression leading to reconstitution of the repair pathways, ha ve 

great ly improved our understanding ofthese cellular defense systems. 

TI1e association between defective DNA repair and certain forms of human cancer has 

stimulated research in this area. Defective nucleotide excision-repair in man is detected clinically 

as xeroderma pigmentosum, a syndrome associated with greatly elevated levels of skin cancer after 

sun exposure. Ultraviolet light from the sun is, by far, the most importan! environmental mutagen 

( except for chain smokers) and the nucleotide excision-repair system evolved early to counteract 

ultraviolet-induced DNA damage. The recent reconstitution of the complex human pathway with 

purified proteins has defined the major steps in the process, but less well understood accessory 

protein factors may be required for optimal repair. Base excision-repair is primarily employed to 

remove DNA damage caused by endogenous events, and the human pathway(s) have also been 

reconstituted with purified proteins. 

The recently established correlation between defective mismatch repair and a common form 

of colon cancer in man resulted in broadened interest in this form of DNA repair, and related 

problems of gene instability. lt is an intriguing possibility that an early cellular event during 

tumorigenesis might be the generation of a mutator phenotype. An emerging importan! factor here 

is the epigenetic methylation of DNA. Tumor cells often have complex altered methylation 

pattems, and the introduction of new technology such as the bisulphite method for sequencing 

methylated DNA now allows comprehensive studies ofthis form ofDNA perturbation. It is already 

known that 5-methylcytosine residues in DNA are hot spots of mutation, as strikingly observed in 

mutated p53 sequences, beca use the hydrolytic deamination product of 5-methylcytosine is thymine 
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- the resulting guanine-thymine base-pairs are corrected only with difficulty by a DNA glycosylase 

present at very low levels, because the mismatch repair system requires a strand discrimination 

signa! only available in newly replicated DNA. 

Transgenic mice are becoming increasingly important for studies of genomic instability, and 

knockout mi ce defective in one or the other of most well characterized DNA repair functions are 

now available. Excellent animal models of different complementation groups of xeroderma 

pigmentosum, Cockayne's syndrome, and trichothiodystrophy have been constructed. Crosses 

between different strains to produce double knockouts are carried out in severa! laboratories, and 

are further elucidating the various steps and controls of repair events. These projects include the 

large protein kinases which have been shown recently to be involved in control of growth arrest, 

A TM being most intensely studied. A return to biochemical experimentation is now required to 

address key questions such as the identification of the relevant substrates for the A TM and DNA­

PKcs protein kinases, and the mechanism(s) by which DNA damage causes an in.::rease in cellular 

levels ofp53 . 

Rejoining of DNA double-strand breaks occurs largely by non-homologous recombination 

in mammalian cells, and the factors involved are being characterized. It is importan! to minimize 

translocation events, but on the other hand broken DNA requires rejoining. The mechanisms that 

control and fme-tune such processes will be scrutinized over the next years. Such investigations 

should also help to clarify special problems such as the preservation of telomere integrity, which 

might require recombinational repair and telomere binding proteins in addition to telomerase. 

Unique, highly importan! biological processes such as processing of antibody genes also may 

depend on special repair and recombination events. In this regard, recent characterization of V(D)J 

joining has provided detailed understanding of this process, partly thanks to the a\·ailability of a cell 

line that carries out this form of DNA joining. The fascinating events of hypermutation and class 

switching still await similar detailed explanation, but key facts about the mechanisms involved are 

gradually being unravelled. 

1l1e Juan March workshop on "DNA repair and genome instability" hdd on June 9-11, 

1997, provided a time! y and stimulating review of this major field of cancer research. 
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JEFFREY H. MILLER 
Dept. of Microbiology and Molecular Genetics 
University of California 
405 Hilgard A ve. 
LOS ANGELES, CA. 90024-1489 (USA) 

"Pathways of Mutagenesis and Repair in Bacteria, Humans, and Archaea" 

We have used mutators to detect new pathways of mutagenesis and repair. 
Mutators are cells that have a higher mutation rate than the wild type . 
Such mutators have been extensively studied in bacteria, and this has ted 
to the elucidation of a number of importan! DNA repair pathways, as well as 
revealing new pathways of mutagenesis. Repair defects in humans that tead 
to mutator phenotypes are responsible for a number of cancer 
susceptibilities. In sorne cases, these repair systems are the clase 
counterparts of the equivalent bacteria! repair system. Therefore, 
characterizing bacteria! mutators and the repair systems that are deficient 
can aid in discovering the human homolog of these systems. We described the 
discovery of the GO sysptem in bacteria and cloning the counterparts from 
the human genome as well as examining repair pathways revealed by 
sequencing the 2.2 Mb genome of the hyperthermophilic archaeon Pyrobaculum 
aerophilum. 

REFERENCES: 

Mao, E., Lane, L., Lee, J., Miller. J.H. Proliferation of Mutators in a 
Cell Population. J. Bact. 1997. 179(2): 417-422 

Miller, J.H. Spontaneous Mutators in Bacteria: lnsights into Pathways of 
Mutagenesis and Repair. Annu. Rev. Microbio!. 1996. 50: 625-643. 

Slupska. M., Baikalov, C., Luther, W., Chiang, J., Wei, Y., Miller, J.H. 
Cloning and Sequencing a Human Homolog (hMYH) of the Escherichia coli mut' 
Gene Whose Function is Required for the Repair of Oxidative DNA Damage. J. 
Bact. 1996. 178(13): 3885-3892. 

Dr. Jeffrey H. Miller 
jhmiller@ewald.mbi.ucla.edu 
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Probing the roles of the umuDC gene products in SOS mutagenesis. Graharn C. Walker 
Angelina Guzzo, Sumati Murli, Bradley Smith, and Timothy Opperman. Massachusetts Insntu~ 
ofTechnology, Department ofBiology, Cambridge, MA 02140 

SOS mutagenesis in Escherichia coli requires the participation of a specialized system 
involving the wnuDC gene products, the RecA protein, and DNA polymerase III (1). Following 
SOS induction, the UmuD protein is synthesized and subsequently converted to UmuD', the 
active form in SOS mutagenesis (2). This activation involves interaction of UmuD with 
activated RecA resulting in a facilitated autodigestion of UmuD that removes the N-terminal 24 
amino acids. Both UmuD and UmuD' form homodimers while the the UmuD.UmuD' 
heterodimer is more stable than either of the homodimers (3). Umlill2 is preferentially degraded 
by the Lon protease while the UmuD.UmuD' heterodimer is preferentially degraded by the 
ClpXP protease (4). 

In arder to probe the various protein-protein interactions that are relevant to the biological 
functions of the wnuDC gene products, we constructed a series of monocysteine derivatives of 
UmuD and UmuD' and then exploited the unique thiol group in each derivative to obtain 
structural information (5). Following up on our initial study, an additional set of monocysteine 
UmuD derivatives, with single cysteine substitutions at positions 30 to 42, was constructed. 
Based on the observation that these purified UmuD protein derivatives formed disulfide bonds 
quantitatively upon addition of iodine and yet were poorly susceptible to reaction with 
iodoacetate we suggested that the pairs of residues at positions 37 and 38 are located at the 
UmuD2 homodimer interface (6). In the crystal structure of the UmuD'2 homodimer reported by 
Peat et al. (7), the regían of UmuD' corresponding to positions 30-42 of intact UmuD forms an 
extended arnino terminal tail that is hypothesized to be involved in interdimer interactions, not 
UmuD'2 homodimer interface interactions. We hypothesized that our UmuD2 crosslinking data 
might be dueto differences in the quaternary structures of the UmuD2 and UmuD'2 homodimers. 
To test this hypothesis, the corresponding UmuD' monocysteine derivatives were created and 
their solvent accessibility, and ability to be oxidized into disulfide bonds following exposure to 
iodine was tested. In contrast to UmuD2, a cysteine located at arnino acids 37 or 38 in UmuD'2 
was accessible to iodoacetate and did not readily form disulfide bonds after addition of iodine. 
Conversely, a cysteine at position 57 in UmuD2 did not form disulfide bonds well and was 
readily reactive to iodoacetate whereas in UmuD'2 the corresponding cysteine formed disulfide 
bonds well and was readily reactive to iodoacetate. These results strongly suggest that substancial 
differences exist between the quaternary structures of the UmuD2 and UmuD'2 homodimers. 

This conclusion is particularly interesting in light of our discovery of a novel function for 
intact UmuD and UmuC that is distinct from their role in SOS mutagenesis. We have obtained 
evidence that these proteins regulate cell growth and division in response to DNA darnage. This 
activity increases DNA damage tolerance in E. coli by allowing time for DNA repair to be 
completed befare darnaged cells attempt to grow and divide, ensuring that DNA replication and 
chromosome segregation are completed with high fidelity . Several aspects of the regulation and 
activity of these proteins are similar to the effector molecules of DNA darnage checkpoint control 
mechanisms in eukaryotic cells. 

This novel function of UmuD and UmuC was suggested by our analyses of UmuDC­
mediated cold sensitivity. This phenomenon is caused by constitutive expression of the wnuDC 
operon from a multicopy plasmid, which results in growth inhibition at 3o·c (8). We have 
demonstrated that UmuDC-mediated cold sensitivity is genetically distinct from SOS mutagenesis 
(9). In addition, we have found that high levels of intact UmuD and UmuC specifically inhibit 
cell division by a novel mechanism that is SulA-independent (9), inhibits DNA synthesis at 3o·c 
[(10); Murli et al., manuscript in preparation], and inhibits the ability of the cells to make the 
transition from stationary phase (quiescence) to rapid growth [Murli et al., manuscript in 
preparation]. These results suggested that overexpression of UmuD and UmuC results in the 
exaggeration of a normal activity of these proteins in the regulation of cell division and growth. 
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We have shown that this novel activity of intact UmuD and UmuC increases DNA 
damage tolerance. LiumuDC mutations increase sensitivity to UV (11) which has been attributed 
to the loss of the translesion synthesis activity of UmuD' and UmuC. In a genetic background that 
abolishes RecA •-mediated cleavage of UmuD (recA430), we have shown that intact UmuD and 
UmuC increase UV resistance. We have also demonstrated that intact UmuD and UmuC are 
involved in regulating the rate of DNA replication in response to DNA damage. In E. coli, 
exposure to UV results in a rapid inhibition in the rate of DNA synthesis followed by recovery, a 
process known as induced replisome reactivation (IRR) (12). We have shown that intact UmuD 
and UmuC regulate the lcinetics of recovery in the rate of DNA synthesis after UV. A mutation in 
wnuC (umuC 125) has been isolated that does not cause cold sensitivity for growth, but is 
proficient in SOS mutagenesis (10). In addition, this mutation causes increased UV sensitivity 
(10). Interestingly, UmuD in combination with UmuC125 abolishes the inhibition of DNA 
synthesis after UV, suggesting that increased UV sensitivity produced by the umuCJ25 mutation 
is dueto the inability to regulate DNA synthesis after UV. 

Another mechanism by which the umuDC gene products regulate growth in E. coli in 
response to DNA damage was suggested by the finding that the inhibition of growth at 30"C by 
high levels of the wnuDC gene products is highly dependent of the growth phase of the culture. 
In particular, UmuDC-mediated cold sensitivity is specific for the growth phase transition from 
lag phase into exponential growth. The fis gene product (Fis) is known to promote this growth 
phase transition after a stationary phase culture experiences a nutrient upshift (13). ¡jjis mutations 
greatly exacerbate UmuDC-mediated cold sensitivity suggesting that the wnuDC gene products 
inhibit growth by counteracting the activity of Fis. Physiologically relevant levels of intact 
UmuD and UmuC inhibit the transition into exponential growth by UV-irradiated stationary phase 
and exponentially growing cultures, presumably by counteracting Fis activity. Interestingly, the 
UV sensitivity of L1umuDC mutants is suppressed by tfjs mutations, while tJjis mutations are not 
UV sensitive. This suggests that the UV sensitivity of t.umuDC mutants is dueto unregu1ated Fis 
activity. 

References 
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American Society for Microbiology, Washington, DC). 
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85, 1816-1820. 
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DNA Methylation, Mutation and Cancer. P.A. Jones, J-M. Zingg, M.L. Gonzalgo, 
AS. Yang, J.C. Shen, and C. Schmütte, USC/Norris Comprehensive Cancer Center, 
1441 Eastlake Ave., Los Angeles, CA 90033. 

DNA methylation is essential for mammalian development yet adds a 
substantial mutagenic load to organisms which methylate their DNA The inherent 
mutagenic activity of 5-methylcytosine is thought to be due to the hydrolytic 
deamination of 5-methylcytosine in DNA, resulting in the formation of T:G 
mismatches which are inherently more difficult to recognize and repair than U:G 
mismatches formed by the deamination of cytosine in DNA Methylation has 
probably led to the 80% suppression of the CpG methyl acceptor site in mammals 
and contributes strongly to the generation of polymorphisms and germ-line 
mutations. It has also become apparent that 5-methylcytosine participates in the 
generation oftransition mutations that inactivate tumor suppressor genes in various 
types ofhuman cancer. Analysis ofthe mutational spectra in tumors shows that the 
frequency of deamination mutations varies considerably with tumor type and with 
the causative agent in many types of cancer. For example, approximately 50% 
percent of all inactivating mutations in the p53 tumor suppressor gene in colon 
cancer occur at methylation sites whereas only about 15% of the mutations 
sustained in lung cancer are dueto this mechanism. We have investigated alternative 
methods by which methylation may contribute to the formation of these mutations 
and ha ve shown that the DNA methyltransferase enzyme itself is capable of directly 
inducing cytosine deamination and may contribute to this mutagenic pathway in 
certain circumstances. We have also shown that inhibitors of DNA methylation 
particularly sinefungin can markedly increase the rate of deamination of cytosine, 
providing an additional pathway to mutagenesis at methylation sites. We have 
extended our analysis ofthe role of methylation inducing mutations in the p53 tumor 
suppressor gene to the p16 tumor suppressor gene which is frequently inactivated in 
a wide variety of human cancers. The pl6 gene is different than the p53 tumor 
suppressor gene in that the coding sequences of the gene have the properties of CpG 
islands and hence are protected from methylation in the germ-line and in somatic 
tissues. Interestingly, we have found that abnormal methylation events which occur 
in tumor cells result in the methylation of the coding sequence of the tumor 
suppressor gene and this may increase the rate of mutagenesis at CpG sites in 
soma tic cells. This is the first example of the abnormal methylation of a CpG island 
leading to an increased rate of mutagenesis by this endogenous pathway to the 
formation of transition mutations. 

References 

Shen, J-C., Zingg, J-M., Yang, A.S., Schmütte, C., and Jones, P.A.: A mutant Hpaii 
methyltransferase functions as a mutator enzyme. Nucleic Acids Res., 23: 4275-
4282, 1995. 

Jones, P.A.: DNA methylation errors and cancer. Cancer Res., 56: 2463-2467, 1996. 
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inhibitors can increase the rate of cytosine deamination by (cytosine-5) - DNA 
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DNA Repair and Mutagenic Specificity. C. Pueyo. Dpto. de Bioquímica y Biología 

Molecular. Avda de Medina Azabara s/n. Universidad de Córdoba. Córdoba. 

dí-alkylguanine-DNA alkyltransferases are repair proteins that remove alkyl groups from 

ONA, mainly from the OS-position of guanine. Ouring the process, the alkyl group is covalently 

bound to the pro te in and so the reaction is stoichiometric and autoinactivating, funher repair requiring 

de novo synthesis of more ATase. E. coli has two ATases: the products of the ogt gene 

(constitutively expressed ) and the ala gene (inducible). Ogt is the predominant ATase in wild type, 

non-adapted bacteria. By monitoring the influence of the inactivation of the ogt gene on the lethal and 

mutagenic effects induced by the bifunctional alkylating drug CCNU ~hloroethyl-.(;yclohexyl­

Nitrosoll.rea), we ha ve shown that, of the two bacteria! ATases, only the ogt-encoded protein has a 

protective effect. The mechanism of Ogt protection against CCNU mutagenesis and lethality is likely 

to be the removal of the chloroethyl group from the dí-position of guanine. By quantifying the 

induction of mutations and lethal events in og( ala' double mutant cells transformed with an 

exogenous bacteria! ATase gene or marnmalian cONA, we ha ve also shown that the recombinant 

human A Tase is close to the bacteria! Ogt protein in supprt:ssing the deleterious actions of CCNU. 

None of the other ATases (rAT, Ada and Tada) were as effective as these two proteins, though they 

all were expressed at a high leve! in the corresponding strains. The nucleotide excision repair, which 

is performed in E. coli, by the UvrABC system, shows a synergistic effect with the Ogt ATase in 

protecting cells against CCNU. The results obtained with CCNU were extensive to the 

monofunctional alkylating compounds ENU (gthylNitroso.!lrea), PNU (EropylN_itroso.!lrea) and 

BNU (!!.uty!N_itroso.!lrea). Near 2,000 independent forward mutations were sequenced for the 

analysis of the mutationalspectra induced by CCNU, and MNU, ENU, PNU and BNU in repair­

proficient and repair-deficient genetic backgrounds. ONA repair by Ogt alkyltransferase and (A)BC 

excinuclease plays an essential role in removing bu! k y alkyl lesions responsible for G:C-+ A:T 

transitions, influencing their ultimate distribution with respect to ONA sequence context and, in sorne 

cases, the strandedness of mutagenesis. These preferences were not seen in the case of smaller 

methyl damages. By means of the traditional shuttle-vector approach and by carrying out parallel 

studies with mammalian and bacteria! cells, we have also shown importan! sirnilarities between the 

CCNU-induced mutational spectrarecovered in both types of cells. The spectra showed a strong bias 

towards the untranscribed strand and a clear dependency on dose, which could be attributed to NER 

and ATase repair, respective! y. lnterestingly, we have recently showed that bacteria! and mammalian 

A Tases greatly sensitise (instead to protect) E. coli to both the toxic and mutagenic effects induced by 

carcinogenic dibromoalkanes. This sensitization has also been observed in ATase-defective human 

cells transfected with an expression vector containing the human cONA. The effect, that is not shared 

by other proteins with redox-active Cys residues, might be related with the postulated glutathione­

dependent activation pathway of dibromoalkanes. 

[Financia! support: EU (EV5V-Cf9!-0012; EV5V-Cf92-0227); CICYT (PB91-0846; SAL91 -0842-

CE; AMB93-1439-CE; JA (CVI 0187)]. 
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Reconstitution of the branched pathway of base 
excision-repair with human enzymes 

Tomas Lindahl , Arne Klungland, Teresa Roldán-Arjona, Primo Schar, 
Matthias Hoss, Gernot Herrmann, and Oeborah E. Barnes 

Imperial Cancer Research Fund, Ciare Hall Laboratories, 
South Mimms, Herts. EN6 3LD, UK 

DNA base damage by spontaneous hydrolysis or oxidation contributes 
to endogenous genomic instability. Altered bases are usually excised by a 
DNA glycosylase. We (and others) have recently cloned and expressed cDNAs 
that encode two distinct human DNA glycosylases which remove 8-oxoG and 
thymine glycol, two maJar forms of oxidative base damage. 

The majar form of base excision-repair in mammalian cells involves 
a DNA glycosylase, AP endonuclease, DNA polymerase b, and the DNA ligase 
111/XRCC 1 heterodimer. A single nucleotide is replaced in this reaction , 
which has been reconstituted with purified enzymes. An alternative pathway 
for the latter steps of the reaction, seen in particular after incision by 
the AP endonuclease at an oxidized or reduced AP site, employs replication 
factors such as O N ase IV(FEN1) and PCNA, and may use DNA polymerase die and 
DNA ligase 1 instead of Polb and Lig III/XRCC1 . 

The distinct human DNA ligase IV has a counterpart in S. 
cerevisiae . This enzyme does not appear to be involved in DNA 
excision-repair but is required for repair of double-strand breaks by an 
illegitimate end-joining pathway. 

Y. Kubota, R.A. Nash, A Klungland, P. Schar, D.E. Bames and T. lindahl 
Reconstitution of DNA base excision-repair with purified human proteins: interaction between DNA 

polymerase Jl and the XRCC1 protein. 
EMBO J. 15, 6662-6670 (1996) 

R.A. Nash , K.W. Caldecott, D.E. Bames and T . Lindahl. 
XRCC1 protein interacts with one of two distinct forms of DNA ligase 111. 
Biochemistry 36, 5207-5211 (1997) 

A Klungland and T. lindahl 
Second pathway for completion of human DNA base excision-repair: reconstitution with purified 
proteins and requirement for DNase IV (FEN1). 
EMBO J. 16, 3341-3348 (1997) 

T. Roldan-Arjona, Y.-F. Wei, K. C. Carter, A Klungland. C. Anselmino, R.-P. Wang, M. Augustus 

and T. lindahl · 
Molecular cloning and functional expression of a human cONA encoding the antimutator enzyme 

8-hydroxyguanine-DNA glycosy1ase. 
Proc. Natl. Acad. Sci. USA 94, in press 
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DNA repair and genome instability: Session 2. 
Presenter: JosefJiricny, e-mail: jiricny@imr.unizh.ch, fax +41-1-385 6204 

BIOCHEMISTRY OF Gff MISMA TCH REPAIR IN HUMAN CELLS. 

Paola Gallinarii, Ingram Iaccarino, Teresa Lettieri, Giancarlo Marra, Petra Neddermann¡ 
and Josef Jiricny• 
Institute for Medica! Radiobiology, August Forel-Strasse 7, CH-8028 Zurich, Switzerland 
and §Istituto di Richerche di Biologia Molecolare "P. Angeletti", Via Pontina km 30,600, 
00040 Pomezia, Ita! y. 

The Grr mispair in mammalian DNA is addressed by two distinct repair pathways. lf it 
arase as a polymerase error, then it will be corrected either toa G/C orto an Arr, the repair 
event being directed to the newly-synthesized strand . lf, on the other hand, the Gff mispair 
is the result of the hydrolytic deamination of 5-methylcytosine, then it must be corrected 
back to a G/C and this process is initiated by TDG, a thymine-specific mismatch DNA­
glycosylase. What do we know about these two repair pathways that share a common 
substrate? 
The common cancer predisposition syndrome, hereditary non-polyposis colon cancer 
(HNPCC) has been linked to a defi ciency in the postreplicative mismatch correction. Six 
human genes found to encode mismatch repair proteins have been identified to date, bu t 
only four, hMSH2, hMLHI, hPMSI, and hPMS2, have been shown to be mutated in the 
germlines of HNPCC kindreds and their mutations heen shown to co-segregate with the 
disease. Moreover, the mutations in two of these genes, hMSH2 and hMLHI, segregate 
with around 70% of HNPCC kindreds, while onl y three kindreds (around 5%) with 
mutations in the hPMS 1 and hPMS2 loci and none with mutations in the hMSH3 or GTBP 
loci have been reported so far . The biochemical reasons underlying this phenomenon 
remain unclear. It is likely that severa! key components ofthe mismatch repair process ha ve 
eluded detection, as these six genes encocle homologs of only two of the key bacteria! 
mismatch repair proteins, MutS and MutL. The mechanism of strand discrimination 
remains obscure, as does the identity of the obligate exonucleases, helicases, DNA 
polymerase(s), and other ancillary factors . Although the mutations in two more proteins, 
PCNA and FENI, have been shown to bring about mutator phenotypes, their link to 
HNPCC remains to be established. We are studying the biochemistry ofthe postreplicative 
mismatch repair process, with the hope of being able to identify at least sorne of the 
missing components ofthis complex pathway. 

Many cancers display C to T mutations in CpG dinucleotides in the p53 tumour 
suppressor gene. These arise presumably by the deamination of 5-methylcytosine. We ha ve 
shown that Grr mispairs associated with thi s hydrolytic event are corrected by base­
excision repair process, which is initiated by a thymine-specific mismatch DNA­
glycosylase, TDG. The TDG gene has been mapped to chromosome 12q24, but so far no 
cancer-associated mutations have been detected in this locus. Are the C to T transitions in 
p53 really dueto the malfunction ofTDG orare other factors al play? 

Mismatch Repair and Cancer. Jiricny, J. (1996) In: "Genetic Instability in Cancer." (ed . T. 
Lindahl) Cancer Surveys, Cold Spring Harbar Press, Vol. 28, pp 47-68. 

The repair of 5-methylcytosine deamination damage. Wiebauer, K. , Neddermann, P ., 
Hughes, M.J. and Jiricny, J. (1993) In: DNA Methylation: Biological Significance (eds. J. 
P. Jost and H.-P. Saluz) Birkhauser Verlag, Base!, Bastan, pp 510-522. 
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Nucleotide excision repair of DNA by proteins from human cells 

Richard D. Wood, Imperial Cancer Research Fund, Ciare Hall Laboratories 

South Mimms, Herts, EN6 3LD, United Kingdom 

A versatile strategy for repairing damaged DNA, termed nucleotide excision repair (NER), is 

found throughout the natural world in organisms ranging from mycoplasma to marnmals. In 

humans, NER is a major defence against the carcinogenic effects of ultraviolet light from the 

sun, and al so repairs DNA damage caused by sorne chemotherapeutic agents such as cisplatin 

( 1 ). The complete mechanism in vol ves more than 25 polypeptides, and we and our 

collaborators ha ve been studying the process in cell-free systerns. Repair of UV-damaged or 

cisplatin-damaged DNA has been reconstituted with purified proteins (2). The XPA protein and 

the single-stranded DNA binding protein RPA interact and bind preferentially to damaged base 

pairs. An opened DNA structure is then created around the si te of damage (3), in an ATP­

dependent reaction that in vol ves TFllH, a dual function repair/transcription factor that contains 

the XPB and XPD DNA helicases. The single-stranded binding protein XPC and possibly 

other factors are also in the open complex. Incisions are then introduced on either side of a 

damaged si te, by "structure-specific" endonucleases that cleave near junctions of duplex and 

single-stranded DNA ( 4 ). XPG nuclease el ea ves on the 3' si de of the open region and then 

ERCCl-XPF nuclease cleaves on the 5' side, to release an oligonucleotide usually 24-32 

residues long (5). A repair patch is formed by a DNA polymerase E or S holoenzyme that 

includes the sliding clamp factors PCNA and RFC, and the gap is sealed by a DNA ligase, 

resulting in a repair patch of about 30 nucleotides (6). Additional factors participate in NER by 

modulating the activity of these core components, for example by phosphorylation (7). 
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MANY MUTATIONS IN CANCER 

Matthew D. Gray, Jiang-Cheng Shen, Ashwini S. Kamath-Loeb, 
A. Blanl<, Bryce L. Sopher, George M. Martín. Jun.l:.o Oshima, 
Lawrence A Loeb 

Based on the high frequencies of chromosornal abnormalities 
and mut.ations in human cancers, we offered the hypothesis that cancer 
is manifested by a mut.ator phenotype (1). This hypothesis is based on 
the argument that the spontaneous mutation rate in normal cells is 
insuffident to acco\ll\t for the high frequency of mutations in human 
cancer cells. We argue that the normal background mutation rate of 1.4 
X ¡¡rlO can account for only two or three mutations in each tumor, and 
not the much larger number that are reported, or the even greater 
numbers that are lil<ely to be found as methods for detection become 
more sensitive. The ncent demonstrations of microsatellite instability 
has provided the first strong evidence for a mutator phenotype (2) . 
Relaxed genomic stability could be initiated by mutations in genes 
involved in DNA replication, DNA repait, or chromosomal 
Úgregation. Interference with processes that cause these mutations 
provide. the possibility of preventi.ng the clinical occurrence of cancer 
bydday. 

As an example of genetic instability we will consider Wemer 
Syndrome (WS). It is an uncomrnon inherited human disease 
manifested by premature aging (3), genomic instability (4), and a high 
incidence of unusual cancers (5). The recently doned WS gene encodes 
a prcdicted 1,432 amino acid protein with homology lo the RecQ family 
of DNA helicases. To investigate its catalytic activity, we overexpressed 
the WS protein as an N-terminal hexahistidine fusion from a 
recombinant baculovirus construct. We purified the protein from 
infected insect cells by Ni+.,. -chelation chromatography. The wlld type 
protein displays A TP-dependent, 3'->5' strand displacement activity 
with DNA substrates and is stimulated by single-strand bincting 
prolein. It also exhibits DNA-dependent ATPase activity. Both 
activilies are laclcing in a mutan! protein (K577M) with a substitution in 
a highly conserved helicase motif l. The production of this active DNA 
helicase should facilitate studies on its function in DNA metabolism 
and the effects of rnutants on genetic instability in Werner Syndrome. 
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TRACEY BARRET 

Structure and mechanism of a G-U mismatch 
Specific uracil-glycosylase from E. coli 

The deamination of cytosine and 5-methyl cytosine can result in the generation 
of guanine-uracilfguanine-thymine (G:U/G:T) mismatched base pairs 
respectively. Both mismatches are pro-mutagenic leading to adenine-thymine 
transition mutant'i if n.ot repaired. Tn general mismatches in both prokaryotes 
and eukaryotes are rcpaired in a nucleotide excision pathway, however, a base 
excísion repair pathway has also been identified in a limited number of 
organisms. This pathway is initiated by a specific DNA N-glycosylase, 
however, unlike the well characterised uracil DNA glycosylases (UDG's) will 
remove uracil (and in thc human homologue thymine) fiom mismatched base­
pairs in double stranded DNA only. In addition, tbis family of DNA 
glycosylases shows no sequence homology with lhe UDG's. 

The crystal structure of a G:U mismatch double strand specific DNA N­
glycosylase (MUG) from E-coli has recently been solved by the multiple 
isomorpbous replacement method to a resolution of 1.8A. The overall topology 
of the molecule is a Rossman fold, however, there are a number of interesting 
deviations from this classical arcbitccturc. The latest model has an R-factor of 
23% (Rtt<,=29%) and is undergoing further refmement. A crystal complex has 
also been obtained with MUG anda DNA fragment consisting or 12 base-pairs. 
Although this stmcture is at a fairly preliminary stage, it has so far bccn possible 
to idcntify various groups within the protein that have a key function in DNA 
recognition, binding and specificity. 



Instituto Juan March (Madrid)

Session 3 

Chairperson: Jan H. J. Hoeijmakers 



Instituto Juan March (Madrid)

29 

THE USE OF MUT ANT MICE FOR STUDIES ON DNA REPAIR AND ITS RELA TIONSHIP 

TOCANCER. 

Erro! C Friedberg, David L. Cheoi, Lisiane B. Meira1, Robert E. Hammer2, Dennis K. Burnsl, 

Antonio Reis 1, Henk Ruven3, Albert A. van Zeeland3 and Leon H. F. Mullenders3, Laboratory of 

Molecular Pathology, Department of Pathology1 and Department of Biochemistry and the Howard 

Hughes Medica! Institute2, The University of Texas Southwestern Medica! Center, Dalias, TX 

75235, USA, and Department of Radiation Genetics and Chemical Mutagenesis, University of 

Leiden, Leiden , The Netherlands3. 

Humans suffering from the hereditary disease xeroderma pigmentosum (XP) are defective 

in nucleolide excision repair (NER) of DNA. Consistent with the predicted role of this DNA repair 

mode in mitigating against the mutagenic effects of ultraviolet (UV) radiation, XP individuals are 

exceplionally prone to skin cancer following exposure to sunlight. It is anticipated that such 

individuals are also predisposed to cancers in other organs that are typically subject to exposure to 

environmental chemicals. However, such information is anecdotal since very few XP individuals 

are available for detailed studies of this type. In arder to address this and other aspects of the 

molecular pathogenesis of cancer in NER-defective mammals we ha ve constructed mouse strains 

defective in the XPC gene, using targeted gene replacement by homologous recombination . 

Crosses be tween XPC heterozygous (XPC+I-) an imals yielded normal Mendelian 

segregation of wild-type and mutant XPC alleles. Additionally XPC-1- m ice develop normally and 

show no evidence of clinically detectable phenotypes. Howcver, at the cellular leve! XPC-1- mice 

are abnorm ally sensitive to killing by UV radiation at 254 nm and are deficient in NER. 

Additionally, as has been observed with human XPC cells, m o use XPc-1- cells are defective in thc 

cxcision of 6-4 photoproducts from the non-transcribed strand of the transcriptionally active p53 

gene, but remain proficient in the repair of these lesions from the transcribed strand. XPC-1: micc 

are highly predisposed to skin cancer induced by UV radiation. Following weekly exposure of 

m ice lo UVB radiation of the shaved dorsal skin for 22 weeks, 50% of XPC-1- animals developed 

skin cancers by -16 weeks. In contrast, no skin cancers were observed in XPc+l- or XPC+I+ 

animals irradiated for 22 weeks and monitored for a further 7 weeks. 

ln order to explore possible effects on cancer predisposition of simultaneous genetic defects 
in NER and in other cellular processes that protect the integrity of the genome in the face of DNA 

damage, we bred XPC mice to mice carrying mutations in the tumor suppressor gene p53. XPC-I­

p53 +1- mice show a greater skin cancer predisposition than that observed in XPC-1- p5J+I+ 

animals. We have not detected loss of heterozygosity of the second p53 allele in skin tumors 

derived from XPc-1- p5J+I- mice by Southern analysis. We are presently sequencing the entire 

coding region of the p53 gene in such tumors. 

Skin cancer predisposition is further heightened in animals that are homozygous mutant for 

both genes (XPC-1- p5]-1-) . The latter animals show a 50% cancer incidence by -9 weeks. 

Additionally , such animals show a slightly enhanced predisposition to spontaneous testicular 

tcratocarcinomas typically observed in young male XPC+I+ p5J -I- mice. Of the remaining 

genotypes, XPc+l+ p5J+I- animals only begin to show evidence of skin cancer after 22 weeks of 

radialion exposure. However, double heterozygous animals (XPC+I- p5J+f-) have an incidence 

that is intermediate between that of XPC+I+ p5J+I- and XPC-1- p5J+I- animals. This is the first 

phenotype of which we are aware involving XP heterozygotc mammals. 

Wc also ha ve an interest in exploring cancer predisposition in animals carrying genetic 
dcfccts in more than one DNA repair pathway. To this end we ha ve attempted to gencrate mutanl ~ 
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detective in Lhe HAP 1 (human AP endonuclease) gene required for base excision repair (BER). 
Homozygous knock-out muLaLions are lelhal in early embryonic developmenl. However, we 
obtained unexpecled results when we incorporated the HAP 1 heterozygous genotype in lo various 
XPC, p53 mulanl slrains. XPC-1- HAP J+l- animals ha ve a radiaLion-induced skin cancer incidence 
curve lhal is indislinguishable from lhat observed in XPC-1- p5J+I- mice after 15 weeks of 
irradiation. These curves sLricLiy overlap wilh Lhose obLained wilh double heterozygous (XPC-I­
p5J+I- HAP ¡+1-) m ice. XPC+I+ HAP ¡+1- and XPc+l- HAP ¡+1- m ice are indislinguishable from 
XPC+I+ HAP J+l+ animals afler 15 weeks of irradialion . These ohservations suggesl Lhal 
inactivation of lhe HAPJ and p53 genes synergize wilh defeclive NER by lhe same mechanism(s) . 
Recenl sludies by Tom Curran and Caro! Prives and Lheir colleagues (Genes and Devel. 11: 558-
570, 1997) have provided in vitro evidence thal HAPI prolein activales p53 prolein hy a redox­
dependenl palhway and (loan even greater exlent) by a reúox-independenl palhway. 
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DNA repair of UV and X-ray induced damage: molecular and clinical aspeds. 

Jan H.J. Hoeijmakers, G. Weeda, B. van der Horst, W. Vermeulen, B. Winkler, E. Citterio, 
J. de Boer, J-M. Egly1l, J. Essers, R. Kanaar, and D. Bootsma MGC, Department of Cell 
Biology & Genetics, Erasmus University, PO Box 1738, 3000 DR Rotterdam, Thi: 
Netherlands and 1l IGMBC, INSERM, Univ. Louis Pasteur, lllkirch, France. 

To ensure genetic stability all organisms have evolved an intricate network of 
complementary DNA repair systems, that are capable of removing virtual! y any type of DNA 
damage induced by endogenous or exogenous genotoxic agents. Examples of complex multi­
step repalr pathways are: nucleotide and base excision repair (for removal of a wide variety 
of lesions), bomology dependent and independent recombination repair (for repair of double 
strand breaks) and post-replication 'repair' (for trolllslesion DNA synthesis). Defects in DNA 
repair result in bypersensitivity to genotoxins and carcinogenesis. The best studied and most 
versatile repair process is nucleotidc excision rcpair (NER). The NER pathway elirninates UV­
and many chemically-induced DNA lesions. The rcaction has been reeonstituted in vitro with 
purified components and most genes implicated have been isolated (for recent reviews see 
Hoeijmakers, Eur.J.Cancer 30A, 1912-1924, 1994: Wood, Ann.Rev.Biochem. 65, 135-167, 
1996). 

Inbom defects in NER are associated with tbree clinically and genetically heterogeneous 
human syndromes, al! characterized by marked sun sensitivity: xeroderma pigmentosum (XP). 
Cockayne syndrome (CS) and trichothiodystrophy (1TD). The UV-exposed skin of XP 
patients shows pigmentation abnormalities and an o ver 1 OOOx -increased risk of eancer ca u sed 
by defects in one of at least 7 genes (XPA to XPG) . es displays severe developmental 
impairment and neurodysfunction due to dysmyelination. Two responsible genes have been 
identified: esA and CSB. TTD is characterized by brittle hair and nai!s dueto a shonage of 
sulphur-rich matrix proteins. The clinical picture also comprises ichtbyosis and many 
symptoms characteristic of CS. lnterestingly, the NER-deficient forro of TTD is caused by 
mutations in the XPB, XPD and TTDA genes encoding subunits of TFIIH, a protein complex 
with a dual function in basal transcription in addition to NER. Remarkably. in contras! to XP, 
there life no indications for an increased risk of cancer in es and 1TD. Finally, a rare class 
of patients exists showing a combined XP+CS picture. Such patients carry defects in XPB, 
XPD or XPG. 

The NER reaction entails damage recognition involving XPA and other proteins, dual 
incision of the injured strand carried out by XPG and the XPPIEReC! complex presumably 
preceded by a local unwinding of the two strands by the TFIIH complex containing the XPB 
and XPD helicases, remova! of the damage-containing oligonucleotide, repair synthesis and 
ligation. At least two NER subpathways ex.ist: rapid transcription-coupled repair limited to 
the transcribed strand of active genes and less efficienr global genome repalr. TTD and most 
XP complementation groups carry defeets_ that affect both subpathways, es is specifically 
deficient in transcription-coupled repa.ir, whereas XP-e is impaired in the global genome 
repalr. 

To facilitate purifieation and functional characterisation of the intricate TFilli complex 
and to identify associated factors we have epitope-tagged various subunits. The tags used do 
not interfere with complex formation and function and permit an efficient two-step, mild 
purificntion of TFITH to bomogeneity from cells stably expressing the tagged subunit. The 
isolated complex consists of 9 subunits, is active in in vitro NER and transcription and 
exhibits all of the established TFIIH enzymatic activities. Presently we are analyz.ing the 
effect of mutations in TFilli on its functions. The specific link of mutations in TPIIH 
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components with transcription ínitiation provides a plausible explanation for the non-XP 
symptoms associated with CS!ITD. erippling of the TFllH transcription function may affect 

the expression of a set of genes causing neuro-developmental CS abnormalities. Mutations 
that affect the stability of the complex could gi ve rise to the brittle hair and nails of TID 
(Hoeijmakers et al., Curr.Opin.Genet.Developm. 6, 26-33, 1996). To investigare the complex 
genotype-pbenotype relation associated with lFilli mutations we ha ve mimicked in the mouse 
getmline a single amino acid substitution in XPD a~ found in a TID patient. The TTD mouse 
reflects toa remarl:.able degrec the phenotype of the human disorder. Importantly, the mice 
display cancer predisposition suggesting that also patients may have a hitherto unnoticed 
increased risk of developing cnncer. 

Similarly, we have generated stablc transfectants cxpressing epitope-tagged, functional 
esB and found that this protein resides in a complex with active RNA polymerase ll, bur not 
with transcription initintion factors such as TBP, lFIIE, TFiill and TFIIB. This suggests that 

esB has a role in tbe transcription process and that the non-XP part of the es feature.~ like 
in the case of TFIIH are dueto a transcription-related deficiency. This is in agreement with 
observations made using a CSB mouse model (van der Horst et al., Cell, 89, 425-435, 1997, 
see also van Gool et al ., EMBO J .. in press). Also CSB mice exhibit a mark.ed cancer 
predisposition, whereas a dramatic worsening of the es features are obscrved wheo CSB mice 

are crossed with XPe mice carrying a defect in the global genome NER subpathway. 
One to the mechanisms for the repair of X-ray induced double strand break& involves 

homology-dependent recombination repair. To asscss the biological impact of this systcm in 
manunals we have isolated homologs of severa! ycast genes involved in this process. 
including the mouse homolog of RAD54 (mRAD54) mRAD54-/- ES cells exhibit X-ray 
sensitivity and reduced homologous recombination. mRAD54-/- mice are viable, fertile and 
fail to display abnormalities in V(D)J recombination and c!ass switching (Essers et al., Cell. 

89. 195-204. 1997). Further aoalysis of these and other repair-deficient mouse mutants is in 
progress. 
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Molecular analysis of human disorders with defects in DNA repair and transcription 

Alan Lehrnann 1
, Bernard Broughton 1, Donna Mallery 1

, Elaine Taylor 1, Elena Botta 2 and Miria Stefanini 2 

1MRC Cell Mutation Unit, Sussex University, Falmer, Brighton BN1 9RR, UK, and 2 Istituto di Genetic<t 

Biochimica ed Evoluzionistica CNR, vi a Abbiategrasso 207 , 27100 Pavia, Ita! y. 

Xeroderma pigmentosum (XP), Cockayne Syndrome (CS) and Trichothiodystrophy (TTD) are genetic 

disorders with widely different clinical features , despite the association in all three with defects in 

nucleotide excision repair . 85% of CS patients are defective in the CSB gene (1) . We have determined the 

sites of the mutations in eighteen CS-B patients . The mutations are spread across the CSB gene. Many 

result in drastically truncated products, demonstrating that the gene is not essential for life. Those 

mutations resulting in amino acid substitutions are confined to the C-terminal two thirds of the protein, 

raising the possibility that the N-terminal third may not be required for its repair function . The types and 

si tes of the mutations do not correlate with the severity of the disorder, indicating that sorne other factor 

contributes to the clinical features. 

The XPD protein is a subunit of the TFIIH complex, wlúch has a dual function both in nucleotide excision 

repair of DNA damage and in basal transcription. Mutations in the XPD gene can result in three distinct 

clinical phenotypes, XP, TTD, and XP with CS . In order to determine if the clinical phenotype can be 

attributed to the site of the mutation, we have identified the mutations in a large group of TTD and XP-D 

patients (2-5 and unpublished results). The results are complex because many of the patients are compound 

heterozygotes. By using fission yeast to investigate the effects of the individual alleles in the haploid state, 

we have shown that severa! of the mutations found in patients are lethal. If we eliminate the lethal 

mutations , the remaining mutagenic pattern is consistent with the si te of the mutation determining the 

phenotype . We have found that 85% of XP-D patients are mutated at the same site in the gene, and that 

mutations at four other si tes account for the mutations in most of the TTD patients . Our results are 

consisten! with the hypothesis that XP results from mutations affecting the repair function of TFIIH withou • 

affecting the transcriptional activity, whereas TTD mutations subtly affect the transcriptional activity . 

l. Stefanini , M., Fawcett , H. , Botta, E. , Nardo, T . & Lehmann, A. R. (1996) Human Genetics 97, 418-

423 . 
2. Broughton, B. C. , Steingrimsdottir, H. , Weber, C. & Lehmann, A. R. (1994) Nature Genetics 7, 189-

194. 
3. Broughton , B. C. , Thompson, A. F ., Harcourt, S. A., Vermeulen, W., Hoeijmakers, J. H. J . , Botta. 

E ., Stefanini , M., King , M., Weber, C., Cote, J., Arlett, C. F. & Lehmann, A. R. (1995) Am. J. 

Hum. Genet. 56, 167-174. 
4. Takayama, K., Salazar, E. P., Lehrnann, A. R., Stefanini, M., Thompson, L. H. & Weber, C. A. 

(1995) Glncer Res. 55, 5656-5663 . 

5 . Takayama, K., Salazar, E. P., Broughton, B. C., Lehmann, A. R., Sarasin , A ., Thompson, L. H. & 

Weber , C . A. (1996) Am. J. Hum. Genec. 58, 263-270. 
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Ncgativc ond Posltive Contn1ls ot' Gtmetic l>iversity 

Franc;.ois Taddci, lvan Matic, Marin Vulic & Miroslnv Rndmnn 
[nstitut Jacqucs Monod. CNRS-Univcrsité París?, 
2. Place Jussicu, 75251-Paris Ccdcx 05, Pmncc 
t~-mail: radm a n@u.:r . jux . ~icu.fr 

Tcl & Fax: 33 - l - 44 27 81 77 

Evulution is Lifc's ... trat.cr,y of survival ha~t~d on the generatinn nf geneti~,; div~::rsity 
which is thcre to facc unccrtain t'uturc, and is thns th~ suhst.rate fnr . ~elcclinn . Divcr . ~ily 
is crealed by rnutations . Wc have smdiccl thc mtxhanisms and the gcnctic conlrols oC 
mutagcncsis in bal:tt~ria. The r~sults suggest that Lhc mulatinn mtcs are subjc~,;t to 
control systcms both at thc ll~vcl uf individual cdls and at thc lcvcl of populations. Thc 
former involvc a lowcting ot' thc cfticicm.:y uf the constilulÍvl~ error cnrn:ction 
mechaní~ms and thc induction of t:rmr-prnne sy.stem . ~ .such as thc mutagcnic SOS 
response. The lauer in vol ves dm variations in thc fH•.quency ot' mut.atnr murant.s within 
the populatíon of cclls and/or organisms. llnder certain conditions, thc contributions ol' 
mutators in creátíng sul~ces s ivc rnrc adapcivc mutarions can he so important that thc.: 
mul<llors can rakc OVl ~ r t.ht: entir~ population in spirc of thcir massivc Jdeterinus gcnctic 
eft'ects. Thesc stmtcgics may be important in thc un«<t:rstanding nf the powcrlul 
adaptability of bacteria tu chancing l ~ nvironmcnL~ (e.g., lo ncw hosts. or new 
compartmcnt~ within thc old host~. anll to new antihiotics) accountint; lhus for thc 
cmcrgcru.:<: of n~w pathogcns. Thc same formal analysís may apply lo lmnour 
dcvclopmt!nt and account r'or the ac.:~,;umulatinn of multiplc n1utalinns in thc inva.sivl: 
lllll\Oll l'S. 

We are also C!Cploring the origins of two biological clncks: thc universal cvolutionary 
clock accounting for similar tim~ - rdated gcrm line mutalion frcqucncics an1l lhc 
somalic dock accounting l'or thc spccics-specilic kinctics uf the inctdcncc of discase 
and dcath, i.c., life span. 11tc availablt: results in bacteria! e¡¡perimcntal sys~ms suggest 
that thc al:cumulation of oxidalive damagc to guaninc (R-oxo-G) inthe DNA, RNA. and 
thcir respective nuc\cotide pools, may account for the sornatic biological dock. 
Experimental rcsult~ with aging bacteria! colonics shnw that thc .starving arHl 
dcgcn~ratinr, cclls nndergo massivc load nf crrors ut the lcvcl of DNA (mutations). 
RNA ¡md p r otl~Ín binsynthcsis due tu the accurnulation of 8-oxo-G mcdiatcd mistakcs. 
Such mistakcs are largcly suppresseu hy thc hydrolysis of 8-uxo-dGTP and 8-olltHGTP 
(nuclcotide pool clcaning) catalyscd by thc MutT protcin of ['.Schuichia coli. Tf similar 
situation occurs in non-dividing sornatic cells, such us ncurons and hearl muscle cclls, 
then the MutT acivity may b~ among the most imporant fadors dctcrmining thcir 
funclionallongevily. 
Rdertwces.· 
MATIC,I., RAYSS/GUIER, C. and RADMAN, M. "lnterspecie.1· J:ene exclwnge in 
bacteria: ·n¡e role of SOS and mi.mratch re¡wir system.1· in evvlution vf SJil!Óe.l' " . Cefl 
(199.5)80: 507-515. 
/MDMAN, M., MA'11C, 1. . NALLIDAY . .1. cmd TIIDDEI, F. "Editing DNA replica/ion 
ancl recvmbination /Jy mismatch re¡wir: from bacteria/ generit:s tv mechanism.f of 
preclisposition to ccmccr in hwnans". Plril. Tra11s. R. Soc. l..o11d. B (19Y5) 347: 97-103. 
de W/ND, N., LJC:K"KRI?, M., DI::UNS, A .. UIIDMAN, M. <ttul te Rlll'/,C:, ll. "lmu:tivation 
of the "wu.fe Msh2 gene results in mümarch repair deftcienc:y, merhylcJtion tf.Jierance, 
hyperrecombination and predisposition to cclllctl'" Cell ( 1995) 82: .121-330. 
TADDE/, F., RAL>MAN, M., MA YNIIRD-SM/111, l ., TOUPAN_Ct::, 8., GOUYON, ~ - 'JI. 
aiUL GODEl.Lt..', n. "Role of mutator al/eles in adaptive evolutum Nalure ( 1997) 3.'17: 
700·702. MA .,.,, .. 1 TADDEI, F., IIAYAKAWA, H., nOUTUN. M.F .. CIRINI' . .'.')I, . A.M., " . . '-'• ., 
St:KTGUCIII M· and RADMAN. M. " Oxidmive .1·tress comprotmt.es trmw: I'I/Jtwnal 
ftclelity: cl(!t.II;Ítrg' ofnudeotide puols h_y MutT", submitted to Scie11ce. 
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THE FIRST ORF OF THE LlTe RETROTRANSPOSON OF T. CRUZI CODES FOR A 
PROTEIN WITH APURINIC-APYRIMIDINIC ACTIVITY. 

Mónica Olivares·, Carlos Alonsot, Manuel C. L6pez" 

"Depanamento de Biologfa Molecular, Instituto de Parasitologfa y Biomedicina, CSIC. Calle 
Ventanilla, n° 11 18001- Granada - SPAIN;tCentro de Biologfa Molecular, CSIC -UAM, 
Madrid - Spain 

The deduced aminoacid sequence of the ORFl of the LITe non site specifie non-LTR 
retronstransposon of T. cruzi exhibits a significant homology to the consensus sequence of 
the class II family of the endonuclease AP proteins. The analysis of the activity of the 40 Kd 
recombinant protein, named NLlTe, obtained from the expression of the LlTe ORFl in an 
E. coli "in vitro" expression system, revealed that the sequence codes for a protein with 
apurinie-apyrimidinie (AP) endonuclease aetivity. The NLlTc protein was shown to make 
single-strand breaks at partially depurinated supercoiled plasmids. Data are also presented 
showing that in vivo expression of the NLl Te protein conferred viability by complementation 
to E. coli exonuclease III deletion mutants (BW286 strain). We propose that the biological 
role of the AP endonuclease aetivity of the NLlTe protein may be to introduce into the DNA 
free 3' ends that could be used as primers for the integration, along the T. cruzi genome, of 
the L1 Te element and that the nieking could be a general mechanism for the 
retrotransposition of non site-specifie non-LTR retrotransposons. 



Instituto Juan March (Madrid)

36 

Genome lnstability and Position Effect ofTranslocations Involving the Inactive 

X-chromosome 

J. Surrallés* and AT. Natarajan 

Departrnent of Radiation Genetics and Chemical Mutagenesis, Leiden University, Leiden (The Netherlands), and 

Department of Genetics and Microbiology, Universitat Autónoma de Barcelona, Barcelona (Spain) 

Gene inactivation through spreading ofX-chromosome inactivation rnight be a cause of genome 

instability with important consequences for cell viability and cancer. We have analyzed de novo 

induced translocations between the inactive X-chromosome (Xi) and autosomes to study 

maintenance and spreading ofX-inactivation with respect to the position ofthe XIST gene (a 

master candidate for controlling X inactivation 1
· ~ and thus to gain sorne insight into the 

mechanism of X-inactivation in differentiated somatic cells. Translocations involving the X­

chromosome were detected by means of fluorescence in situ hybridization (FISH) with X­

chromosome specific painting probes. The activation status ofthe chromosomes involved in the 

translocation was deterrnined by simultaneous immunocytogenetics with antibodies against either 

acetylated histone H4 ( cytogenetic marker of gene expression3
•
4

) or BrdU incorporated at late S­

phase (cytogenetic marker ofthe late-replicating Xi). Xql3 band carrying the XIC and XIST gene 

was localized by computer-assisted generation ofthe DAPI banding pattem. Altematively, the 

position in cis or trans of the XIST gene in the reciproca! products of the translocation was 

determined by simultaneous XIST gene specific FISH and computer enhancing. Our study in 

differentiated sornatic cells provides visual demonstration that (i) the X-inactivation is not spread 

to the translocated autosomes irrespective of the position the XIST gene, (ii) the XIST gene in 

cis is not required for the maintenance ofX-inactivation, (tii) the XIST gene in cis is not sufficient 

to induce X-inactivation, (iv) the maintenance of X-inactivation is an entirely epigenetically 

controlled process, and (v) X-inactivation is highly stable throughout severa! cell cycles. 

'Br<MnctaL (1991) Núure349, 38-44. 'PemyctaL (1996) Na!ure 379, 131-137. 'Jeppesen. P & B. M. Tumcr (1993) CeU 74, 281-289. 'Swrallés, 

J., Jeppescu. P., Morrison, H. & Natarajan, AT. (1996) Am. J. Hum. Genct. S9, 1091-1096. 
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MUT ATIONAL ANAL YSIS OF TIIE COMPONENTS OF DNA-PK 

Permy Jeggo, Belinda Singleton, Anne Priestley, Heather Beamish. 

MRC Cell Mutation Un.it, University of Sussex, UK. 

DNA-dependent protein kinase (DNA-PK) is a protei!l complcx compri.sing a DNA binding 

co111ponc:nl, Ku, and a catalytic component, DNA-PKcs. The Ku protein is a heterodimer 

composed of a 70 md 80 IDa subunit, but has no obvious domains or motifs. DNA-PKcs is 

a metnber ofthe phosph.atidytinositol {PI) 3-kinase superfiunil.y with 11 PI 3-Jánase domain at 

irs carboxy-terorinus. Mutants defective in any of these subunits a.re sensitive to ioni.sing 

radiation and defective in ability to cany out V(D)J recombin.ation. To help idcn.tify functi.onal 

domains witllin the components of DNA-PK we have analyscd Ku80 a»d DNA-PKcs 

defective mmants at the biochemi.cal and mol.ecular leve!, and have initillted a 

strocrurelfunction analysis ofKu80. Mutations in threc Ku80 mutants have been idcntified. 

Two are mutations at splice si:tes resultin.g in large deletions in the cRNA, ud a third 

mutation resulrs in an amino-acid change in a conserved resi.due whi.ch abolishes the ability of 

tbe protein to interact with Ku70. Sito-directed tnUtagcn.esis within Ku80 has led to th.e 

idc:ntification of sequences important for the interaction with the Ku70 subunit. Ku80 

truncated at tbe N-terminus by seven amino-acids is able to complement a Ku80 defcctive 

mutant but larga deletions firil to interact with Ku70 a11d therefore lack functio11. In contrast, 

deletions in the C-terminus are functioJal. in their ability to compleme:nt Ku80 defective 

IIDJtan.ts. lbree rnutants defective in DNA-PKcs (the scid cellline, irs-20 and V-3 cells) have 

been characterised at the molecular a.nd biochemicallevel. Mutations in DNA-PKcs have been 

identified and the resulrs ibow that the ememe catboxy-terminus ofDNA-PKcs is import.m.t 

for kina!le activity but not for the ability ofthe protein to bmd to DNA. 

cen lines from patients with impaired immune responses have been al)alysed for 

~adiosensitivity a11.d a nUillbcr of se¡¡.sit]ve liu.es have been characterised. Overl.aps berweeu. 

i.romw:le defi.ciency and rad.iosensirivity will be discussed. 
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THE DETECTION AND REPAIR OF DNA DOUBLE-STRAND BREAKS. 

Tonya Bliss, Simon Boulton, S usan Critchlow, Jessica Downs, Fabrizio d'Adda di Fagagna, 
Charlotte Dubem, Raimundo Freire, David Gell, Rebecca Izzard, Nicholas Lakin, Scott 
Rottinghaus, John Rouse, Graeme Smith, Soo-Hwang Teo, Ugur Yavuzer, and Stephen P . 
Jackson . Wellcome/CRC lnstitute, Tennis Court Rd, Cambridge, CB2 1QR, UK. 

DNA-dependent protein kinase (DNA-PK) must bind to DNA double-strand breaks (DSBs) to 
be active and we and others ha ve shown that it is a multiprotein complex comprising a --465 
kDa catalytic subunit (DNA-PKcs) and a DNA binding componen!, Ku (e.g. 1,2). Ku is itself 
comprised of two tightly-associated polypeptides of approximately 70 kDa and 80 kDa (Ku70 
and Ku80, respectively). Notably, cells defective in DNA-PK are hypersensitive to ionising 
radiation dueto a DNA DSB repair defect (3,4). Thus, X-ray sensitive harnster xrs-6 cells are 
mutated in Ku (e.g. 5,6), and rodent V3 cells and cells ofthe severe combined immune­
deficient (Scid) mouse lack functional DNA-PKcs (7,8). The Scid phenotype arises through 
an inability to generate mature antibody and T -cell receptor genes by V(D)J recombination. 
DNA-PK is thus a crucial componen! of the DNA DSB repair and V(D)J recombination 
systems. Sorne of our current work is directed towards learning the precise roles of Ku, 
DNA-PKcs. and DNA-PKcs relatives in DNA repair and DNA damage recognition in 
marnmalian systerns. In this regard, we are defining functional domains of DNA-PKcs and 
the Ku polypeptides, identifying factors that interact with DNA-PK components, and are 
detecting physiological substrates for this enzyme. 

In addition, we are studying the functions of Ku homologues in yeast. Notably, this work 
has lead us to demonstrate a crucial role for yeast Ku70 and yeast Ku80 (Yku70p and 
Yku80p, respectively) in DNA non-homologous end-joining (NHEJ; 9,10). In addition, we 
and others have discovered that abrogation of yeast Ku function leads to dramatic telomeric 
shortening, revealing an importan! role for Ku in telomere homeostasis (10,11). Furthermore, 
we have recently analysed severa! other proteins that function in the Ku-dependent NHEJ 
pathway, which include a yeast homologue of marnmalian DNA ligase IV. The results of our 
studies on these factors will be discussed. 

By cloning the DNA-PKcs cONA (12), we discovered that it falls into the 
phosphatidylinositol (PI) 3-kinase farnily of proteins and is most similar to a subgroup of 
these proteins that function in cell cycle control and DNA repair (13). These include the 
product of the ATM gene, mutations in which lead to the human neurodegenerative and cancer 
predisposition syndrome ataxia-telangiectasia (A-T). Given its sequence similarity to DNA­
PKcs, we speculate that ATM may function in DNA darnage detection by mechanisms akin to 
the detection ofDNA DSBs by DNA-PK. With this in mind, we have recently raised antisera 
against A TM and ha ve used these to characterise its distribution and sub-cellular 1ocalisation, 
and to analyse its expression in A-T patients (14). In addition, we have purified ATM to 
essential homogeneity and have initiated its biochemical characterisation. The results of these 
studies will be presented. 

References: 

l. Jackson, S. P., MacDonald, J. J., Lees-Miller, S., and Tjian, R. (1990). GC box binding 
induces phosphory1ation of Sp1 by a DNA-dependent protein kinase. Cell63, 155-165. 

2. Gott1ieb, T. M. and Jackson, S. P. (1993). The DNA-dependent protein kinase: 
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recombination, and the invo1vement of DNA-PK. TIBS. 20, 412-415. 
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DNA-dependent protein kinase activity is absent in xrs-6 cells: implications for site­
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M., Mizuta, R., Varghese, A. J., Alt, F., Jeggo, P. A., and Jackson, S. P. (1995). 
Defective DNA-dependent protein kinase activity is linked to V(D)J recombination and 
DNA repair defects associated with the murine scid mutation. Cell 80, 813-823. 

8. Blunt, T., Gell, D., Fox, M., Taccioli, G. E., Lehmann, A. R., Jackson, S. P., and 
Jeggo, P. A. (1996). Identification of a nonsense mutation in the carboxy-terminal region 
of DNA-dependent protein kinase catalytic subunit in the Scid mouse. Proc. Natl. 
Acad. Sci. USA. 93, 10285-10290. 
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illegitirnate DNA double-strand break repair and serves as a barrier to error-prone DNA 
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Ku80 homologue: roles in DNA double-strand break rejoining and in telomeric 
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11. Porter, S. E., Greenwell, P. W., Ritchie, K. B., and Petes, T. D. (1996). The DNA­
binding protein Hdflp (a putative Ku homologue) is required for maintaining normal 
telomere 1ength in Saccharomyces cerevisiae. Nucl. Acids. Res. 24, 582-585. 
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dependent protein kinase catalytic subunit: a relative of phosphatidylinositol 3-kinase and 
the ataxia telangiectasia gene product. Cell, 82, 849-856. 

13. Jackson, S. P., (1995). Ataxia-telangiectasia at the cross-roads. Current Bio1ogy 5, 
1210-1212. 
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MODULATION OF P53-MEDIA1ED GRO'WTH ARREST AND APOPTOSIS 
M.B.Kastan, Margan, S.E.,Siliciano, J.D., Canman, C.E. 
The Johns Hopkins Oncology Center, Baltimore, Md. USA 21205. 

A variety of cellular responses to DNA damage influence cellular fate, such as 
whether heritable genetic alterations are passed on to daughter cells and whether the cell 
survives the damaging insult. Efficiency of repair of the damage and the timing of this 
repair relative to critica) cellular processes, such as DNA replication or chromosome 
segregation, are two importan! parameters dictating cellular outcome. P53, the most 
commonly mutated gene in human cancers characterized to date, is a critica} participant in 
cellular responses to various cytotoxic stresses and induction of p53 can result in either 
cell cycle arrest or in apoptotic cell death. lt is currently thought that many cells muta te 
p53 during tumor progression so that certain signals which usually result in programmed 
cell death (apoptosis) will be eliminated and tumor growth will be enhanced . Loss of p53 
function also appears to enhance certain types of genetic instability and has been Iinked 
to enbanced aneuploidy, gene amplifications and recombination events. Thus, loss of p53 
function rnay be selected for during tumorigenesis to reduce programmed cell deatb, but 
p53 mutations may then contribute further to tumor progression by the additional 
mechanism of enbanced genetic instability. Since loss of p53 function impairs certain 
apoptotic signalling mechanisms, the selection for mutations in p53 during tumorigenesis 
can result in sorne tumors being inherently resistan! to cbemotherapy- or radiation 
therapy-induced apoptosis . 
. DNA da~age-induced DNA strand ~re~ks appear to initiate the p53-dependent 

stgnal transduct10n pathway. Recent pubhcattons have also suggested that hypoxia and 
alterations in ribonucleotide pools can induce p53 in the absence of detectable DNA 
strand breaks. The increases in p53 protein levels after DNA damage appear to result trom 
a combination of increased translation of p53 mRNA and íncreased balf-life of the protein . 
We ha ve recently identified a specific alteration in the pbosphorylation of p53 protein 

which is introduced by ionizing irradiation and are currently tryíng to elucidate the 
functional signjficance of this phosphorylation cbange in p53 . The gene detective in 
Ataxia-telangiectasia, ATM, influences the kinetics of p53 induction after ionizing 
irradiation and studies are underway to characterize the mechanism by which ATM alters 
p53 induction after irradiation. Once p53 protein levels increase, a number of genes get 
transactivated, including GADD45, MDM2, p21 WN' Itcm, and cyclin G. lnduction of p2l 
appears to be a critica! mediator of tbe G 1 cell cycle arrest after DNA damage. 

Since most of our cancer therapeutic agents are DNA damaging agents, they are 
capable of inducing p53 and intitiating growth arres! or apoptotic cell death. 
Understanding the cellular determínants of these physiologic end-points could have a 
significan! impact on being able to selectively enhance tumor cell death in patients. We 
are thus trying to elucidate tbe molecular determinants of these endpoinl ~. We recently 
demonstrated that certain cytokines can determine whether a cell undergoes apoptosis or 
cell cycle arrest after DNA damage and are currently investigating the biochemical/genetic 
detenninants of this decision fork. Botb bematopoietic and salid tumors illustrate the anti ­
apoptotic nature of many growth factors . Jt appears _tbat many growtb factor ~ignal s 

provide survival signals, not only for normal growth m culture, but also followmg cellular 
stresses sucb as DNA damage. ldentification of a common survival signa! might provide a 
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reasonable target for further enbancing the selective lcilling of tumor cells with cytotmac 
therapies. lt is possible tbat the main reason we can cure lyrnphomas and germ cell tumors 
with current cytotoxic regimens, but are not so successful with carcinomas of the colon 
breast, lung, etc., may relate to the ability of tbe former group of tumor cells to undergo ' 
rapid apoptosis following exposure to the cytotoxic drugs we currently use in tbe clinic. 
It is conceivable tbat concurrent blockade of constitutive survival signals in epithelial 
tumors at the time of cytotoxic exposure will provide a novel way to enhance cure rates . 

Another approacb to enhancing tumor cell kili with currently available therapies is 
to modulate other cellular responses to DNA damage, such as DNA repair or DNA Iesion 
processing. The gene which is mutated in the rare, cancer-prone disorder, ataria­
te!angiectasia, apppears to be an importan! determinan! ofradiosensitivity . Recent 
studies of tbe functional domains of tbe ATM protein ha ve identified two domains witbin 
tb e protein wbich cou!d serve as potential targets for inbibition to enbance the 
radiosensitivity of tumor ce lis . These studies of tbe functional domains of A TM a!so 
demonstrated that the radiosensitivity and chromosomal instability of AT cells is not due 
to abnorrnalities in either tbe G 1 or G2 checkpoints, but rather appears to result from 
difficulties in repair or processing the DNA lesions introduced by ionizing irradiation. 
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utilizing p53 and GADD45 is defective in ataxia-telangiectasia, Cell . 71 : 587-597, 1992. 
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Bio1.14: 1815-1R23, 1994. 
4. Graeber, T. G., Osmanian, C., Jades, T., Housman, D. E., Koch, C. J., Lowe, S. W., and 
Giaccia, A. J. Hypoxia-mediated selection of cells with dirninished apoptotic potential in 
sol id tumours, Nature. 3 79: 88-91, 1996. 
5 . Linke, S. P., Clarkin, K. e, DiLeonardo, A, Tsou, A., and Wahl, G. M. A reversible, 
p53-dependent Go/G1 cell cycle arrest induced by ribonucleotide depletion in tbe 
absence of detectable DNA damage, Genes & Dev_ 10: 934-Y47, 1996. 
6. Cben, C. , Oliner, J. D., Zhan, Q., Fomace, A. J., Jr., Vogelstein, B., and Kastan, M . B. 
lnteractions between p53 and MDM2 in a mammalian cell cycle checkpoint pathway , 
Proc Na ti Acad Sci USA 91 : 2684-26g8, 1994. 
7. Canrnan., e E., Gilmer, T. , Coutl~, S., and Kastan, M. B. Growth factor modulation 
of p53-mediated growth arrest vs. apoptosis, Genes & Dev- 9: 600-611, 1995 . 
8_ Margan, S.E., Lovly, C., Pandita, T.K., Shiloh, Y., and Kastan, M.B. Fragments of 
ATM wbich bave Oominant-negative or Complementing Activity. Mol Cell Bioll7: 
2020-2029 , 1997. 
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SPONTANEOUS AND INDUCED RECOMBINATION BETWEEN LONG DNA 
REPEATS IN S. cerevisiae AND ITS CONNECTION WITH TRANSCRIPTION 
F. Prado", J. l. Piruat, S. Chávez, H. Santos-Rosa§ and A. A.g:uilera. 
Departamento de Genética, Facultad de Biología. Universidad de Sevilla, 
SEVILLA, Spain. 

DNA repeats are ubiquitous in the genome of eukaryotes and serve as substrates 
for recombinational DNA repair in mitosis. As a consequence, DNA repeats may 
be an important source of genomic instability. In this work we analyzed the 
different recombinational repair mechanisms that can lead to deletions between 
long direct repeats. We present genetic evidence that homologous recombination 
between direct repeats leading to deletions can be initiated in the non­
homologous DNA region located between the repeats . We also provide genetic 
and molecular evidence that transcriptional activity is an important source of 
genomic instability associated to recombination between repeats. 

The yeast HPR1 gene plays an important role in genome stability as 
indicated by the observation that hprl mutants have high frequencies of DNA 
repeat recombination and chromosome loss. Based on studies on this gene we 
suggest a novel and specific mechanism of induction of recombination by 
trancription. Mutations in the SRB2 gene encoding a component of the RNA 
polll mediator completely suppress hyper-recombination in hpr1.1. HRSl/ PGDl, 
identified as another full suppressor of the hyper-recombination phenotype of 
hprl has positive and negative roles in transcriptional regulation. Many of the 
transcriptional phenotypes associated to hrsL1 have also been described for 
mutants in GAL11, SIN4 or RGR1, which encode proteins of the RNA polii 
mediator. Reciprocally, gal11.1 and sin4.1 mutants suppress the hyper-rec 
phenotype of hprl mutants. These results indicate that hyper-recombination in 
hpr1.1 is linked to transcription. 

Finally, we show that hyper-recombination and chromosome instability in 
hpr1.1 cells is caused by blockage of transcriptional elongation. Molecular analysis 
of different direct-repeat constructs reveals that deletions induced by hpr1L1 are 
specific of repeat constructs in which transcription initiating at an externa! 
promoter traverses particúlar regions of the DNA flanked by the repeats. 
Transcription becomes HPR1-dependent when elongating through such regions. 
Both, the induction of deletions and the HPR1-dependence of transcription, are 
abolished when a strong terminator is used to prevent transcription to proceed 
through the DNA region flanked by the repeats. Therefore, our work provides 
evidence for a new source of genomic instability, associated to transcriptional 
elongation. 

•Present address: IMT, Philipps Universitat, Marburg, Germany. 
§ Present address: Institut für Biochernie, Unviversitat Heidelberg, Gerrnany. 
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EARL Y AND LATE STEPS IN V(D)J RECOMBINATION. Martín Gellert, Dale A. 

Ramsden, Tanya T. Paull, Dik C. van Gent, J. Fraser McBlane, and Kevin 

Hiom. Laboratory ofMolecular Biology, NIDDK, National Institutes of 

Health, Bethesda. Maryland 20892-0540. 

The RAG 1 and RAG2 proteins act together to initiate V(D)J recombination by 

making a DNA double-strand break between each recombination signa! sequence 

(RSS) and the adjacent coding sequence. The break generates a blunt end on 

the RSS and a hairpin end on the coding O NA. The puriñed proteins first 

cooperate to bind the RSS in a "stable cleavage complex" that is highly 

resistan! to competitor DNA. Ifthe pair ofRSSs needed for recombination 

is present, the RAG proteins apparently remain bound to both signa! ends 

and coding ends even after cleavage. The reactions leading to cleavage and 

hairpin formation are shown to have chemical similarities to the reactions 

of phage M u transposase and HIV integrase, as revealed by a stereochemical 

test and other evidence. Binding and cleavage can be greatly stimulated by 

the ubiquitous HMGI or HMG2 proteins, wlúch bind DNA non-specifically and 

introduce a sharp bend. 
Later steps of recombination then share many factors with the normal 

pathway for repairing double-strand breaks in DNA. Our recen! "M>rk has 

focused on setting up complete V(D)J recombination in a cell-free system. 

1 ncubation of a DN A substrate with the RAG proteins, followed by a second 

incubation with a HeLa cell fraction, leads to the formation ofboth coding 

joints and signa! joints. The continued presence of the RAG proteins after 

cleavage is absolutely required to make codingjoints, but inhibits signa! 

joints. Codingjoints often contain self-complementary "P nucleotide" 

tracts that arise from the asymmetric opening of hairpin ends. There is a 

strong preference for joining at sites of shon DNA homologies; the 

addition of human DNA ligase 1 (but not other ligases) leads toa more 

di verse set of junctions, si1nilar to those found in vivo. 

This system may allow the identification of individual factors required 

for joining. 
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Hypermutation o! antibody genes 
C.Rada, B. Goyenechea, N. Klix, J . Yelamos, M. Neube rger . 
and C. Mllstein 

During the course of immunization to a specific antigen, 
t he affinity of the antibodies produced steadily increases, 
a process known as affinity maturation (1) . Affinity 
maturation is driven by Darwi nian selection of somatic 
mutants of antibody produci ng B-ce lls, depending on antigen 
for their proliferation and survival, generated by specific 
hypermutat i on . Indeed the mutation rate is estimated to be 
in the arder of 10-3 per base pa i r per generation. 
Hypermutation is short lived and takes place at a very 
specific stage of B-cell development . The hypermutation 
target area extends from -135 bases downstream of the 
prometer, and gradually decays after -1 kb (reviewed in 2) . 
The S'hypermutation boundary is independent of the DNA 
sequence, but defined by the distance !rom the initiation 
of transcription (Rada and Milstein , in preparation) . 

We have derived transgen i c mice containing an artificial 
kappa chain gene capable of hypermutating at approximately 
the same rate as the endogenous counterpart (3) . Modified 
transgenes allowed analysis of cis elements required for 
hypermutation. The transgenes contain a constant segment 
(CK) of rat origin, so that the derived antibodies can be 
easily distinguished from the endogenous products. The 
intrinsic hypermutation process is not random but targets 
preferential short DNA stretches and changes in such 
stretches had dramatic effect on mutation rates (4, 5). 
Specific sequences seem to have been selected during 
evolutionary time to target !or hypermutation hot spots in 
the antigen binding segments(6). 

As with "transcription coupled repair", there seems to be a 
bread correlation between hypermutation and gene 
expression . Not only removal of enhancer elements or 
flanking sequences required for full expression are also 
required for full hypermutation, but the fraction of cells 
that best expressed the transgene, were more mutated than 
the poorly expressed counterpart. Most interest~ng, 
mutation in transgenes carrying regulatory element 
deletions was manifested by an increased proportion of B 
cells in which the transgene had not been targeted at all 
rather in the extent of mutation accumu1ation once 
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targeted. This leads us to propose a connection between 
transcription initiation and clonal recruitement of 
hypermutation, with hypermutation being more fastidious 
than transcription in requiring the full complament of 
regulatory elements (7). 

1) Griffiths G.et al, Nature, 312, 271-175 (198~) 

2l Milstein C . and Neuberger M.S . Adv.in Protein Chemistry 
Vol 49, 451-485 (1996) 

3) Sharpe M.J . et al. EMBO J . 10, 2139-2145 (1991) 
4) Betz A.G.et al . I mmu n o logy Today 14, 405-411, 1993. 
5) Goyene chea B . and Milstein C. Proc. Natl Acad Sci (USA) 

93, 13979-13984 (1996) 
6) Wagner S . et al . Natu r e, 376, 732 (1994) 
7) Goyenechea B. et al. EMBO J. 16 i n press (1997) 
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Chr"omosomal transloc:ations involved in tumour development; 

mechanlsms, models and genes 

T HRabbitts 

Medica! Research Council Laboratory of Molecular Biology 
Hills Road 
Cambridge 
CB22QH 
UK 

Chromosomal abnormalities, particularly translocalions, are consistenr features of 

leukaemic eells and these mutations are thought to be involved in tumour aetiology. 

The cloning of the breakpoints of many chromosomal translocations has been achieved. 

This ha.c; allowed the identification of novel oncogenes, which encodc protcins 

aberrantly expressed in the tumour cells and leading to thc appearance of overt cüsease. 

Detailed analysis of the translocation-activatcd oncogencs has revealed two notable 

fearures (l]. 

[1] Gene activation 

Oncogenes activated in lymphoid tumours, by association with imrnunog!obulin or T 

cell receptor genes, are usually placcd undcr ncw transcriptional controls which lead to 

abnormal pattems of e¡c:pression (ie. mRNA synthesis) . These chromosomal 

translocations typically do not alter the structure of the gene after the trans!ocation, but 

rather alter their exprcssion. 

In T cell acute leukaemias, translocations often in vol ve breakage within the T 

cell receptor a. or P chain genes on one chromosome, and the activation of a gene 

encoding a transcription factors on the other. Studies of the function of these proteins 

indicate that protcin-protcin intcraction is an importan! feature of their normal and 

leukaemic functions . As a paradigm, we ha ve studied the IM02 gene, which encocles 

a LIM-only protein, in the T-ALL-associated t(ll; 14)(pl3;qll); sorne features of the 

translocation which activates this gene and the role of the IM02 gene in leukaemia and 

haematopoiesis will be discussed (2-4). 

(2] Gene fusion 

An altemative to gene activation by chromosomal translocation is that the translocation 

breakpoints occur within a gene on each of the two involved chromosomcs leading toa 

fusion of the two genes, which in tum causes a fusion protein to be made. 
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To study the influenc:e of protein fusions on tumour formation, experimental 

models are required which mimic, as nearly as possible, the tumorigenic process after 

che chromosomal translocation has occurred. As a first step, we bavc used homologous 

recombination to introduce ¡¡ gene fusion into che MLL gene in che gcrm-line of rnice 

[5] . The consequence ofchc fusion will be described. 
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The rule of tdomeres in the proliferalive lifespan of human cells. 

Silvia Bacchetti, Cancer Research Group, Department of Pathology, McMaster University, 
Hamilton, Ont. L8N 3ZS, Canada 

Telomeres are essential DNA-protein structures that protect eukaryotic chromosomes 
from degradation and fusion and ensure their mitotic stability. In nearly al! eukaryotes, 
telomeres consist of arrays of short G-rich DNA (ITAGGG in vertebrales) complexed with 
sequence-specific DNA binding proteins. Thus, formation of the complex and hence telomere 
function have stringent DNA sequence requirements. Telomeric DNA is synthesized de novo 
by telomerase, a ribonucleoprotein that utilizes a regían of itS integral RNA molecule as a 
template for synthesis. This process compensates for the incomplete replication of 
chromosome termini by DNA polymerases and contributes to the maintenance of telomere 
length. Hwnan somatic cells have a limited proliferative capacity and are inherently resistant 
to immortaliz.ation. Telomerase is not expressed in most normal cells and., consequently, 
telomeric DNA is lost and telomeres shorten witb each round of DNA replication. Erosion of 
telomeres has bcen proposed as the molecular process that monitors and ultimately prevents 
somatic cell proliferation. Conversely, telomere maintenance may be required for the 
unlimited proliferation of malignant cells (1). 

In previous studies with transformed cells (2) we have shown that transformation does 
not actívate telomerase or arrest the loss of telomeric DNA, and that critically short tela meres 
correlate with chromosome instability and with proliferative crisis oftransformed populations. 
However, in immortal cells surviving crisis, telomeres become stable and telomerase is 
expressed., compatible with a requirement for telomere repair by this en.zyme for the unlimited 
proliferation of these cells. W e have further documented the presence of short but stable 
telomeres and telomerase activity in malignant cells in vivo (3, 4). 

Mutations ofthe template domain ofthe structural RNA oftelomerase can reverse the 
immortal phenotype of unicellular eukaryotes (5). We have used this approach to investigate 
whether mutant telomerase affects the proliferative poten tia! and viability of immortal human 
cells. Plasmids encoding mutant or wild type template RNA (hTR) ofhuman telomerase were 
transfected into fibrosarcoma HT-1080 cells to generate stable transformants. Expression of 
mutant hTR led to production of mutant telomerase activity and to incorporation of mutant 
sequences into telomeres. This in tum correlated with impaired cell growth and viability. Our 
results are compatible with loss of cell survival due to formation of aberrant and non 
functional DNA/protein telomere complexes. 

1. Bacc:hetti. S. Telomc:re maintenance in tumour eells. Cancer Surveys 28: 197-216, 1996 
2. Counter, C.M .• Avilion, A.A., LeFcuvrc, C.E .. Stcwart, N.G .. Grcider, C.W., Harlcy, C.B .. and 

Bacchetti, S. Telom~re shortening associHtc:d with chromosome instability is 11rrested in immortal c:ells 
whioh express t.elomerase . EMBO J. 11 :1911-1919, 1992. 

3. Colltlter, C.M., Hirtc. H.W., Bacchetti, S., and HRT1ey, C.B. Telomet'llse activity in human ovarian 
carcinom11. Proc:. N11tl. Ac:ad. Sci. USA 91:2900-2904, 1995. 

4. Baoohetti, S., and Counter, C.M Telomeres and telomernse in human Cllnoer. lnt. J. Oncol. 7: 423-432, 
1995 

5. Y u, G .• B101dley, J.D., Allilrdi, LD. and Blaclcbum, E.H. In vivo altct'lltion of telomere sequences and 
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ONA replication proteins with functions in DNA repair and DNA 
recombination 

Ulrich Hübscher 

Oepartment of Veterinary Biochemistry, University of Zurich 8057 Zürich, 
Switzerland. 

Befare a cell divides into two identical daughter cells the entire genome has 
to be replicated faithfully. The mechanistic events of this complex macromolecular 
process are called ONA replication and their details have become more clear in the 
last years. DNA synthesis at the advancing replication for1< requires the coordinated 
action of different enzymes which appear to be in a high ordered structure to 
ensure the precise and rapid duplication of more than 1 Q9 base pairs in 
mammalian cells. lnaccurate replication would result in mutation while incompleta 
replication would lead to chromosome breakage upon division. 

ONA polymerases (pols) are the main actors for polymerization of 
deoxyribonucleoside 5'-monophosphates during DNA replication. Five different 
pols are known and callad a. ~. y, ~. and E and three thereof. namely poi a. li, and E 

are involved in DNA replication. 
In preparation for DNA replication the DNA has to become single-stranded to 

serve as a template for the three replicative pols. lt is this form of the DNA that is 
especially prone to damage of any kind. Nature has provided a set of proteins that 
support the replicative pols in performing processive, accurate and rapid DNA 
synthesis and they are called replication accessory proteins. Furthermore these 
proteins prevent damage to the transient single-stranded DNA. DNA replication 
accessory proteins provide particular functions that are mandatory for replicative 
pols. Such functions include the recruitment of particular pols when needed, the 
facllitation of poi binding to the primer terminus, the increase in poi processivity, the 
prevention of non-productiva binding of the poi to the DNA, the release of the poi 
after DNA synthesis and the bridging of poi interactions with other replication 
proteins. Thus it is not surprising that these auxiliary proteins are universally found 
in nature. Two proteins, proliferating cell nuclear antigen (PCNA) and replicatlon 
factor C (RF-C) build the so called moving platform. The former has a function as a 
mobile clamp and the latter is a molecular matchmaker. Many of these proteins, 
such as poi ~. poi .,, RF-C, PCNA and replication protein A have not only roles in 
DNA replication per se, but in addition also in DNA repair and recombination. 

By using a complementation assay for a RF-C dependent poi activity on a 
singly-primed DNA template, we have isolated from calf thymus a multiprotein 
complex active in DNA replication. This complex contains poi alprimase, poi 6 and 
RF-C . 11 is functionally active in replication of primed and unprimed single-stranded 
DNA templates. AF-C apparently mediatas the interaction of poi li In the complex 
with PCNA, through an A TP-dependent mechanism. This interaction appears to 
stabilize the binding of the complex to a template-primer and to coordinate the 
activity of poi a/primase and poi S during replication. Our data suggest the existence 
of an asymmetric poi complex in mammalian cells. 

Finally, we have clonad and functionally expressed many replication 
proteins (e.g. the two polli subuntts, PCNA, RF-C subunlts, replication protein A) so 
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that enough proteins are available to perform protein-protein and protein-DNA 
interaction studies as well as site-directed mutagenesis. 

Si.x own recent publications on this tapie: 
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The Mfd protein of Bacillus subtilis 168 is involved in both 
transcription-coupled DNA repair and DNA recombination. 
Silvia Ayora, Fernando Rojo, and Juan C. Alonso. Centro Nacional de 
Biotecnología, CSIC, Campus Universidad Autónoma de Madrid, Cantoblanco, 
E-28049 Madrid, Spain. 

Inactivation of Bacillus subtilis mfd in an otherwise Rec+ strain reduced genetic 
exchange and DNA repair. When the mutation was transferred into a set of 
recombination- and repair-deficient strains, the DNA repair and recombination 
ability of the double or triple mutant strains was drastically reduced. In vivo 
analysis of UV-induced mutations suggests that BsuMfd is necessary for strand­
specific DNA repair, as is the case for the Escherichia coli Mfd (EcoMfd) protein. 
B. subtilis Mfd protein shares substantial homology with the E. coli Mfd, RecG 
and UvrB proteins. The purified BsuMfd protein has a native molecular mass of 
140 kDa (expected molecular mass 133 kDa). The BsuMfd protein showed to be 
a sequence-independent DNA binding protein with weak ATPase activity. The 
BsuMfd protein was able to displace in vitro B. subtilis or E. coli RNA 
polymerase stalled ata lesion. The dissociation of the stalled RNA polymerase 
from the template DNA leads to the release of the truncated RNA from the 
stalled elongation complex. 

Therefore, BsuMfd protein appears to target the transcribed strand for 
repair by recognizing a stalled RNA polymerase and dissociating it from the 
DNA. In addition, the strong recombination deficient phenotype of mfd- rec 
strains suggests that BsuMfd protein is also involved in homologous DNA 
recombina tion. 
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THE EFFECTS OF SIMPLE REPEATING d(GA·TC)n ANO 

d(CA·TG)n DNA SEQUENCES ON RECOMBINATION. 
A.Benet. R.Beltrán and F.Azorín 
Departament de Biologia Molecular i Cel.lular 
Centre d'lnvestigació i Desenvolupament-CSIC. 
Jordi Girona Salgado, 18-26. 08034 Barcelona, Spain. 

Simple repeating d(GATC)n and d(CATG)n DNA sequences are fairly 
abundant in eukaryotic genomic DNA, being frequently located at "hot-spots" 
for genetic recombination. In this paper, the effects of these two microsatellite 
DNA sequences on DNA recombination has been evaluated. SV40 vectors 
carrying one or two copies of the microsatellite DNA sequence flanking a 2.2 
kb insertion of plasmid DNA were constructed. These oversized (7.5 kb in 
length) SV40 vectors cannot give rise to plaque-forming viruses unless they 
are reduced to a packageable size by DNA recombination events resulting in 
the deletion of most of the inserted plasmid DNA. Therefore, determination of 
the relative number of plaques of lysis obtained from each construct will 
constitute an estimate of the effect on DNA recombination of the inserted 
microsatellite DNA sequence. Our results indicate that d(GATC)n sequences 
have a positive effect on recombination . A 10-fold increase on the number of 
plaques of lysis was observed in the presence of two copies of a d(GA·TC)22 
sequence. On the other hand, a d(CA·TG)30 sequence showed only a 
moderate effect (2-3 fold). The genomic organization of the infectious viral 
particles was determined by restriction endonuclease and sequence analysis. 
In the case of vectors carrying d(CA·TG)n sequences, infectious viral particles 
arise principally by homologous recombination events involving the two 
repeated sequences. On the other hand, in the case of the d(GA·TC)n 
sequences, a significant proportion of the infectious particles (-50%) arises 
from non-homologous recombination events involving only one of the two 
repeated sequences. These results are discussed in terms of the known high 
degree of structural polymorphism of d(GA·TC)n DNA sequences. Depending 
on the environmental conditions, this type of repeated DNA sequences can 
form a variety of non-8 DNA conformations which include different types of 
intramolecular triplexes (either YRY or RRY triplexes) and hairpins (RR 
hairpins). These altered DNA conformations contain regions of single­
stranded DNA which could be responsible for the increased frequency of non­
homologous recombination events associated to the presence of d(GA·TC)n 
sequences. 
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SOS factors involved in error free versus error prone translesion 

synthesis at frameshift mutation hot spots. 

Rita L. Napolitano*, Iain B. Lambert# and Robert P. P. Fuchs* 

* UPR 9003 du CNRS, Cancérogenese et Mutagenese Moléculaire et Structurale, 

ESBS, Blvd S. Brant, 67400 Strasbourg (France). 

# Biology Department, Carleton University, 1125 Colonel By Drive, Ottawa, Canada, 

K1S5B6 

Abstract : Mutations are pennanent DNA sequence changes that can be induced when 

replication occurs on a damaged DNA template. In E. coli., the process of translesion 

synthesis past a lesion that hinders replication requires the induction of SOS-controlled 

gene products among which the umuDC operon. To study translesion synthesis in 

vivo, we have constructed single stranded vectors containing single N-2-

acetylarninofluorene (AAF) adducts located within -1 and -2 frameshift mutation hot 

spots fonned by short repetitive sequences. These adducts strongly hinder DNA 

replication as only 2-5% of the molecules give rise to progeny under non-SOS induced 

conditions . lnduction of the SOS response lead to a ten fold increase in survival. 

Adducts present within repetitive sequences trigger the formation of misaligned 

primer/template replication intermediates which~ upon elongation. will result in the 

fixation of frameshift errors (error-prone translesion synthesis). Surprisingly we find 

that error-free translesion synthesis depends upon functional umuDC+ gene products 

while error-prone translesion synthesis is umuDC+ independent but requires another, 

as yet biochemically uncharacterized, SOS function. These data are discussed in tenns 

of the different steps involved during translesion synthesis through a replication 

blocking lesion. 
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Complementation of DNA repair-deficient Escherichia coli by 
apurinic/apyrimidinic endounuclease genes from the trypanosomatidae 
Leishmania major and Trypanosoma cruzi . 
Juana Pérez, Víctor Bernier, Ana Camacho, Claribel Gallego, Luis M. Ruiz-Perez and 

Dolores González-Pacanowska. 

Instituto de Parasitología y Biomedicina "López-Neyra", Consejo Superior de Investigaciones 

Científicas, 1800 !-Granada, Spain 

Te!: 34-58-805184; Fax: 34-58-203323; E-mail : dgonzalez@ ipb.csic.es 

Apurinic/apyrimidinic sites in DNA are considered to be highly mutagenic and must be 

corrected to preserve genetic integrity. cDNA expression libraries form the typanosomatidae 

Leishmania majar and Trypanosoma cruzi were used to investigate the presence of sequences 

encoding for enzymes responsible for repair of AP sites in parasitic protozoa. Screening was 

performed by isolating clones capable of complementing the deficiency of exonuclease m in the 

Escherichia coli mutant BW286 which is also defective in dUTPase activity. This double 

mutant is nonviable at 42"C due to an accumulation of unrepaired si tes following excision of 

uracil from DNA. We have isolated by this method cDNA clones from both organisms that 

show pronounced homology, between others, with exonuclease Ill , a major AP endonuclease 

involved in base excision. The Trypanosom.a and Leishmania sequences vary in the length of 

their amino terminus but are highly homologous between each other and present sequences that 

correspond to probable nuclear transport signals. Expression of the enzymes in AP 

endonuclease deficient Escherichia coli conferred signficant resistance to killing by methyl 

methanesulfonate and peroxides. Protozoan AP endonuclease may provide a useful too! for 

studying molecular mechanisms underlying ox.idative stress in these pathogenic organisms. 
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Two regions of allellic imbalance in lq32 in primary breast cancer coincide with two 
putative recombination hotspots 
J,?amián Heine-Suñe,.ab., Miguel Angel Díaz-GuillénGb, Fernando Pardo-Manuel de VillenaC, 
Mercedes Robledod, javier Benítezd and Santiago Rodríguez de CórdobaOb 
a) Departamento de Inmunología, Centro de Investigaciones Biológicas (CSlC), Madrid, (Spain). 
b) Laboratorio de Biología Molecular, Fundación Jiménez Díaz, Madrid, (Spain). 
e) Fels Institute for Cancer Research and Molecular Biology, Temple University School of 
Medicine, Philadelphia, (USA). 
d) Servicio de Genética, Fundación Jiménez Díaz, Madrid, (Spain). 

Sixteen microsatellite markers were used to construct a high resolution map of the lq32 
region encompassing the regulator of complement activation (RCA) gene cluster. This region had 
been previously described as a candidate for allelic imbalance (Al). We used 13 ofthese markers 
to analyze Al in 21 pairs of primary breast turnours. Our results demonstrate the existen ce of two 
critica! regions of Al in lq32. One proximal to REN spanning less than 10 cM and another distal 
to REN that covers 5 cM. Interestingly, these two regions of Al coincide with two putative 
female-specific recombination hotspots detected in the high resolution map of this region. 
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Recombinational repair in S. cerevisíae: Interactions of 
Rad54 protein with other proteins 

H. Interthal, B. Oever, J. Schmuckli, J. I<ing.. D. Bodmer, M. Sigr.st 
and W.-D. Heyer 

Jnstitute of General Microbiology, Baltzer-Str. 4, CH-3012 Bern 
tel +41 31 631 46 Sl, fax +41 31 631 46 84, e-mail interthal@im.b.unibe.ch 

In 5. cerevisi.ae repair of radiation induced DNA damage is carried. out by 
several pathways. The RAD52 group genes (RADS0-59, XRS2, MRE11) are 
involved in the recombinational repair pathway. 

RAD54 belongs by sequence homology to the Swi2/5nf2 protein farnily of 
putative DNA dependent or stimulated ATPases. Mutations in the RAD54 
gene lead to extreme sensitivity to ionizing radia.tion, to a slight UV 
sensitivity and to various recombination phenotypes. Furthermore, rad54i1 
cells are unable to undergo mating type switching, a double strand break 
mediated. recombination event. 

As recombinational repair is thought to be carried out by a multi-protein 
complex, we used the two-hybrid system to identify proteins that interact 
with Ra.d54p. 

An interaction between Rad54 and Rad51 proteins could be observed in 
the two-hybrid system. To corroborate thls, coimmunoprecipitation 
experiments were performed. The two proteins can be coprecipitated using 
either an anti-Rad54p Ab or an anti-HA Ab that recognizes the tagged. Rad51 
protein. Genetic experiments gave further evidence for the biological 
relevance of this interaction. Cooverexpression of Rad51 p and Rad54p in 
wild-type cells leads to a reduced survival in the presence of MMS 
(methylmethanesulfonate). Furthermore, overexpression of Rad54p 
suppresses DNA repair related phenotypes of rad516 cells in a RadSSp and 
Rad57p dependent manner. 

Two new candidates for the putative repair/recombination complex have 
been identified performing two-hybrid screens with Rad54. 

Deletion mutants of these novel genes, named D69 and B81, exhibit DNA 
repair related. phenotypes like MMS sensitivity. B81 is also slightly UV 
sensitive. Interestingly, only the diploid BBl mutant has a slightly 
increased. sensitivity to y- irradiation. Nene of al! the other haploid and 
diploid mutants in these genes shows an enhanced "'f-ray sensitivity. 
Neither D69 nor B81 mutants e:duoit defects in spontaneous intragenic 
IIÜtotic recmnbination. The BBI gene is essential for meiosis, leading to a 
strong sporulation defect Currently, the role of this gene in meiosis is 
being analyzed by physical, genetic and cytological methods. 
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Kinetics of excision of a·R-hydroxy-fl-ureido-isobutyñc acid, a ring fragmentaüon 

product of thymidine C5-hydrate, by E. coli DNA repair enzymes 

Jurado1 J, Saparbaev1 M, Greenber¡f M, and Laval1 J 
1 

Groupe Réparation des leslons Radio- el Chimio-lnduiles, URA 147 Centre National de la Recherdle 
Scienliflque. lnstitut Gustave Roussy, 114805 Villejuif Cedex, Franca 

2 Department of Chemistry, Colorado State University, Fort CoUins, CO 80523, USA 

N-(2-deoxy-p-D-erythro-pentofuranosyi)-N-3-(2R-hydroxyisobutyric acid)urea (a-R­

hydroxy-p-ureido-isobutyric acld) is formed in DNA by the action of free radicals or W 
light 1t is generated by hydrolysis of thymidine CS-hydrate. Although its structure is 

similar to that of other lesions categorized as non instructive, it is able to form hydrogen 

bonds in duplex DNA, suggesting potential miscoding properties. This thymine 

fragmentation resldue, when preseont in DNA, at either 3' or 5' phosphates end inhibits 

phosphodiesterases activities. We have investigated, using different Escherichia coli 

DNA repair enzymes, the excision of a-R-hydroxy-p-ureido-isobutyric acid residue 

when present in double stranded oligonucleotide. Excislon was measured in double­

stranded 30-mer oligonucleotides containing a single lesion by the formation of a 10-

mer oligonecleotide product as a function of enzyme concentration, substrate 

concentration and time. Among the various purified DNA-glycosylases tested, we have 

shown that a-R-hydroxy-jl-ureido-isobutyric acid is substrate for the E. coli Fpg protein 

{Formamidopyrimidine-DNA glycosylase) and Nth protein {endonuclease 111). Single 

and double-stranded oligonucleotides containing this residue were not cleaved by E. 

coli exonuclease 111 or endonuclease IV. 

Duplex oligonucleotide containing single a-R-hydroxy-p-ureido-isobutyric acid residue 

positioned opposite T, G, and C were also cleaved by Fpg and Nth proteins 

respectively. Kinetic constants show that the Fpg protein removes the modified thymine 

from DNA about 100-fold more efficiently than Nth protein does. We have shown that 

high concentrations of substrate inhibit the Fpg protein activity although Nth protein 

activity is not inhibited by high concentrations of substrate. The Km value for the 

excision of a-R-hydroxy-~-ureido-isobutyric acid residue by Fpg protein was similar to 

the K., value for the 8-oxo-Gua, that is considered to be the main physiologycal 

substrate of the Fpg protein. Comparison of the kinetic constants reveals that Kc.JK.., 

ratio is about 4-fold higher for 8-oxo-Gua than for the ring fragmentation product of 

thymine. These findings suggest that a-R-hydroxy-p-ureido-isobutyric acid residue in 

double stranded DNA could be an importan! substrate for Fpg protein in cells. 
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INDUCED ECfOPIC RECOMBINATION IN YEAST 
Ori In bar, Gilí Bitan and Martín Kupiec. 
Department of Molecular Microbiology and Biotechnology, Te! aviv University, Ramat Aviv 
69978, Israel. E-Mail : martin@ccsg.tau .ac.il 

Eukaryotic cells ha ve evolved complex and sophisticated mechanisms to deal with DNA 
damage. Recombination plays a central role in the repair of double -strand breaks (DSBs) in the 
DNA. In yeast, recombination between artificial repeats located at different places in the genome 
( ectopic recombination) occurs at frequencies comparable to those seen for "regular" allelic 
recombination. Ectopic recombination between repeated sequences leads to the creation of 
chromosomal aberrations, such as translocations, inversions, deletions, etc. Since a large 
proportion of the genomes of all eukaryotic cells is composed of repeated sequences, it is not 
clear what are the mechanisms that prevent genornic instability in normal cells. Cancerous cells, 
in contrast, show a high leve! of genornic instability. 

A thorough dissection of the mechanism of recombination and of its genetic control has 
been difficult, dueto the low frequency at which recombination takes place. We have 
constructed yeast strains in which recombination can be induced in a synchronous way in a 
population of cells. Recombination is initiated by a DSB created by the HO endonuclease, which 
is controlled by an inducible promoter. We ha ve developed two systems, one involving a 
naturally occurring repeat (Ty element) and another u si ng an artificial repeat. 

With our systems, we ha ve started to analyze the rules by which homology is 
recognized. What is the minimallength that allows ectopic recombination? What is the role 
played by homeology in this process? We ha ve al so started dissecting the kinetics of the 
process, and its genetic control. We ha ve found that less than .500 bp of complete homology are 
efficiently recognized and used in ectopic recombination, but a leve! of 1% heterology is enough 
to prevent most of the recombination events and to cause cell death. We are curren ti y analyzing 
the role played by the mismatch repair system in this homeologous system. So far, deletions of 
the PMS 1, MSH3 or MSH6 genes did not show any effect. Our results ha ve important 
implications about the way genomic instability, created by ectopic recombination between 
repeated sequences, is avoided. 
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Recombinational repair in the absence of the RecA-like Rad51 
protein in the yeast Saccharomyces cerevisiae . 
Francisco Malagón and Andrés Aguilera. 
Departamento de Genetica. Facultad de Biología. Universidad de 
Sevilla. Sevilla. Spain. 

We try to nnderstand recornbinational repair (RR) in 
Sacharomyces cerevisiae. The genes of RR were identified by 
rnutations conferring X-ray sensitivity, and subsequently shown to 
be required in the repair of double-strand breaks (DSBs). RAD51 is 
one the DSB-repair genes whose fnnctional role in recombinational 
repair is most intriguing, sin ce despite the fact that Rad51 p is 
hornologous to RecA, rad51 rnutants show near wild-type levels of 
rnitotic recornbination, a result that strongly contrasts with the 100-
fold reduction in recornbination fonnd in rad52 rnutants. It has been 
suggested that Rad51p is required for recornbination of DNA 
rnolecules organized in a particular chrornatin structure (1), and 
that RAD51-independent events occur by a replicative type of 
recornbina tion(2). 

To determine the role of RAD51 in RR and DSB-repair and 
the altemative RR rnechanisrns occurring in the absence of RAD51 
we are using different approaches: 
1) We have isolated a series of rnutations that confer a rec- in a 
rad51L1 backgronnd that should allow us to identify genes involved 
in RAD51-independent recornbination. 
2) We are trying to define the role of chrornatin in the requirernent 
of Rad51p, by characterizing RAD51-independent recornbination in 
different rnutants affected in chrornatin. 

(1) Sugawara,N., Ivanov, E.L., Fishrnan-Lobell, J., Ray, B.L., Wu, 
X. & Haber, J.E. (1995) Nature 373, 84-86. 
(2) Malkova, A., Ivanov, E.L. & Haber, J.E. (1996) Proc. Natl. Acad. 
Sci. USA 93, 7131-7136. 
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MISPAIR EXTENSION FIDELITY OF HUMAN IMMUNODEFICIENCY 
VIRUS TYPE 1 REVERSE TRANSCRIPT ASES WITH AMI NO A CID 
SUBSTITUTIONS AFFECTING Tyr115 

Ana M. Martín-Hernández, Mónica Gutiérrez-Rivas, Esteban Domingo and 
Luis Menéndez-Arias 

Centro de Biología Molecular "Severo Ochoa", Consejo Superior de Investigaciones 
Científicas-Universidad Autónoma de Madrid, 28049 Cantoblanco (Madrid), Spain 

Reverse transcription is error prone and contributes to the high genetic 
variability of retroviruses. Human immunodeficiency virus type 1 (HIV-1) reverse 
transcriptase (RT) is a DNA polymerase which lacks a proofreading function. 
Site-directed mutagenesis studies on the molecular basis of fidelity of DNA 
synthesis by the HIV-1 RT have revealed that amino acid substitutions affecting 
Gly262 and Trp266 in a-helix H render enzymes with a decreased frameshift 
fidelity. The substitution o! Met184 by Val or lle, Glu89 by Gly or Tyr183 by Phe 
rendered enzymes with enhanced insertion or mispair extension fidelity. The role 
of Tyr115 in mispair extension fidelity of DNA-dependent DNA synthesis was 
analyzed by using a series of 15 mutant enzymes with substitutions involving 
Tyr115. Six of these mutants (Y115F, Y115W, Y115A, Y115S, Y115D and 
Y115K) were previously obtained and their characterization revealed the role of 
Tyr115 in dNTP recognition and misinsertion fidelity o! DNA synthesis (Martín­
Hernández et al. 1996. EMBO J. 15, 4434-4442) . Nine additional mutants 
(Y115V, Y1151, Y115L, Y115M, Y115N, Y115H, Y115C, Y115G and Y115P) have 
now been obtained and characterized. Their kinetic parameters for elongation 
using homopolymeric RNA-DNA and heteropolymeric DNA-DNA complexes 
showed major effects of the ami no acid substitutions on the Km val u e for dNTP. 
Enzymes with large hydrophobic residues at position 115 displayed lower Km 
values than enzymes with small and charged amino acids at this position. The 
influence of all these amino acid replacements was analyzed in mispair extension 
fidelity assays using three different mismatches (A:C, A:G and A:A) at the 3'­
terminal position of the primer DNA. For the A:C mispair, a 2.6-33.4-fold íncrease 
in mispair extension efficiency (fex~) was observed as compared with the wild-type 
enzyme, using a DNA duplex formed by a 38mer template mimicking an HIV-i 
gag sequence and a complementary 16mer primer. Unexpectedly, all the 
mutants tested as well as the wild-type RT were very efficient in extending the 
A:G and A:A transversion mispairs (fext == 0.1-0.2). This effect was not observed 
with the wíld-type HIV-1 RT and a difieren! te~late-primer complex formed by 
M13 ssDNA anda 20mer primer (fext == 2.9 x 10 for the A:G mispair). However, 
in the case of the A:C mispair, the extension efficiencies of the wíld-type RT and 
severa! Tyr115 mutants were similar with both template-primers. In all cases 
enzymes wíth smaller residues at position 115 (e.g., Y115G) were more efficient 
in extending the A:C mísmatch. The results support a role of Tyr115 in 
accommodatíng the complementary nucleotide into the nascent DNA whíle 
polymerizatíon takes place. 



Instituto Juan March (Madrid)

67 

CHARACTERIZATION OF AN AFRICAN SWINE FEVER VIRUS 20 kDa-DNA 
POLYMERASE JNVOLVED IN DNA REPAIR 

M. Oliveros. R. Yáñez, M.L. Salas, J. Salas. E. Viñuela and L. Blanco. 

African Swine Fever Virus (ASFV) 0174L gene encodes a 20 kDa protein 
homologous to the members of the family X of DNA polymerases. We have cloned, 
expressed and purified ASFV polX, demonstrating, by different criteria, that this protein is a 
DNA polymerase repairing enzyme. This is the smallest DNA polymerase described to date, 
with a molecular weight half of that of the related DNA polymcrase 13 (40 kDa). also 
involved in DNA repair. 

We cloncd the ORF Ol74L into lhe bacteria) expression vector pRSET-A lo placean 
hexahistidine tag at the N-terminus of lhe prolein which allows lhe partial purification of the 
overexpressed ASFV polX by affinity chromatography lhrough Ni-NTA agarose beads. An in 
situ polymerase gel analysis detected a DNA polymerase activity coinciden! with the 20 kDa 
overexpressed new band in E.cnli extracts. The intrinsic ASFV poi X activily corresponded to 
a monomer, when assayed in solution after sedimentation through a glycerol gradient. 
Polymerization by ASFV polX is highly distributive and depends on a template anda 3'-0H 
primer term.inus. As expected, the polymerase activity required either Mg'· or Mn'· as metal 
activators, being insensitive to aphidicolin. but very sensitive to ddNTPs . In fact. the insertion 
efficiency of ddNTPs is virtually lhe same compared to that of dNTPs . The enzyme also 
incorporales NTPs but with a reduced efficiency. 

We have also analyzed sorne of the properties that could contribute to the fidelity of 
DNA synthesis. The enzyme lacks a proofreading 3 '-5 ' exonuclease activity, but it is nol able 
lo extend a mismatched primer terminus. Moreover. and unlike DNA polymerase ¡3, ASFV 
polX discriminates very precisely the incoming base . 

To test the capacity of ASFV poiX to act in DNA repair. we performed a series of 
experiments on different gapped substrates. The protein fills 6 base gaps distributively until 
the length has been reduced to 3 nucleotides. This shon gap is then filled by a processive 
mecbanism. that becomes more efficient with the presence of a PO. group on the 5 • -side of 
the gap. Finally, we have demonstrated that a single nucleotide gap can be efficiently fillcd 
by ASFV poiX and completely repaired by addition ofT4 DNA ligase. 
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Expression of the human HAP1 and cellular sensitivity to DNA 
damaging agents 

M.J. Prieto-Alama and F. Lava! 
Unité 347 INSERM, 80 Rue du Général Leden:, 9276 Le Kremlin-Bic!tre, France 

One of the most common lesions generated in DNA is the apurinic/apyrimidinic 
(AP) site which results from the hydrolys.is of the N-glycosyl bond linking the base to 

the deoxyribose moiety. Spontaneous hydrolysis occurs to the extent that up to Io4 
purines/cell/day may be lost in humans. This alrc:ady high spontaneous ra.te can be 
increased still further by the action of DNA damaging drugs or radiation. Since these 
lesions are both cytotoxic and mutagenic, cells of all organisms express dedicated 
repair enzymes, termed AP endonucleases, to remove AP sites for the maintenance of 

genome integrity and cells viability . Most AP endonucleases are very versatile 

enzymes, capable of performing numerous additional repair roles. The major AP 
endonuclease in human cells (HAPl or AP protein) also exhibits RNAase H activity 
and an ability to control the redox state of certain proto-oncogene products such as the 
transcription factor e-Jun. The DNA repair and redox activities of HAPl are distinct 
both structurally and functionally. 

We set out to identify whether the HAPI protein is involved in cellular 
protection against severa! stresses. To achieve this, the HAPl cDNA wa.s cloned 
downstream of the SV40 prometer in the mammalian cell expression vector pSV2neo, 
and transfected into the Chinese hamster (CHO} cells. The transfected cells expressed 

an AP endonuclease activity 6-fold over the constitutive level. To test whether 
overexpression of the HAPl protein influenced sensitivity te DNA darnaging agents, 
clonogenic survival was measured after exposure of the cells to DNA damaging drugs, 
including alkylating and oxidative agents. The resistance of control and transfected 
CHO cells to the lethal effects of various compounds (MMS, Aziridine, H 20:z, 
Bleomicine) has been evaluated. Our data show that HAPl protein increases the lethal 
effect of MMC. However, the sensitivity towards MMC was not changed in cells 

expressing the E. coli FPG protein , that also possesses an AP-nicláng activity. To exert 
its cytotox.ic activity, MMC requires reductive activation, becoming an alkylating 
species that forms monofunctional and bifunctional adducts with DNA. 

Therefore, our results suggest that the increased cytotoxicity of MMC in cells 
overexpressing the HAPl protein may be due to the reductive activation of MMC by 
the redox domain of this protein and not by its AP endonuclease repair activity, and 
experiments are in progress to test this hypothesis. 

(M.J .P.A. is supported by a postdoctoral fcllowship from the Ministry of Education 
and Culture of Spain}. 
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ENZYMATIC REPAIR OF 8-0XOGUANINE IN EUKARYOTES 

J. P. Radicella and S. Buiteux 

Labordtoin: de Radiubiologie du DNA 
Conunissariar Energie Atomique, Département de Radiobiologie et Radiopathologie 
UMR217 CNRS/CEA, BP6, F-92265-Fontenay aux Roses (France) 

A damaged form of guanine, 7,8-dihydro-8-oxoguanine (8-0x.uG), is a major 

lesion in DNA exposed to ionizing radiation and oxidative stress. Ercherichia coli 

possesscs two DNA glycosyla.se activities thar prevent mutagenesis by 8-0xoG: !he Fpg 

protcin which excises X-OxoG in DNA, and the MutY protein which excises adenine 

residues incorporated oppositc X-OxoG. lnactivation of both the fpg and mUIY genes 

results in a strong GC--> TA mutator phenotype. 

The OGG1 gene of the yea~ t Sa cc ha ro myc e ~ · cerevisiae was cloned and 

sequenced. The OGGJ gene codes fur a protein of 376 amino acid~ with a molecular 
mass of 43-k.Da and mappc:d to chromosome Xlll. Comparison of the amioo acíd 

sequcncc of the Oggl protcin and uf bacterial Fpg pmteins does no revcal signific.:ant 

homology. Thc Oggl protein posscsses both a DNA glycosylase activity thar elldses 8-
0xoG and another activiry that nicles DNA ar abasic site. Studies of the catalytic 
mechanism d e moiL~I1ate that the Oggl protein is a DNA glycosyla.se 1 AP Jyase which 

procc:cds via the formation of an transcient covalent imino enzyme-DNA intermediare. 

The OGGJ gene has been disruptcd yielding the ogg 1 ::TRP 1 mutant. The ogg 1 mutant ot' 
S.cerevisiae is a mutator that spedfic.:ally accumulates GC-> T A transversion events. 

Although the sequences an: not clearly related, thesc: results suggest that the yeast OGGJ 

gene is a functional homologue of the bacterialfpg gene. 

Using thc: OGGJ sequc:nce we have rcuievoo scverdl human cDNA clones 
displaying clase to 40% identity with the deduced yeast protein sequc:nce. Northem blot 

analysis showcd that the corresponding gene is expressed in all !he human tissues 

analyzed. Thc doned coding sequence was then expressed in Escherichia coli ca.rrying a 

disruptcd version of the fpg gene. Extr<~cts from induccd cultures displayed a DNA 

glycosylase/AP lyase activity on duplex DNA carrying an 8-0xoG/C base pair. When !he 

human gene was expressed in the hypermuraror Escherichia coli fpg mutY ir reduced !he 
spooraneous mutation frequency to the levels of thc single mu1Y mutanL Moreover, when 

the coding sequence was expressed in a yeast strain muranr in OGGJ , it was able to 
complement the spontaneous mutator phenotypc. These results mak.e of this novel gene 
(hOGG 1) a strong candidatc for the human homologue of the yeas! OGG 1. 

We concludc that Ba.~e Ex.dsion Repair (BER) of 8-0xoG resid.ues conbibutcs to 
the maintcnance of genctic stability in prokaryotic and cukaryotic cells. 
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A stuttering mode of synthesis by HIV -1 re verse transcriptase generates 

sequence expansion. 

Miria Ricchetti and Henri Buc. 

Unité de Physicochimie des Macromolécules Biologiques. Institut Pasteur 25 rue du Dr. Roux 

75724 Paris Cédex 15, France. 

Point mutations and frameshifts are the most frequent errors perforrned by DNA 

polymerases during DNA replication. However more complex aberrations, like extensive 

sequence insertions cr deletions, can also take place. Amplification of di or tri-nucleotides is 

associated with a number of human heritable disorders and cancers and, generally, with genetic 

instability in eukaryotes . It is probably due to an aberration in the copying process of 

polymerases. 

We ha ve shown that HIV -1 re verse transcriptase (HIV -1 RT), an atypic DNA 

polymerase which copies both a RNA anda DNA template to produce a double-stranded DNA 

molecule competent for viral integration, is able to perform a reiterative DNA synthesis. On 

specific DNA and RNA template motifs, 5-6 nucleotides long, mismatch forrnation commits HIV-

1 RT to a new mode of synthesis which generates repetitive products. On RNA templates these 

products can be longer than 150 nucleotides. This mechanism, which involves extensive primer 

misalignment, is strikingly similar to that postulated for te! o merases. 

The easy expansion of di or tri-nucleotides in severa! regions of the geno me could 

be also generated by DNA polymerases undergoing a different mode of synthesis during the 

elongation process. By analogy with HIV-1 RT, where the repetitive synthesis is activated by 

mismatch forrnation, we suggest that replication handicaps induce eukaryotic DNA polymerases 

to undergo such alternative modes of synthesis. 
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Gerhard Ries 

Homologous recombination in plants: lsolation of Arabidopsis thaliana mutants 

with increased recombination frequencies 

Homologous recombination in plants is a powerful process by which genetic information can be 

rearranged and new gene combinat.ions can be cstablished. Wbereas the process of 

recombination itself has been analyzed in sorne detail, little is known about bow the frequency 

of recombination events is regulated and how it is affected by environmental stimuli. To address 

these questions, we propase a genetic screen to ident.ify mutations that result in increased 

frequencies of homologous recombination in Arabidopsis chaliana. A transgcnic Arabidopsis 

line will be constructed that carries two independent chromosomal recombination substrates 

consisting of different disrupted reporter genes. Upon recombination events between 

bomologous DNA sequences, the functional reporter genes will be restored. After chemical 

seed mutagenesis, a large population of M2 plants horno- and heterozygous for the induced 

mutations will be generated and screened for recornbination events. Plants displaying elevated 

recombination frequencies at both markers simultaneously are candidates for general 

"recombination-up" mutants. This screen should identify genes and activities involved in 

several steps of recombination regulation. Genetic, molecular and biochemical analysis of these 

mutations will enhance our understanding of how plants can sense euvironmental stimuli and 

translate this into a genetic response, i. e. increased recombination frequencies . The results 

should be of interest for basic researcb as well as for plant genetic engineering. 
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EUKARYOTIC DNA GLYCOSYLASES THAT REPAffi OXIDATIVE DNA DAMAGE 

Roldán-Aijona, T.l, 2, Karahalil, B.3, Wei, Y.-F.4, Carter, K.4, Kungland, A.l, Dizdaroglu, M.5 
and Lindahl , T.l 

liCRF, Ciare Hall Laboratories, South Mimms, Herts EN6 3LD, UK. 2universidad de Córdoba, 
Facultad de Ciencias, Departamento de Genética, Córdoba, Spain. 3Gazi University, Department 
of Toxicology, Ankara, Turkey. 4Human Genome Sciences Inc., Rockville, MD 20850-3338, 
USA. 5National Institute of Standards and Technology, Gaithersburg, MD 20899, USA. 

In Escherichia coli oxidized bases are mainly removed by two DNA glycosylases. 
Formarnidopyrimidine DNA glycosylase (Fpg) repairs damaged purine residues such as 8-oxoG 
and formamidopyrimidines (fapy), and endonuclease III (Nth-Eco) removes damaged pyrimidine 
such as urea, thymine glycol and 5-hydroxyuracil. A functional homologue of Fpg has been 
recently described in S. cerevisiae. This protein (Oggl) does not have sequence similarity to Fpg 
and removes 8-oxoG more efficiently than fapy residues. Searching in an human EST database we 
have identified an ORF encoding a protein with a high sequence homology to Oggl. The human 
Oggl homologue (hOGGl) is a 47.2 kDa protein of 424 amino acids and possesses an enzymatic 
activity that cleaves a 49-mer oligonucleotide containing a single 8-oxoG opposite a cytosine (8-
oxoG/C). However, no cleavage is observed when an adenine is placed opposite 8-oxoG (8-
oxoG/A). Unlike E. coli Fpg, hOGGl protein does not show any detectable activity on fapy 
residues and is not activated by 100 mM KCI. Expression of the hOGGl cDNA in a E. coli (fpg, 
mw Y) double mutant results in a decrease of the spontaneous mutation frequency. 

Additionallly, we have cloned S. pombe and human genes encoding sequence homologues 
of Nth-Eco, and the corresponding proteins have been purified to apparent homogeneity and 
characterized. The substrate specificity of these enzymes for modified bases in oxidatively 
damaged DNA has been investigated by using the gas chromatography/isotope-dilution mass 
spectrometry (GC/IDMS) technique. DNA substrates prepared by y-irradiation or H202/Fe-EDTA 
treatment were incubated with Nth proteins and the reaction products analyzed by GCIIDMS. The 
eukaryotic enzymes excise a number of pyrimidine-<lerived lesions. Excision of lesions was 
measured as a function of time, enzyme or substrate concentration, and temperature to determine 
kinetic constants. 
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A ROLE OF JNK IN OSPLATIN INDUCED APOPTOSIS 

I.Sáncbez Pérez., J.R. Murguía and R. Perona 

Instituto de Investigaciones Biomédicas C.S.LC. CJArturo Duperier ,4 28029-

MADRID 

The effectiveness of cancer chemotherapy is restricted by the failure of sorne tumours to 

respond and by the appearance of resistant cell populations in patients after initial 

response. Thc elucidation of the molecular meehanisms by which antí-neoplasic drugs 

induce programmed cell dcath is essential to improve cancer therapy. Platinum 

compounds are anticancer drugs widely used for the trcatment of various cancers. The ci.s 

isomer of diaminedichloroplatinum (cisplatin) forms DNA adducts and kills the cells 

triggering apoptosis. On the other hand the trans isomer (tran.splatin) although being able 

to damage DNA.has not cytotoxic effect. 

In our laboratory we ha ve approached the study of sorne of the responses induced by 

treatment of cis and transplatin in cm:ler to est.ablish a correlation among these responses 

and apoptosis. Using as a model system the mouse keratinocyte cell line Pam 212 we 

ha ve found thar treatrnent of these cells with these drugs, (cis and transplatin) induces the 

activation of the Stress-Activated Protein Kinase (SAPsK or c-Jun Kina.se JNK), but not 

the extracellular signal regulated kinases ERK.s.While JNK activation by transplatin is 

rapíd and transient, cisplatin produces a delayed an persistent activation of rhe kinase.The 

activation of JNK by these drugs takes place both in cytoso! and in nucleus, being higher 

in the nuclear compartment. Additionally, we have established a correlation between 

activationof JNK and cell death. We have been able to modulate the relative toxicity of 

the drugs simply by molulating the prof!.le of the .JNK. activation. Taken togefher these 

results suggest that activation of JNK is a mediator of the toxicity of these drugs. 
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The Human hepatitis B virus X protein, HBx, binds the basal 
transcriptional factor TFIIH and stimulates the DNA helicase activity of 
TFIIH: lmplications for a role of HBx in cellular nucleotide excision repair 
pathway 
Ishtiaq Qadri and Aleem Siddigui*, Department of Microbiology, 
University of Colorado Health Sciences Center, Denvet, CO 80262 USA. 

The infection by the human hepatitis B virus (HBV) leads to chronic 
hepatitis and an association with hepatocellular carcinoma has been 
documented. HBV encodes a regulatory protein termed HBx, which has 
been largely assayed as a transcriptional transactivator. The investigations 
on the mechanism of its action has led to the identification of severa! 
cellular targets with whom HBx directly interacts. We have recently 
identified basal transcriptional factor TFIIH as one of the cellular target of 
HBx. HBx selectively binds to ERCC2 and ERCC3 subunits of TFIIH. 
Furthermore, the binding leads to significant stimulation of DNA helicase 
activity. The HBx binding was also demonstrated for yeast homologous of 
ERCC2 and ERCC3, the RAD3 and SSL2 subunits. In defining the 
functional relevance of these infractions, we show that yeast cells 
expressing HBx display an increased hypersensitivity to UV. These 
observations lend support to a model in which HBx may influence 
nucleotide excision repair pathway vía its interactions with basal factor 
TFIIH in infected hepatocytes and contribute to events leading 
establishment of hepatocellular carcinoma. 

*Present Address: on sabbatical leave at ICRF Ciare Hall Laboratories, South Mimms, 
Potters Bar, Herts, EN63LD, United Kingdom 



Instituto Juan March (Madrid)

75 

Chromosomal Distribution of Genes Subject to Transcription Coupled DNA repair' 

Surrallés•, J. , P. Kannakar, A.T. Natarajan, and L.H.F. Mullenders 

MGC-Department ofR.adiation Genetics and Chemical Mutagenesis, Leiden University, Leiden (The Netherlands), and 

aDepartment of Genetics and Microbiology, Universitat Autónoma de Barcelona, Barcelona (Spain) 

It is well known that nucleotide excision repair (NER) is preferentially directed to actively 

transcribed genes and their transcribed strands through transcription coupled mechanisms1
. 

Human chromosomes are highly heterogeneous with respect to gene density and transcriptional 

activity. Thus, chromosomal bands harbouring actively transcribed genes would be expected to 

be preferentially repaired. Xeroderma pigmentosum group C (XPC) cells are known to be partially 

deficient in NER since they can only repair the transcribed strands ofactive genes2
• UV-induced 

repair patches in confluent XPC were labelled with BrdU. After EcoRI digestion and CsCI 

gradient, extracted DNA fragments containing BrdU-repair patches were isolated with antibodies 

against BrdU and an immunomagnetic system. The extracted repaired fragments were random 

primed with biotin and used as a probe to perform fluorescence in situ hybridization (FISH) to 

metaphases from normal cells. This approach allowed us to visualize the chromosomal sites 

subject to transcription coupled repair. Because of the genetic defect in XPC, these sites 

correspond to transcription points. The chromosomal distribution ofFISH signals were compared 

to that found with the unrepaired fractions containing non-repaired bulk DNA and the non­

transcribed strands ofactive genes. To further control the distribution ofrepair sites in human 

chromosomes we have also generated similar probes with wild type cells and xeroderma 

pigmentosum group A (XP A) cells, which are known to be completely deficient in NER. 

Preliminary observations indicate that: (i) there are clusters ofDNA repair in sorne but not al1 

telomeric regions, (ü) the R bands (light G bands) are preferentially repaired and (iü) 

heterochromatic bands such as pericentromeric region of sorne chromosomes and the long ann 

ofthe Y chromosome exhibit a deficiency in DNA repair. 

1FHOD&wall, P.C. (1994) Scieooc: 266, 1957-1958. •v......,. d al ~ 1991 Mol Ccll. Biol. 11: 41211-4134 . 

'Woñ: perfoomcd under lhe IWSpÍc:a oflhe Europcan Uaioo 
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Characterization of Dinn, the !Jacillus subtilis 

sos nepressor 

KEVIN W. WINTERLING, ARTHUR S. LEVINE, RONALD E. Y ASBIN, AND 
ROGER WOODGATE 

In Bacillus subtilis, exposure to DNA damage and the 
development of natural competence leads to the induction of the SOS 
regulon. It has been hypothesized that the DinR protein is the 
cellular repressor of the B. subtilis SOS system due to its homology 
to the Escherichia coli LexA transcriptional repressor. Indeed, 
comparison of DinR and its homologs from gram-negative and 
positive-bacteria revealed conserved structural motifs within the 
carboxyl terminal domain that are believed to be important for 
autocatalysis of the protein. In contrast, regions within the DNA 
binding domain were only conserved within gram-negative or 
positive genera, which possibly explains the differences in the 
sequence specificity between gram-negative and gram-positive SOS 
boxes. 

The hypothesis that DinR is the repressor of the SOS regulon in 
B. subtilis has been tested through the over-expression, purification, 
and characterization of the DinR protein. Like E. coli LexA, B. 
subtilis DinR undergoes an autocatalytic reaction at alkaline pH at a 
siscile Ala91-Gly92 bond. The cleavage reaction can also be mediated 
in vitro under more physiological conditions by the E. coli RecA 
protein. By using electrophoretic mobility shift assays, we 
demonstrated that DinR interacts with the previously characterized 
SOS-box of the B. subtilis recA gene, but not with sequences 
containing single base-pair mutations within the SOS-box. Together, 
these observations strongly suggest that DinR is the repressor of the 
SOS regulon in B. subtilis. 
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12 Workshop on Reverse Genetics of Morris. 

Negative Stranded ANA Viruses. 
*4 Workshop on the Past and the Future Organizers : G. W. Wertz and J . A. 

of Zea Mays. Melero. 
Organizers: B. Burr, L. Herrera-Estrella 
and P. Puigdomenech. *13 Workshop on Approaches to Plant 

Hormone Action 
·s Workshop on Structure of the Major Organizers: J. Carbonell and R. L. Jones. 

Histocompatibility Complex. 
Organizers : A. Arnaiz-Villena and P. *14 Workshop on Frontiers of Alzheimer 
Parham. Disease. 

*6 Workshop on Behavioural Mech-
Organizers: B. Frangione and J. Ávila. 

anisms in Evolutionary Perspective. 
*15 Workshop on Signal Transduction by Organizers: P. Bateson and M. Gomendio. 

Growth Factor Receptors with Tyro-
*7 Workshop on Transcription lnitiation sine Kinase Activity. 

in Prokaryotes Organizers: J. M. Mato andA. Ullrich. 
Organizers: M. Salas and L. B. Rothman-
Denes. 16 Workshop on lntra- and Extra-Cellular 

·a Workshop on the Diversity of the 
Signalling in Hematopoiesis. 
Organizers: E. Donnall Thomas and A. 

lmmunoglobulin Superfamily. Grañena. 
Organizers: A. N. Barclay and J. Vives. 

9 Workshop on Control of Gene Ex- *17 Workshop on Cell Recognition During 
pression in Veast. Neuronal Development. 
Organ izers : C. Gancedo and J . M. Organizers : C. S. Goodman and F. 
Gancedo. Jiménez. 
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18 Workshop on Molecular Mechanisms 
of Macrophage Activation. 
Organizers: C. Nathan and A. Celada. 

19 Workshop on Viral Evasion of Host 
Defense Mechanisms. 
Organizers: M. B. Mathews and M. 
Esteban. 

*20 Workshop on Genomic Fingerprinting. 
Organizers: M. McCielland and X. Estivill . 

21 Workshop on DNA-Drug lnteractions. 
Organizers: K. R. Fox and J. Portugal. 

*22 Workshop on Molecular Bases of Ion 
Channel Function. 
Organizers: R. W. Aldrich and J. López­
Barneo. 

*23 Workshop on Molecular Biology and 
Ecology of Gene Transfer and Propa­
gation Prometed by Plasmids. 
Organizers: C. M. Thomas, E. M. H. 
Willington, M. Espinosa and R. Díaz 
Orejas. 

*24 Workshop on Deterioration, Stability 
and Regeneration of the Brain During 
Normal Aging. 
Organizers: P. D. Coleman, F. Mora and 
M. Nieto-Sampedro. 

25 Workshop on Genetic Recombination 
and Detective lnterfering Partieres in 
ANA Viruses. 
Organizers: J. J. Bujarski, S. Schlesinger 
and J. Romero. 

26 Workshop on Cellular lnteractions in 
the Early Development of the Nervous 
System of Drosophila. 
Organizers: J . Modolell and P. Simpson. 

* 27 Workshop on Ras, Differentiation and 
Development. 
Organizers: J . Downw&rd, E. Santos and 
D. Martín-Zanca. 

28 Workshop on Human and Experi­
mental Skin Carcinogenesis. 
Organizers: A. J . P. Klein-Szanto and M. 
Quintanilla. 

• 29 Workshop on the Biochemistry and 
Regulation of Programmed Cell Death. 
Organizers: J. A. Cidlowski, R. H. Horvitz, 
A. López-Rivas and C. Martínez-A. 

Out of Stock. 

• 30 Workshop on Resistance to Viral 
lnfection. 
Organizers : L. Enjuanes and M. M. C. 
Lai. 

31 Workshop on Roles of Growth and 
Cell Survival Factors in Vertebrate 
Development. 
Organizers: M. C. Raff and F. de Pablo. 

32 Workshop on Chromatin Structure 
and Gene Expression. 
Organizers: F. Azorín, M. Beato and A. P. 
Wolffe. 

33 Workshop on Molecular Mechanisms 
of Synaptic Function. 
Organizers: J . Lerma and P. H. Seeburg. 

34 Workshop on Computational Approa­
ches in the Analysis and Engineering 
of Proteins. 
Organizers: F. S. Avilés, M. Billeter and 
E. Querol. 

35 Workshop on Signar Transduction 
Pathways Essential for Yeast Morpho­
genesis and Celllntegrity. 
Organizers: M. Snyder and C. Nombela. 

36 Workshop on Flower Development. 
Organizers : E. Caen, Zs . Schwarz­
Sommer and J . P. Beltrán. 

37 Workshop on Cellular and Molecular 
Mechanism in Behaviour. 
Organizers: M. Heisenberg and A . 
Ferrús. 

38 Workshop on lmmunodeficiencies of 
Genetic Origin. 
Organizers: A. Fischer and A. Arnaiz­
Villena. 

39 Workshop on Molecular Basis for 
Biodegradation of Pollutants. 
Organizers : K. N. Timmis and J . L. 
Ramos. 

40 Workshop on Nuclear Oncogenes and 
Transcription Factors in Hemato­
poietic Cells. 
Organizers: J . León and R. Eisenman. 
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41 Workshop on Three-Dimensional 51 Workshop on Mechanisms of Ex-
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