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General introduction 

Each organism stores its genetic information in large DNA molecules, present in most 
cells. DNA is composed of four different nucleotides, abbreviated as G,A,T,and C, which make 

up the genetic code that is translated into proteins. An intermediate between DNA and protein 

is the RNA, that is generated by a process called transcription, during which one strand of the 
double DNA helix serves as a template and is read by a scanning RNA polymerase complex. As 
a result, a messenger RNA molecule is produced, that in turn forms a template for protein 

synthesis. It is of major importance that changes (mutations) in the genetic code of the DNA 
are limited to a minimum. Although mutations form the basis of biological diversity, they can 
also be the starting point of carcinogenesis in multicellular species. 

The genomic DNA is continuously challenged by a variety of damaging agents, interfering 

with cellular processes that involve DNA metabolism. Of many of those reagents, the nature 
of the resulting lesion has been established. Various chemical compounds, inducing bulky 

adducts, and also UV-irradiation cause distortions and bending of the DNA helix. Ionising 
irradiation and oxygen radicals afe known to generate single and double strand breaks in the 

DNA, while exposure to alkylating agents can lead to various types of modification of single 
nucleotides. Also, intracellular processes can enhance the intrinsic instability of some of the 
DNA bonds and can lead to alterations in the DNA, e.g. via hydrolysis and oxidation. Mutations 

are generated if these modified nucleotides mispair during DNA replication (prior to cell division). 
which can also happen spontaneously. This will in many cases lead to incorporation of a wrong 

nucleotide, thus generating a 'mismatch' which, when wrongly processed, can lead to a change 

of the genetic code. 
All organisms have developed an intricate network of DNA repair modes to remove the 

lesions before they can exert their deleterious effects. Most of the repair pathways are strongly 

conserved during evolution, from the bacterium Escherichia coli to yeast and man (extensively 
reviewed in 48). The most relevant pathways include: i) immediate reversal of the damage (by 
single enzymes), ii) base excision repair (in which only the damaged base is replaced), iii) 

nucleotide excision repair (see below), iv) mismatch repair (repair of misincorporated bases), v) 

recombination repair (replacement of a damaged region using a homologous sequence) and vi) 
post-replication 'repair' (a poorly understood damage tolerance mechanism). The different 

substrate specificities of these pathways ensure that the majority of these lesions is removed 
from the genome. The best studied and one of the most important DNA repair pathways is 

nucleotide excision repair (NER). This very conserved repair system is able to recognise and 
remove a surprisingly wide variety of structurally unrelated damages. The mechanism of 
nucleotide excision repair has been resolved in considerable detail in the bacterium E. coli (see 
also below), and is already suggested by its name: upon recognition of the lesion, a single­

stranded oligonucleotide containing the lesion is excised from the DNA, after which the 

remaining gap is filled in by a DNA polymerase. 

The importance of a functional DNA repair pathway in the prevention of cancer was first 
illustrated in 1968 by Cleaver (28), who showed that individuals suffering from the cancer­

prone hereditary disorder xeroderma pigmentosum (XP), having a high predisposition to 
developing skin cancer in sun-exposed areas, are defective in nucleotide excision repair of UV-
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lesions. Recently, defective repair of mismatched bases, that arise after faulty replication of 

DNA, was demonstrated in patients suffering from hereditary non polyposis colorectal cancer 

4 (HNPCC) (113a). Other hereditary cancer-prone disorders for which the relationship with DNA 

repair has not yet been established, include Fanconi's anaemia (FA), Bloom syndrome (8S), and 

ataxia telangiectasia (AT). On the other hand, there are hereditary syndromes which are 
associated with a defect in DNA excision repair, but without increased predisposition for cancer. 
These include Cockayne syndrome (eS) and trichothiodystrophy (TTD) which are characterised 

by a wide spectrum of clinical features that does not include the severe pigmentation 
abnormalities nor the skin carcinogenesis observed with XP. 

Due to its size and complexity, the entire DNA molecule obviouslY can not be repaired 

at the same time. However, cells have developed an efficient subpathway of NER that focusses 

on those regions in the DNA that are being transcribed and thus are of great importance for cell 

function. This transcription-coupled repair pathway preferentially removes transcription-blocking 

lesions from the transcribed strand of active genes. It thereby allows rapid resumption of the 

vital process of transcription, while also reducing the occurrence of mutations in active genes. 

It was found that the DNA repair defect of Cockayne syndrome cells resides in this 

transcription-coupled repair sub pathway, while the slower repair of the global genome still 

functions as in normal cells (171). The two genes mutated in CS, CSA and CSB (ERCC6), have 

been isolated recently (58, 159) which allows examination of the function of these gene 

products and their involvement in transcription-coupled repair. 

Scope of this thesis. 

In recent years, the interest in transcription-coupled repair has increased in both the 

transcription as the DNA repair field. This is mainly due to the identification of repair factors in 

the basal transcription factor TFIIH, providing evidence for a functional link between the two 

processes. The aim of the experimental work described in this thesis is to gain more insight into 

the role of the Cockayne syndrome B (CSB) gene in transcription-coupled DNA repair. Two 

experimental approaches have been followed. Firstly, the yeast Saccharomyces cerevisiae 
homolog of CSB (RAD26) was isolated and the functional consequence of disruption of the 

gene was analysed in detail, also in combination with other yeast repair mutants (described in 

appendix II and III). Secondly, atter the finding that the previously isolated ERCC6 gene is 

involved in CS-S (appendix I), a close examination of stable associations of the human CSB 

protein with repair and transcription factors was performed (appendix IV). To clarify the current 

knowledge on transcription-coupled repair, chapter 2 will first discuss the status of 

transcription-coupled DNA repair in various organisms, the factors that are required for this and 

recent indications of additional roles that CSA and CSB might have, apart from mediating the 

coupling between transcription and repair. 
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Transcription-coupled DNA repair 
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2.1 Transcription-coupled DNA repair: the concept. 

The discovery of transcription-coupled repair (TeR) was made in 1985 by Phil Hanawalt 

and coworkers (12). Using an elegant method (Figure 1), Bohr et al. showed that repair of UV­

induced cyclobutane pyrimidine dimers (CPD) in the active DHFRgene in Chinese hamster ovary 

cells occurred much more efficiently than in the genome overall (12). Subsequently also the 

active c-ab/ gene was found to be repaired much faster than the inactive c-mos gene in mouse 
3T3 fibroblasts (96). Initially, it was thought that this was simply due to the degree of 

compactness of local chromatin in active genes. However, though this parameter indeed 

influences the rate of repair (1 7, 142, 154), it is not the principle mechanism of enhanced repair 
of active genes. This became evident from experiments by Mellon et al., who demonstrated that 
the preferential repair of active genes is due to faster removal of CPO lesions from the 

transcribed (template) strand only, whereas the nontranscribed (coding) strand is repaired at a 

similar rate as the global genome (104). 

At least for a number of lesions, the nucleotide excision repair process can thus be 

dissected into a transcription+coupled and a nontranscription-associated repair pathway. The 

latter, called global genome repair (GGR)' removes lesions from the entire genome, thereby 

varying in efficiency dependent on factors such as the kind of lesion, or differences in chromatin 

structure. Several terms have been used to describe these phenomenona. Differential repair 

indicates the difference in repair efficiencies between two DNA regions, e.g. heterochromatin* 

versus euchromatin-like DNA, whereas preferential repair reflects the faster repair of active 

versus inactive genes. Transcription-coupled repair, also referred to as transcription*associated 

repair, is used to indicate the faster repair rate of the transcribed strand versus the 

nontranscribed strand of an active gene, and which is dependent on active transcription. 

uv 
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Figure 1. Schematic representation of the 
procedure to determine strand-specific DNA 
repair of a gene. 
Cells are irradiated with a certain dose of 
UV-C; that is high enough to introduce a 
sufficient amount of CPDs in the genome; 
without having immediate effects on cell 
function. After certain time points to allow 
repair, genomic DNA is isolated, purified; 
digested with appropiate restriction 
enzymes and treated with T4 endonuclease 
V. The latter enzyme introduces single-
stranded incisions in DNA at the site of a 

pyrimidine dimer. Treated or mock-treated DNA samples are size-fractionated by electrophoresis 
on denaturing agarose gels; separating the two strands, and transferred to Southern blots. 
These blots are then hybridised with strand-specific probes of the gene to be studied, visuallsing 
repair of the transcribed and of the non transcribed strand. If dimer repair of the gene is not 
completed; nicks will be introduced, resulting in lower amounts of full-length fragment. So by 
comparing the re-appearance of full-length fragment in the treated versus the mock-treated 
samples in time; one can analyse strand-specific repair of active and inactive genes. 
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Transcription-coupled repair is likely to be initiated by a stalled RNA polymerase IRNAP) 

II complex, that is blocked by a lesion in the transcribed strand, and that is signaling the repair 

machinery to the site of the lesion (57). Several lesions have been shown to form an 
obstruction for transcription, including UV-CPD (40, 129L cis-plat in (31)' psora len monoadducts 

and interstrand crosslinks (138), dG-C8-{acetyl)aminofluorene (24, 39), and single strand nicks 

(194). Also, DNA-bound proteins can block ongoing transcription (114, 123, 190). Enhanced 

repair of the transcribed strand seems to be restricted to genes that are transcribed by RNAP 

II, as it has not been found in RNAP I or III genes 126, 85, 148, 179). However, using mutants 

that are specifically impaired in global genome repair in man and in yeast (see below), it has 

been shown recently that the transcribed strand of rONA genes, encoding ribosomal RNA and 

transcribed by RNAP I, is preferentially repaired, indicative of some form of TCR also of these 

genes (166, 175). Interestingly, although there is an absolute requirement for active 

transcription, the rate of TCR does not seem to be correlated to the rate of transcription (7, 

170), nor to the transcription-blocking efficiency of the lesion (100). 

2.2 Transcription-coupled repair in prokaryotes. 

Nucleotide excision repair in E. coli. 

The core mechanism of NER has been elucidated to considerable detail in the bacterium 

E. coli, and forms a paradigm for NER in all organisms studied so far (64). Six proteins, 

controlling this process, have been identified: UvrA, UvrB, UvrC, UvrD/Helicase II, DNA 

polymerase I and DNA ligase. The cloning and purification of these repair factors, combined 

with the generation of in vitro damaged DNA templates, has allowed a close examination of 

every step in the NER pathway IFigure 2) Ireviewed in 1125, 167, 178)). 

E. coli NER is initiated by the formation of a complex of two molecules of UvrA and one 

of UvrB which together can bind to damaged DNA with high affinity. The broad substrate 

specificity of the UvrABC system suggests that the UvrA2B complex more likely recognises the 

lesion-induced DNA distortion, istead of the lesion itself. Upon binding, UvrB intercalates in the 

DNA and thus causes a conformational change of the helix. The UvrA dimer dissociates and 

UvrC binds to the UvrB-DNA preincision complex, after which a dual incision is introduced in 

the damaged strand at the 8th phosphodiester bond 5' and the 4th or 5th phosphodiester bond 

3' of the damaged nucleotide. Site specific mutagenesis of UvrB and UvrC has located the 

active site for the 5' incision in UvrC, and the one for the 3' incision in UvrB (93, 94). However, 

recent work has indicated that one of the UvrB mutants in fact is disturbed in the UvrB-UvrC 

interaction, thus decreasing the incision efficiency on the 3' site and raising the question 

whether UvrB is generating the 3' cut (105). The concerted action of the helicase UvrD and 

DNA polymerase I removes the 1 2-13 mer containing the damage, the UvrB and UvrC proteins 

and fills the generated gap by DNA synthesis. Finally, DNA ligase seals the remaining nick. 

opposite page: Figure 2. Nucleotide excision DNA repair in the bacterium E. coli. Both the global 

genome repair (GGR) as well as the transcription-coupled repair (TCR) pathways are depicted. 

See the text above for details. 
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Transcription-coupled repair in E. coli. 

The presence of transcription-coupled repair in E. coli was confirmed by repair analysis 

of the lactose operon under noninduced or induced conditions in vivo (102), Only when 

transcription was induced, the transcribed strand was repaired much faster than the 

complementary strand (102). When attempts were made to reconstitute transcription-coupled 

repair in vitro, a problem was encountered. RNA polymerase, UvrA, UvrB, UvrC, UvrD, DNA 

polymerase I and ligase were incubated with a DNA template containing a strong tac promoter 

and defined CPO lesions. Paradoxically, repair of the transcribed strand was inhibited instead 

of stimulated (129). Apparently a stalled RNAP alone was not sufficient to mediate preferential 

repair of the transcribed strand in vitro. The solution came from the identification and isolation 

of a transcription-repair coupling factor (TRCF), that was required and sufficient for 

transcription-coupled repair in vitro (1 30). TRCF was found to be encoded by the mfd gene 

(131, 135). MFD (mutation frequency decline) is the phenomenon that after UV-irradiation, cells 

rapidly decrease the frequency of revertant mutations in tRNA genes, without loss of viability 

(186). To be able to observe MFD, cells have to be maintained in medium that allows various 

energy consuming metabolic processes, like DNA repair, but does not favor protein synthesis 

f9, 187). Since the revertant phenotype arises from UV-induced mutations in the transcribed 

strand of the tRNA genes, and mld-1 mutant cells can not prevent these mutations to occur, 

it was predicted that the mId phenotype was caused by a defect in preferential repair of the 

transcribed strand (10). Indeed, it was shown both in vitro (135) and in vivo (78, 101) that 

mld-1 cells are impaired in transcription-coupled repair. This defect in extracts from mld-1 cells 

could be corrected by adding purified TRCF protein (131). 

TRCF. 
The amino acid sequence of TRCF (130 kDa) reveals three interesting motifs, namely a 

region with considerable homology to UvrB near the N-terminus, seven RecG-like helicase 

motifs in the central part, and a potential leucine zipper near the C-terminus (131). Using 

truncated TRCF constructs and affinity chromatography, Selby and Sancar showed that the 

UvrB homologous region can firmly bind UvrA, and that the complete helicase region of TRCF 

plus flanking sequences are involved in RNAP binding and displacement (131, 133, 134). The 

helicase motifs encode a weak ATPase activity, that was not stimulated by DNA nor by stalled 

RNAP (131). In contrast to the presence of the helicase motifs, TRCF does not display a 

helicase ... activity when incubated with various DNA or DNA:RNA hybrid templates (134). 
However, this region binds DNA in an ATP-dependent fashion, without any preference for DNA 

structure or the presence of RNA, and foot printing data may indicate a wrapping of the DNA 

around the protein. TRCF is able to bind both initiation and elongation RNAP complexes, yet 

only displaces elongating RNAP that is stalled by a lesion, a protein block or by missing~base 

induced pause sites. This dissociation requires the very C-terminal part and thus possibly the 

potential leucine zipper, although this motif is not required for RNAP binding and is not 

conserved in the TRCF homolog of B. subtillis (133). The RNAP displacement by TRCF is clearly 

distinct from the way rho protein terminates transcription by removing elongating RNAP (114, 

133). By itself, TRCF seems to stimulate premature termination, but this might be influenced 

by the in vitro conditions, 
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Model for TCR in E. coli. 

A model was proposed for transcription-coupled repair in E. coli, taken into account the 

activities of the TRCF and its associations with DNA, UvrA and RNAP (132)(Figure 2). The first 

step of TeR is formed by stalling of the elongating RNAP complex on a lesion or an other 

obstruction in the transcribed strand. Such stalled complex is recognised and bound by TRCF, 

that subsequently may displace RNAP and the nascent RNA chain. TRCF then attracts the 

UvrA2B complex via an unknown interaction and via competitive binding at the UvrA-UvrB 

interface, dissociates the UvrA dimer and stimulates integration of UvrB in the DNA. 

Alternatively, TRCF may already be associated with the UvrA2B complex prior to binding to a 
stalled RNAP. Since, UvrB contains two UvrA binding sites, one of which corresponds to the 

homologous region with TRCF (133), TRCF may be associated with a UvrA monomer, which 

in turn is bound to UvrB. It was found in vitro that TRCF efficiently disrupts the UvrA2B 

complex, but this does not have to occur in vivo. In either scenario, TRCF will stimulate the 

targeting of UvrB to the lesion. The conformational change induced by UvrB-DNA binding may 

or may not release TRCF, but will stimulate binding by UvrC, and excision of the lesion occurs 

as described above. 

In vivo studies of repair of Single nucreotides in the transcribed strand of the active E. 
coli genes uvrC (134), lacZ and lac/(78) and also of the human genes PGKI (50) and JUN 

(162) confirms that TCR acts only on an elongating RNAP complex. In fact, these studies 

indicate inhibition of repair when RNAP was still bound to the initiation site, although in vitro 
TRCF can bind an initiation complex (133). Apparently, the conversion of a RNAP initiation to 

an elongation form is required for proper transcription-repair coupling. In E. coli this would 

indicate the dissociation of the a subunit and in man the phosphorylation of the C-terminal 

domain ICTD) of the large subunit of RNAP II 133, 44). 

While mfd-1 cells characteristically do not show MFD, they do perform partial MFD when 

transcription initiation is inhibited by rifampicin (91). This could indicate that a part of the MFD 

is caused by the bulk excision pathway of UvrABC. In the absence of TRCF, transcription 

complexes are blocked by lesions in the transcribed strand of the tRNA genes and this might 

inhibit repair, as found in vitro (129). When transcription is inhibited, the lesions are accessible 

a~d repaired by the UvrABC endonuclease (although not preferentially)' resulting in partial MFD. 

Interestingly, this level of residual MFD is similar to the MFD observed in the mismatch repair 
mutants mutS and mutL, indicating that in these mutants TCR might be affected (91). Indeed, 

mutS and mUlL were found to be deficient in fast repair of the transcribed strand of tacl, 

comparable to the mfd-l mutant (101). At present, it is unclear whether the observed TCR 

defect in mismatch repair mutant cells is a general phenomenon, since it has also been observed 

in man (103)' S.A. Leadon pers. comm.), but not in yeast (150). 
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2.3 Transcription-coupled repair in eukaryotes. 

Nucleotide excision repair in eukaryotes. 

The discovery in 1968 that the hereditary disorder xeroderma pigmentoslim is caused 

by a defect in DNA excision repair (28) formed the basis for DNA repair research in eukaryotes. 

A finding of equal importance was the identification in 1972 of different complementation 

groups within XP, indicating that XP was a muhigenic disorder (36). Complementation analysis 

is based on the notion that cells carrying mutations in different genes of the same pathway 

complement each others deficiency when fused. In contrast, cells with mutations in the same 
gene fail to correct each others defect. Complementation analysis of UV-sensitive Chinese 

hamster ovary, yeast and human cells has greatly facilitated the cloning and characterisation 

of the DNA repair genes involved in NER. 

At present, three hereditary human disorders have been associated with a defect in 

nucleotide excision repair: xeroderma pigmentosum (XP), Cockayne syndrome (CS) and PI BIDS, 

the photosensitive form of trichothiodystrophy (TTD) (Table 1) (29, 87,109,144). Patients 

suffering from XP display an extreme photosensitivity, pigmentation abnormalities and a 

strongly enhanced predisposition to develop cancer in sun-exposed areas of the skin. In some 

cases also neurological degeneration is observed (29). CS and TTD patients also show increased 

photosensitivity of the skin. However, in contrast to XP, they do not develop skin tumours. 

Typical clinical features of CS include neurological dysmyelination, immature sexual 

development, mental retardation, and impaired physical development manifested in cachetic 

dwarfism, microcephaly, skeletal and retinal abnormalities, and a characteristic 'wizzened' 

appearance (bird-like face) f87, 109). The most typical TTD features include brittle hair and nails 

(due to a sulphur-deficiency), ichthyosis (dry skin), and neurological abnormalities resembling 

those of CS (69, 87). In addition, patients have been described that display combined features 

of XP/CS and XP/TTD (75). 

At least eleven genes are involved in these repair syndromes: eight in XP (XPA-XPG, and 

an XP variant XPV), two in CS (GSA and GSB) and one in TTD (TTDA), while mutations in XPB 

and XPD can lead to a XP, XP/CS or TTD phenotype and mutations in XPG result in a XP or 

XP/CS phenotype (Table 1 )(13, 27, 65, 176). In recent years, many of the genes and proteins 

involved in NER have been identified and isolated (reviewed in 48, 65, 141, 147, 152). 

Strikingly, there is a very high degree of conservation between the repair genes and pathways 

of the lower eukaryote S. cerevisiae to mammals (65). The analysis of yeast and mammalian 

repair mutant cells, in vivo and in vitro protein-protein interactions and characteristics of the 

proteins and protein complexes involved has allowed close examination of the seperate steps 

of the eukaryotic NER mechanism and led to a model (1,48,106, 107, and references therein). 

The principle steps of eukaryotic NER are similar to those in E. coli (Table 2) and are depicted 

in Figure 3. For simplicity, I will restrict here to the human NER. 



Table 1. Features of NER-deficient XP, CS and TTD complementation groups. 

clinical repair correcting gene 

compl. 

group skin neurological UV residual NER defect 

cancer abnormalities") sens. UDS (%1" GGRC) TCRd) human yeast hom. Remarks 

XP-A + + +' +++ < 5 + + XPA RAD14 Binds UV-damaged DNA 

XP-B +/- + +/+1 ++ 10-40 + + XPB (ERCC3) RAD251SSL2 3' - 5' helicase; subunit of TFIIH 

XP-C + + 15-30 + XPC RAD4c) ssDNA binding; complex with HHR23B 

XP-D +/- + +/±I ++ 15-30 + + XPD (ERCC2) RAD3 5' - 3' heJicase; subunit of TFIIH 

XP-E +/- ± ;,; 50 + + ? ? Binds UV-damaged DNA 

XP-F +/- -/±I + 15-30 + + XPF (ERCC4) RADI 5' incision; in complex with ERCC1 (Rad10p) 

XP-G +/- ++' ++ 2-25 + + XPG (ERCC5) RAD2 3' incision 

CS-A +" + 100 + CSA (ERCC8) RAD26 SWI2/SNF2 ATPasel'helicase' 

CS-B +" + 100 + CSB (ERCC6) RAD28 WD-repeat protein 

TTD-A +" + 10% + + ? ? unidentified subunit of TFIIH 

For references see text. a) Classified as I: neurological degeneration or II: neurological dysmyelination, b) Unscheduled DNA synthesis (% of wild-type cells), 
c) Global Genome Repair, d) Transcription-Coupled Repair, e) only sequence homology; functional homologs of XPC in yeast are RAD7 and RAD16. 
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opposite page: 

Figure 3. Nucleotide excision repair in man. Both global genome repair (GGR), defective in XP-C, 

as well as transcription-coupled repair (TCR), impaired in CS-A and CS-8, is schematically 
depicted. See text below for det8l'ls (the yeast equivalents are indicated between brackets), 

Damage recognition probably requires the XPA (Rad14p) and XPE proteins, both of 
which have been shown to have a high affinity for UV-damaged DNA. The region around the 

lesion is subsequently melted by the combined helicase activities of XPB/ERCC3 (SsI2p/Rad25p) 
(3'~5') and XPD/ERCC2 (Rad3p) (5'~3'). These two proteins are subunits of the 

transcription/repair complex TFIIH, of which also other components are involved in NER (66, 

183, 192). The thus generated stretches of single stranded DNA are presumably stabilised by 
binding of RPA, which is a single strand DNA binding protein and also is involved in DNA 
replication and homologous recombination (59, 145).'Then, the 3' incision is made by XPG 

(Rad2p) at the 6th phospho diester bond, while the ERCC1/XPF (Rad1 p/Rad1 Op) complex 
introduces the 5' incision at the 20-22nd phosphodiester bond resulting in excision of a 28-30 

mer containing the damaged base(s). Gap-filling DNA synthesis and ligation are performed by 

DNA polymerase € andlor (I, peNA, RPA, RF-C and ligase I. In addition to this simplified model, 

several gene products, such as the XPC/HHR23B (Rad4p/Rad23p) protein complex (97) and IF7 
(1 ) I are required for in vitro reconstitution of NER, yet their specific role is unclear. 

Table 2. Proteins involved in each step of nucleotide excision repair in E. coli, yeast and man. 

function E. coli yeast human 

lesion recognition UvrA,B Rad14p/? XPA/XPE 
unwinding damaged region UvrA,B TFIIH TFIIH 
3' incision UvrB/UvrC (?) Rad2p XPG 
5' incision UvrC Rad1p/Rad10p ERCC1/XPF 
excision and repair synthesis UvrD,DNA pol I DNA pol 111111 DNA pol 6/£ 
ligation DNA ligase DNA ligase DNA ligase I 

Transcription-coupled repair in yeast. 

The first indications of differential repair in the yeast S. cerevisiae were provided by 

repair studies of the two mating type loci MAla and HMLa, that are identical in sequence. 

While in yeast a-cells the MA Ta locus is actively transcribed, the HMLa locus is silenced by the 

SIR proteins, which results in about 2.5 times more efficient repair of MAra (155). This 

differential repair, however, turned out not to be caused by the transcriptional state of the two 

loci, but by the difference in local chromatin structure. When the upstream activating sequence 

(UAS) of the MA Ta locus is mutated, the gene is no longer transcribed, yet repair is still faster 

than HMLa. Also, in a sir-3 mutant the closed heterochromatin-like structure of HMLa is relieved 
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and HMLa repair resembles that of MA Ta (17, 154). Later, true transcription-coupled repair was 

demonstrated for URA3(1421, RPB2(1481, and induced GAL7(86). The dependency of fast 

strand-specific repair on active RNAP II transcription was demonstrated by the absence of TCR 

in temperature-sensitive RNAP II mutants (86, 1481. 

RAD26. 

At present, only one factor, .RAD26, is known to be involved in TCR in yeast. The 

RAD26 gene was isolated based Oll homology with the human CSB/ERCC6, one of the two 
human factors required for TeR (Appendix II, 164). A rad26 disruption mutant hardly displayed 

preferential repair of the transcribed strand of the active RPB2 gene (164) and of the PH05 

PH0310cus (unpub. results), indicating that RAD26 is required for TCR in yeast. In contrast to 

its human equivalent, RAD26 disruption did not lead to enhanced sensitivity to UV-irradiation. 

This might be explained by the higher efficiency of global genome repair in yeast, that may 

compensate for the loss of TCR. Indeed, we recently obtained evidence for an overlap between 

the two pathways in yeast (175). In a similar way, the mfd-l mutation in E. coli does not lead 

to a highly increased UV-sensitivity (51, 131). Interestingly, RA026 disruption leads to a slower 

recovery of growth after UV-irradiation, which might indicate a functional role of TCR in yeast 

under non-laboratory conditions (164). 

Double mutants in transcription-coupled and global genome repair. 

Previously it was shown that the yeast genes RAD? and RAD16 are indispensable for 

global genome repair, i.e. repair of nontranscribed DNA sequences such as the silent HMLa 
locus and the nontranscribed strand of RPB2 (6, 174). Yeast genetics allowed us to generate 

isogenic rad? 116 rad26 double mutants that are disturbed in both transcription-coupled as well 

as global genome repair (Appendix III, 1751. If RAD26 would be the only factor mediating TeR, 

and if RAD7 and RAD16 were responsible for repair of all nontranscribed DNA, then a rad? 
rad26 or rad16 rad26 double mutant is expected to have no residual repair at all. However, UV­

survival experiments indicated that although there is a significant increase in UV-sensitivity, the 

double mutant is still capable of removing some lesions from the genome. When strand-specific 

repair of RPB2 was studied, it was found that, as expected, the rad?116 rad26 mutants did not 

repair the nontranscribed strand of this active gene. However, the transcribed strand was still 

repaired, albeit less efficiently than in a rad26 background. A similar level of residual repair of 

the transcribed strand of the induced GAL? gene was observed in the double mutant. This 

Rad26p-independent repair of the transcribed strand was clearly dependent on transcription, 

as it was absent in repressed GALl (175). 

These results indicate that there is a considerable overlap between NER subpathways. 

For instance, Rad26p does contribute to UV-survival, but in a rad26 null mutant this is 

compensated for by global genome repair. Also, global genome repair (RADJI16) can operate 

on the transcribed strand of an active gene, but this is only visualised when transcription­

coupled repair (RAD26) is impaired. Most importantly, the double mutants revealed a third NER 

activity that is restricted to the transcribed strand. Therefore, one can distinguish three repair 

activities within one active gene: Rad26p mediates enhanced repair of the transcribed strand 
only, Rad7p and Rad16p are required for repair of the nontranscribed strand but can also act 

on the transcribed strand, while this unknown repair moiety also contributes to transcribed 
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strand repair. The existence of a second factor coupling transcription and repair can readily 
explain previous puzzling observations: the persistence of some TCR of RPB2 in the rad26 

mutant (164), and the finding that RAD26 disruption had no significant effect on TCR of 
induced GAL 7, unless it was combined with RAD7 or RAD 16 mutations (175). Alternatively, 

the GAL? repair results can also be explained by the fact that under inducing conditions this 

gene is very heavily transcribed (143), which may alleviate the requirement for a coupling 
factor, as has been found for the IPTG-induced /acZ gene in the E. coli mfd-l mutant (78). 

There are at least four possible candidates for this second TCR factor. First, a yeast 
homolog of CSA, the other human factor required for TCR (165, 171), could contribute to TCR 
similarly to Rad26p. The human GSA gene has recently been cloned (58) and a putative S. 

cerevisiae homolog has been identified and isolated (8). Although the two genes share a 

significant sequence homology, no functional homology has been detected so far. Disruption 
of this yeast gene, tentatively designated RAD28, did not lead to aberrant survival, recovery 
of growth or strand-specific repair following UV-irradiation, as was observed with the rad26 

mutant. A redundancy of RAD28 function by RAD26 was excluded by doing similar repair 
studies as discussed above in rad26 rad28, rad?/16 rad28, and rad? rad26 rad28 double/triple 

mutants (8). Second, mismatch repair could be involved in TCR as is suggested from the above 
mentioned observations in E. coli and man. However, various yeast mismatch repair mutants 

and combinations of them were tested for their ability to perform TCR and no defect was 
observed. Also, a combination of the msh2 mutant with rad?, rad16 and rad26 showed no 

synergistic effect on transcribed strand repair (150). Third, the transcription elongation factor 
811 has been shown to stimulate the retractive movement and exonucleolytic RNA cleavage of 
stalled RNAP II complexes, leading to an increase in by-pass efficiency (40, 72, 76, 79, 121). 

Since the SII-mediated transcript shortening can form the basis of transcription-coupled repair 

(57, 164), SII could stimulate TCR independent of Rad26p and be responsible for the residual 
repair activity observed in the rad? /16 rad26 mutant. However, SII disruption mutants showed 
no elevated UV-sensitivity nor TCR defect by themselves or in combination with rad?, rad16 

or rad26 (K.S. Sweder, R.A. Verhage, both unpubl. obs.), making it unlikely that SII plays an 

important role in TCR. Alternatively, there might be more SII-like genes in yeast that provide 
redundancy (23, 191). Fourth, the stalled transcription machinery itself might stimulate 
attraction of repair proteins to the site of the lesion, e.g. mediated by the unphosphorylated C­
terminal domain (CTD) of the largest subunit of RNAP II (as discussed below). 

Transcription-coupled repair in Drosophila melanogaster. 

In the permanent cell line Kc, derived from wild type embryonic Drosophila me/anogaster 

cells, no strand-specific transcription-enhanced repair of the active genes Gart, Notch and /33-
/ubilin could be demonstrated (34,35). This would suggest that Drosophila lacks TCR, which 

would be highly surprising given the conserved nature of this process. Recent studies on repair 
activities of mouse embryonic stem (ES) cells might indicate that the observed defect in TCR 

may be intrinsic to embryonic cells rather than being specific for Drosophila. Mouse ES cells are 
quite UV-sensitive, have a very low overall repair activity, do not show preferential repair of the 

transcribed strand of DHFR (P.van Sioun, H. Vrieling unpubl. obs.). Also, ES cells display a high 
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level of apoptosis after UV-treatment, which may serve to prevent the fixation of mutations. 
The altered repair characteristics of ES cells, when compared to mouse fibroblasts, may be 

linked to the different chromatin structure within these cells, in analogy with differences in 

chromatin of Xenopus !aevis early embryonic versus adult cells (38, A,P. Welffe pers. comm.), 

Analysis of strand- and gene-specific repair in a differentiated Drosophila cell line should clarify 
the status of TCR in Drosophila, but these cells are very difficult to maintain in culture. A recent 

study of TCR in Drosophila using a very large number of isolated brains again did not indicate 

any evidence for enhanced repair of active genes. However, interpretation of these results might 

be complicated by the intrinsic variability (especially at early time points) of these complex 

experiments W.J.L. van der Helm, J.C.J. Eeken submitted). 

Transcription~coupled repair in man. 

Most XP genes are required for GGR as well as TCR, with the notable exception of XPC, 
that is involved in GGR only (Table 1). This is evident from the fact that XP·C cells have 

functionally lost the ability to repair inactive DNA sequences, including the nontranscribed 

strand of active genes (77,172,173). The transcribed strand of these genes is still repaired 

as in repair-proficient cells, indicating that TCR can overcome the repair defect imposed by loss 

of XPC. This is also exemplified by the fact that XP-C cells are fully capable in recovering their 

RNA synthesis after UV-irradiation, in contrast to other XP and CS cell lines (99). Moreover, it 

has been shown that the residual repair of XP-C cells is dependent on RNAP " transcription, 
since it can be completely blocked by specific RNAP II inhibitors (21). The XPC protein was 

shown to reside in a complex with one of the human homologs of the yeast Rad23p, HHR23B, 

and in this form displayed a strong single-stranded DNA binding activity (97). Apparently, the 

XPC/HHR23B complex is required to target the repair machinery to regions in the genome that 

are not transcribed. Similarly, this complex is absolutely required for in vitro (nontranscription­

coupled) NER of most damages, but at present its function in NER is unknown (1,106). 

On the other hand, CSA and CSB are essential for TCA. CS-A as well as CS-B cells are 

deficient in enhanced repair of the transcribed strand of the active genes ADA and DHFR, while 

having normal global genome repair activities (165, 171). Moreover, antibodies raised against 

CSA and CSB can inhibit the residual repair in XP-C fibroblasts, as visualised by UV-induced 

unscheduled DNA synthesis (UDS) (Appendix IV). When tested in the in vitro repair assay (189), 

cell~free extracts of CS-B cells are as active as repair-proficient cells (E. Citterio, A.J. Van Gaol 

unpublished). Because no transcription takes place under these conditions, this confirms the 

selective defect of CS-B in transcription-coupled repair. 

The recent identification of a dual role in repair and transcription of the basal 

transcription factor TFIIH (41,46,127,169,177,183) provided a plausible link of transcription 

to TCR, and suggested a central role for TFIIH in this connection. However, it should be noted 

that mutations in TFIIH subunits, in yeast and in man, lead to defects in both transcription­

coupled as well as transciption·independent DNA repair (61,66,149,177,183,192). Also, 

immuno-depletion of repair-competent cell~free extracts using various antibodies raised against 

subunits of human TFIIH deprived these extracts from in vitro, i.e. nontranscription~coupled, 

repair activity (67, 177). Recently, evidence was presented that TFIIH exists in two forms: as 

holo-TFIIH for transcription and as part of a nucleotide excision 'repairosome' that participates 
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in repair of all DNA (146). Although TFIIH might not be the fabtor determining the strand-biased 

repair of an active gene, it can certainly contribute to this phenomenon (see below). 

eSA. 

Both GSA and GSB genes have been identified and isolated, allowing biochemical 

analysis of their role in transcription and repair. The Cockayne syndrome A gene was recently 
isolated by transfections of a eDNA expression library to an immortalised CS-A cell line and 
selection of UV-resistant colonies (58). GSA (which is similar to ERGGa (70)) encodes a protein 

of 44 kDa that contains five WD repeats. These rather loosely defined WD repeats are found 

in a large family of proteins that have diverse cellular functions, including Signal transduction, 
RNA metabolism, gene regulation, cellular transport, and cell division (reviewed in (110). A 

common function associated with WD-repeat proteins seems to be a regulatory one, possibly 
by stimulating the formation of multiprotein complexes. The WD-repeat domain contains certain 

hydrophobic regions and may fold into a B'sheet-turn-j?,'sheet-turn-j?,'sheet structure, which 
might facilitate interactions with other WD-repeat and additional proteins (110). 

eSB. 

The Cockayne syndrome B gene was first isolated as ERCG6 by its ability to correct the 
UV-sensitivity of the CHD mutant UV61, belonging to complementation group 6 (158). The 
ERGG6 gene is localised on chromosome 1 Oq 11-q21 (157). Because this region was reported 

to be deleted in a patient with Cockayne syndrome symptoms (49)' transfections of the ERGG6 
eDNA were performed to CS-A and es-s cells (Appendix I, 159). Transfected CS-S but neither 

CS-A nor various XP cells showed correction of UV-sensitivity to wild type levels, indicating 
that ERGG6 mutations were underlying the repair defect in CS-S. Indeed, severely truncating 

mutations in ERCG6 were identified in a CS-S cell line (1 59), and the gene was renamed GSB 
(88). The CSB eDNA encodes a protein of 1493 amino acids (168 kDal, that contains several 
interesting domains. First, an acidic amino acid stretch is present in the NH 2-terminus (aa 356-

NLS 

H2Na~L' ____ -,-i-,l--.JjLlLi.a;i~",~I",',I""'~1i!!1I§tIlfi1<11"'IFscl ____ a-'a r::OH 
II I 11'11 II II 

CS·S mutations: 

Figure 4. Schematic representation of the GSB protein. 
The conserved domains are depicted as follows: A, acidic amino acid stretch; G, glycine-rich 
region, NLS, nuclear localisation signal; 1- VI, helicase motifs. The entire middle region (darker 
box) is strongly conserved (31 % identical amino acids) within the SWI2/SNF2 subfamily of 
A TPases/ putative helicases. Also indicated are GSB mutations Identified thus far by Donna 
Mallery (Dr. A. Lehmann's laboratory), and Bianca Tanganelli lOr. M. Stefanini's laboratory). 
Most of these mutations result in nonconservative' amino acids changes, frame shifts, or in a 
premature stop (unpublished). 



20 Chapter 2 

394), which might be involved in chromatin association (117). This is followed by a short 

stretch of glycine residues (aa 442-446) and a consensus sequence for a bipartite nuclear 

localisation signal (aa 466-481) (124). The middle part of the CSB protein (aa 527-950) 

contains seven motifs which are strongly conserved in many known and putative RNA and DNA, 

helicases (54). Moreover, the complete helicase/ATPase region is strongly conserved to 

comparable parts of proteins belonging to the still expanding SNF2 subfamily of putative 

helicases (reviewed in (14,20,45). This subfamily encompasses at least 25 proteins of diverse 

function, such as transcription activation (SWI2/SNF2, ISWI, Brahma, XH2) or repression 

(STH1, MOT1), various DNA repair pathways (CSB, RAD5, RAD16, RAD54). preservation of 

chromosome stability (lodestar), and also includes two prokaryotic proteins (45 and references 
therein, 52,81, 90). 

The function of the conserved helicase/ATPase region is still unclear, but there is 

increasing evidence that the entire helicase region is required far disruption of DNA-bound 

protein complexes, simultaneously with ATP hydrolysis (62, 116, 185, 188). The yeast SWI2/­
SNF2 protein is part of a large complex of at least 10 proteins (19,115,156), which has a 
DNA-dependent ATPase activity (19, 83a). Na standard helicase activity, i.e. displacement of 

a DNA-bound DNA/RNA primer, could be demonstrated (83a). However, by hydrolysis of ATP 

the 8WI/8NF complex is able to disrupt a nucleosome in vitro, thus allowing binding of the 

GAL4 transcription activator (32, 83). or the TATA-binding protein (TBP) (68). Disruption of 
nucleosomes might be induced by changes in helical twist that are generated by SWI/8NF 

binding to promoter DNA (119). Recently, evidence emerged that the SWI/SNF complex is 
associated with the RNAP /I holoenzyme, a megadalton-sized complex containing RNA? II, some 

basal transcription factors and 8RB regulatory proteins (80, 184). 

A similar, yet distinct, activity has been reported for the human protein ISWI, being part 

of the nucleosome remodeling factor (NURF) (161). The NURF complex is also capable of 

disrupting a nucleosome and thus can stimulate transcription factor binding. The required 
ATPase activity is not stimulated by naked DNA nor by histone proteins but only by an 

assembled nucleosome, indicating a target specificity (160). 

A third example is provided by the MOT 1 protein that is able to disrupt binding of TBP 
(TAT A binding protein) to a promoter sequence, and thus inhibit transcription initiation (5). 

Disruption required the strong ATPase activity of MOT 1 , which is not stimulated by DNA (with 

or without TAT A sequences). Interestingly, disruption of TSP binding ta TAT A-sequences has 

also been reported for a subunit of TFIIIS, TAF-172, which may be the same protein as MOT1 

(151). Immunoblot analysis excluded that TAF-172 is the same protein as CSB (H.Th.M. 
Timmers, unpublished). 

Model for human TCR. 
The signal that targets repair to the transcribed strand is likely to be formed by an 

elongating RNAP II, that is stalled on a lesion (57). Since such a stalled RNAP blocks the lesion 

from being repaired (40, 129), it has to retract to permit access of repair proteins. The 

elongation factor 811 (TFII8) has been shown to stimulate this retractive movement that 

precedes transcriptional read-through (72, 121, 122). The 280 amino acid 811 protein contains 

a RNAP interaction domain and a cryptic Zinc ribbon that is expected to be exposed only when 

811 is bound to an elongation complex (118,120). 80th of these domains seem to be required 
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for stimulation of elongation (2, 74). Binding of SII was shown to stimulate the intrinsic RNA 

cleavage activity of the nascent RNA by the stalled RNAP and the by-pass efficiency of the 

obstruction (79, 121, 180). This mode of transcription stimulation is clearly distinct from that 

of TFIIF, elongin (Sill) and the recently identified ELL, that all suppress the time a RNAP pauses 

during elongation (4, 15, 56, 140). ElOngation of RNAP II has been shown to proceed via an 

'inchworm' movement, in which the leading part slides along the DNA helix, While the back part 

synthetises the RNA (3, 22, 111). SIl-stimulated nascent RNA cleavage of more than nine 

nucleotides is associated with upstream movement of the leading part of the elongating RNAP 

(55, 181), and this may allow access of other proteins to the obstruction. However, it was 

found in vitro that SII-stimulated retraction of RNAP (~ 10 bpI was insufficient by itself for the 

relatively small repair enzyme photolyase to repair the positioned UV-CPD (40). This indicates 

that additional factors are required for increasing the retraction efficiency. Also, besides the 

clearing of the lesion the repair machinery has to be attracted to the lesion to explain 

preferential repair of the transcribed strand. 

In this perspective, the SWI2/SNF2-like helicase/ATPase region identified in CSB and the 

WD-repeats in CSA might shed more light on their role in transcription-coupled DNA repair. 

Analogous to the observations made for other SWI2/SNF2-like helicases, the helicase region in 

eSB could be involved in a partial disruption of the binding of a stalled RNAP to the DNA. Such 

disruption is likely to facilitate the SII-stimulated upstream movement of the stalled RNAP, 

thereby providing the opportunity for repair proteins to recognise and remove the lesion. The 

WD-repeats in eSA may serve to stabilise interactions between CSB and the stalled 

transcription complex. The attraction of the repair machinery may involve unidentified domains 

in eSB, residing in the large N-terminal and e-terminal ends, or may be mediated via the WO­

repeats of eSA, interacting with WD-repeat transcription proteins (110). Previously, interactions 

of CSB with XPB, XPD, XPG (43), and of CSB with TFIIH and XPA (42)llave been suggested 

but not unequivocally established. Using immunoprecipitations of in vitro translated proteins an 

interaction between CSA and CSB, CSA and p44 (a subunit of TFIIH) (58), and between CSB 

and XPG was found (71), however these interactions could not be demonstrated under more 

physiological conditions that allow active in vitro transcription and repair (163). The absence 

of associations of eSA and esa with transcription and repair proteins in active cell-free extracts 

can be explained by the expected transient character of these interactions, which may only 

occur when the cell is challenged with damaging agents (163). 

A tentative and simplified model for TeR in humans, which takes into account the 

requirement for eSA and eSB, is shown in Figure 3. An elongating RNA polymerase" complex 

is blocked by a lesion, present in the transcribed strand of the gene. The stalled RNAP has been 

has a different conformation (82, 112), which is recognised and bound by SII and eSB. These 

interactions may be stabilised by eSA. The helicase/ATPase region of esa then mediates the 

partial disruption of RNAP-ONA binding, which facilitates the upstream dislocation of the stalled 

RNAP complex by SII. The repair machinery is attracted to the site of the lesion via transient 

interactions with eSA and/or eSB, the lesion is repaired and transcription elongation resumes. 

Although eSA and CSB are required for TeR in man, the stalled elongation complex itself 
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may also stimulate repair of blocking lesions. A crucial step in the promoter clearance of many 

genes seem to be the phosphorylation of the C~terminal domain (CTD) of the largest subunit of 

RNAP (33), This is thought to be the final step in the multi-step process of transcription 

initiation Ireviewed in 130, 193). CTD phosphorylation is likely to be performed by the CDK­

subunits ofTFIiH 147, 95, 137, 139), and this may convert the RNAP into the elongating mode. 

Several studies have indicated that the CTO of an elongating RNAP is again hypophosphorylated 
133, 113), which is the state of the CTD when the RNAP becomes blocked by a lesion. The 

underphosphorylated CTD of a stalled RNAP may form a target for binding of the basal 

transcription factor TFIIE, that in turn recruits TFIIH, as has been well described for the building 

up of the transcription initiation complex (53, 98). Together with TFIIH, other repair proteins 

may become attracted to the site of the lesion, maybe already assembled as a 'repairosome' 

(46, 146) and the lesion will be removed via NER. After repair is complete, the CTD becomes 

heavily phosphorylated again by the concerted action of TFIIE and TFIIH 198, 136) and 

transcription elongation resumes with a fresh start. Such targeting of repair activity by a stalled 

RNAP may explain the residual repair of the transcribed strand observed in the yeast rad7/16 

rad26 double mutant. 

Additional roles of CSA and CSB. 
The model for human TCR described above is oversimplified and contains several 

uncertainties, among which the exact role of eSA and eSB. In addition, several observations, 

some of which are very recent, indicate that more processes, in particular transcription, are 

impaired by loss of eSA and eSB in yeast, mouse and man. 

Firstly, es patients display characteristic clinical features that cannot be explained on 

the sale basis of a repair defect (Table 1). They merely reflect neurological and developmental 

abnormalities, including growth and mental retardation and impaired sexual development. Death 

results from progressive neurological degeneration, and in most cases before the age of 20 

(reviewed in 187,109)). Comparable features have also been found in XP-B, XP-D, TTD-A and 

XP-G patients, of which the first three have been shown to carry mutations in subunits of the 

transcription/repair factor TFIIH. Previously the origin of these typical features was postulated 

to reside in a (subtle) defect in transcription rather than in repair, which led to the definition of 

'transcription syndromes' (13, 177). Following this reasoning one can imagine that eSA and 

eSB are involved in the transcription process itself in addition of mediating transcription-repair 

coupling. 

Secondly, recently csb-/- knock-out mice have been generated which were found to 

display a severe defect in TeR of UV-induced CPO lesions (G.T.J. van der Horst, manus. in 

prep. I. in agreement with the yeast null mutant Irad26111641 and the human CS-B cells 1165, 

171). Other repair characteristics, such as increased UV-sensitivity of the csb -/- mice as well 

as of derived embryonal fibroblasts, normal GGR (as measured by UV-induced UDSL and 

defective recovery of RNA synthesis after UV-irradiation, correspond to those of human eS-B 

cells as well. The csb -/- mice do not display the characteristic hallmarks of es as dramatically 

as the human patients. Nonetheless, some minor growth disturbances and neurological 

aberrations have been noted (G.T.J. van der Horst, manus. in prep.). Surprisingly, the csb -/­

mice efficiently develop skin cancer when treated with the carcinogenic agent DMBA. This is 

in contrast to human es patients for who no skin cancer predisposition after UV-exposure has 
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been reported. This might reflect a different response of skin cells to OMBA as compared to UV. 

To test this hypothesis, csb + mice are currently analysed for carcinogenic response to UV. 
Alternatively, this discrepancy between man and mice might be explained by the much higher 

contribution of TCR to total cellular repair in rodents compared to human cells. Nonetheless, 
these studies reveal a role for CSB in mutagenesis andlor carcinogenesis, which initially was 
not apparent. 

Third, an interesting observation was made when human CS cells were exposed to the 

genotoxic agent N-acetoxy-2-acetylaminofluorene (NA-AAF) (168). This compound is converted 
in human cells mainly into a dG-Cs-AF adduct, that causes little distortion of the DNA helix (89). 

dG-C8-AF lesions have been shown to form a rather inefficient block for an elongating RNAP 
(24,39, 100), and they seem not to be subject to preferential repair coupled to transcription 

in normal cells (153, 168). Remarkably, CS-A and CS-8 cells show a 3-fold increased sensitivity 

and an inability to recover their RNA synthesis after NA-AAF treatment (168). This indicates 
that the NA-AAF sensitivity of CS cells is not caused by an impaired TCR, but instead may 
reflect a defect in initiation of transcription after NA-AAF treatment. Impaired transcription of 

the studied genes would then result in the observed TCR defect. A similar situation could hold 
for UV lesions, although in normal cells UV damages are subject to TCR. These observations 

are perhaps indicative of a role for CSA and CSB in iniHation of transcription after genotoxic 
treatment. 

Fourth, a recent study indicated a role for CSA and CSB in UV -induced modification of 
RNA polymerase II (16). After exposure of cells to UV irradiation or cisplatin, the large subunit 

of RNAP II becomes modified which is apparent by discrete higher molecular weight bands on 
a protein gel. Using mono-specific antibodies and HA-tagged ubiquitine peptides, it was shown 

that RNAP was modified by ubiquitination. Ubiquitin conjugation of proteins can have pleiotropic 
consequences and influences many cellular pathways, including DNA repair, sporulation! 

spermatogenesis, cell cycle and transcription (reviewed in (73). Although ubiquitination often 
precedes proteolytic degradation, it can also influence modification and alternative processing 
of protein complexes, as has recently been shown in a number of cases (25, 60, 63, 182). 

Surprisingly, the UV-induced ubiquitination of RNAP II was absent in CS-A and CS-8 cells, but 

could be restored by transfections of the corresponding cDNAs, strongly implying a role for CSA 
and CS8 in this RNAP II modification (16). The RNAP II ubiquitination defect seems to be 
correlated to absence of CSA or CSB rather than to defective TCR, since Wild-type 

ubiquitination is observed in total repair deficient XP-A, XP-B and XP-O fibroblasts (O.B. 

Bregman, unpub!. obs.). Interestingly, a low level of ubiquitination of RNAP II is also observed 
in absence of genotoxic treatment. In absence of CSA and CSB this spontaneous modification 
of RNAP II could be dysregulated, affecting the turn-over of the enzyme and possibly leading 

to the subtle transcription defects that are suggested by the clinical features of CS patients. 
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Concluding remarks 

In recent years a vast amount of progress has been made in the eukaryotic DNA excision 

repair field. While five years ago the main focus was on cloning repair genes and purifying repair 

activities, it is now possible to completely reconstitute the nucleotide excision repair machinery 

in a test tube using purified and recombinant factors and damaged DNA templates. Most human 

repair genes involved in xeroderma pigmentosum and Cockayne syndrome have noW been 

identified and isolated. Moreover, several major findings have been made concerning the 

overlaps of DNA repair pathways with transcription, cell cycle and recombination and the 

involvement of various repair genes with tumorigenesis. The human, yeast and other genome 

sequencing projects greatly facilitate the identification of homologous genes in the computer 

databases, which in many cases alleviates the time-consuming screening of cDNA libraries. 

There are still several genes to be identified (e.g. TTDA), the identities of some activities have 

to be established (e.g. IF7), and the requirement for certain factors in (in vitro) repair (e.g. the 

XPC/HHR23B complex and in parallel Rad7p/Rad16p) still needs to be clarified. Nonetheless, 

modern biochemical techniques increasingly facilitate the elucidation of the precise activity of 

purified repair proteins (or -complexes), their role in the pathway and the exact protein-protein 

and protein-DNA interactions that are involved. One can expect this to lead to the complete 

unraveling of the nucleotide excision repair pathway within a few years, as has recently been 

achieved for base excision repair of uracil-containing DNA (37). 

One of the major topics of interest in the near future will be the cellular processes that 

are connected with or influenced by nucleotide excision repair. For a long time it is known that 

when cells are damaged, they arrest at certain phases of the cell cycle (G 1/S, G2/M) to allow 

repair of the lesions. Several protein complexes have now been identified that have dual roles 

in different metabolic pathways. The basal transcription factor TFIIH is the most striking 

example: this complex contains at least nine subunits which are involved in transcription, DNA 

repair, and possibly in cell cycle regulation (66). The ERCC1/XPF (yeast Rad1p/Rad10p) 

complex is not only involved in NER but also in recombination, since the corresponding CHO 

mutant cells show increased sensitivity to cross-linking agents (18), while the yeast mutants 

are defective in mitotic recombination (128). Possibly a similar activity, namely endonucleotic 

cleavage at the 5' site of respectively unwound Of 'flap-like' DNA structures, is required in both 

pathways (141). The single-stranded DNA binding protein RPA, a heterotrimeric complex, was 

sh.own to be required for in vitro NER (1), while it is strongly involved in replication and 

homologous recombination as well (59, 145). As argued above, the CSA and csa proteins may 

have a role in transcription-repair coupling as well as in transcription itself, which could 

correspond to a similar function. In addition, the clinical features of XP-G patients also imply 

a role for XPG in transcription. It will be of major interest to reveal the connections between 

DNA repair, transcription regulation, cell cycle progression, replication and recombination as 

well as the factors that mediate in that regulation. 

A second, important goal will be to elucidate the cause of the Cockayne syndrome and 

trichothiodystropy features observed in CS, combined XP/CS, and TTD patients. As argued 

above, many of these features likely reflect a subtle defect in transcription, rather than in DNA 
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repair (13, 177). Moreover, there are also CS and TTD (1II8IDS) patients without increased 

photosensitivity, and without obvious NER defect. The combined XP/CS and the TTD features 
in XP-8, xp-o and TTO-A patients may be explained by assuming that the mutations affect in 

some unknown manner the transcription function of TFIIH (of which XPB, XPD and TTDA are 

subunits), Consequently, expression of specific proteins such as myelin basic protein in neuronal 
cells or cysteine-rich matrix proteins in (brittle) hair is decreased (discussed in 177). However, 

CS-A, CS-8 and some XP-G patients also display typical CS features, while it is not known 

whether or how these proteins might modulate TFIIH function. Several possibilities can be 

envisaged. 
CS cells were shown to be impaired in TCR of oxidative damage, induced by ionising 

radiation (84). The mode of repair of these lesions is unclear, since totally NER-deficient XP-A 

cells are proficient in repair of these lesions. Since oxidative damage can arise from intracellular 

metabolic processes, it was suggested that accumulation of these lesions leads to the observed 

clinical features in CS patients (84). Supportive for this idea is the fact that some XP-G patients 

display similar features, whereas XP-G celis, derived from these patients, are also deficient in 

repair of oxidative damage, such as thymine glycols (30a). 

It has been suggested that CSA and CSB form a 'shuttling vector' that mediates the 

switch of TFIIH from its 'repair mode' into its 'transcription mode' (168). In absence of CSA 

or CSB, there will be less TFIIH available to participate in transcription, leading to the observed 

CS features. However, this assumes that there is a constant level of damage present for which 

TFIIH is required, which is not very likely. In addition, early onset CS patients already display 

very severe clinical features (109), while their genome is not expected to contain many 

damaged nucleotides. 

A third, alternative scenario could be that CSA and csa mutations themselves affect 

transcription. The observed defect of RNAP II ubiquitination in CS-A and CS-B cells is very 

provocative in this respect, since such a defect might interfere with RNA polymerase turnover 

and thus transcription regulation. 

A fourth hypothesis is that CSA and CSB function as transcription elongation factors 

that, similar to TFIIF, elongin (SIll) and ELL, decrease the time an elongating RNA polymerase 

pauses at a naturally occuring pause site (3, 140). These sites are frequently found in genes 

and it is suggested that they represent another parameter of gene regulation (22). In absence 

of eSA/CSB transcription will be less efficient and less RNAP will be available to initiate or 

complete transcription of particular genes. 

Finally, CSB could be involved in the disruption of chromatin, as is suggested by the 

presence of the SWI2/SNF2-like ATPase domain in its protein sequence. An elongating RNAP 

molecule also has to pass nucleosomes, present in the active gene, and this disruption and 

reassembly of the nucleosome might be facilitated by eSB. Mutations of eSB are then also 

expected to lead to decreased transcription elongation rates. Clearly more experiments have to 

be done to address this question and to test these or other hypotheses. The various mouse 

models that are being generated may be very valuable for revealing the origin of CS and TTD 

features. In addition to the above discussed csb -/- mice, mouse models are being generated 

that mimick mutations in the XPD gene, that have been identified in patients with XP, XP/CS 
and TTD features (J. de Boer, G. Weeda, pers. comm.). Any observed differences in 

(neurological) development, mutagenesis and carcinogenesis can then directly be related to the 
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specific mutation in the same gene. 

A third question that needs to be addressed, is how results, obtained in vitro, should be 

correlated to the in vivo, cellular situation. Notably, most in vitro systems contain damage~ 

DNA templates that lack a proper chromatin structure, which is known to have a major 

influence on damage induction and repair efficiency. In addition, it seems that most basic DNA­

metabolising processes, such as replication, transcription and DNA repair are concentrated at 

the basis of chromatin loops, near the attachment sites with the nuclear matrix. While this 

provides a good environment for interactions between these pathways, it is as of yet unclear 

whether or how this might occur. 

Future perspectives. 

The experiments described in appendix I to IV did not lead to the complete elucidation 

of the function of CS8 in the cell. The yeast experiments allowed a dissection of repair levels 

within one active gene, and provided insight into the contributions of global genome and yeast 

csa (RAD26)-dependent transcription-coupled repair pathways in strand-specific repair. The 

analysis of CS8 in repair- and transcription-competent cell-free extracts indicated that the CSB 

protein resides in a very large molecular weight complex. Additional experiments excluded the 

possibility that CSB is quantitatively associated with a number of investigated repair and 

transcription proteins. At the same time that study provided a basis to continue biochemical 

analysis of the function of CSB (-complex). Below I would like to speculate a little more on what 

kind of experiments one can imagine to be revealing. 

The most direct indication for the function of CS8 would be to test for correction in a 

certain activity assay. However, the defect of CS cells in transcription-coupled repair only 

makes it very hard to apply the standard assays that have been proven valuable for other repair 

proteins. When tested in in vitro (nontranscription-coupled) repair or transcription assays, CS 

extracts show wild-type activity. Also in vivo, CS-cells have normal transcription and repair 

(UDS) levels, assayed by incorporation of respectively 3H-Uridine or 3H-Thymidine. The wild-type 

UDS levels of CS cells are presumably caused by the fact that TCR only enhances repair of a 

small fraction of the genome, and also because a significant portion of the observed UDS is 

caused by NER of 6/4 PP lesions, whose repair is so fast that TCR hardly contributes to it 

(166). CS cells do show a defective recovery of RNA synthesis after 16 hours. It should be 

possible to correct this DNA repair deficiency by microinjection of CSB eDNA constructs or 

protein preparations, but using in vivo RNA synthesis recovery as an assay is difficult due to 

the intrinsic variability in RNA synthesis levels between individual cells. 

The best option would be an in vitro TCR assay, in which CS-8 cell-free extracts would 
be deficient of strand-biased repair of a transcribed gene but which can be corrected by the CSB 

protein (-complex). In this way, one could purify CS-8 correcting activity, determine the 

domains which are required for CSB function and detect the targets for its activity. 

Unfortunately, it seems that it is very difficult to develop such an assay. Several investigators 

in independent groups have tried to validate an in vitro TCR assay but failed. In most instances 

damaged DNA templates containing transcription units were mixed with cell-free extracts from 
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repair-proficient or -deficient cells, and strand-specific repair was analysed. Typically, only a 

very low, transcription-dependent increase in repair rate of the region just downstream of the 

promoter was observed. This small increase, however, was not specific for the transcribed 

strand and was still present in extracts derived from CS-A and es-s cells. 

The generation of functional HA- and Hiss-tagged eSB constructs now allows the 

purification of the eSB protein by subsequent purifications on a HA-affinity column, Ni 2 + -resin 

and additional columns (such as heparin or phosphoce!lulose). eSB can either be purified in a 

recombinant form from Baculovirus-infected insect cells or from celHree extracts of transfected 

CS-8 cells. The latter source has the advantage that associating proteins, that might modulate 

GSB function, are still present in the final preparation. A large scale purification ultimately may 

allow microsequencing of the copurifying proteins to determine their identity. This might be one 

of the few reliable ways to identify CSB-associating proteins. The experiments in appendix IV 

show that although GSB seemed to be present in a large molecular weight complex in cell-free 

extracts, no associations of GSB with a number of candidate proteins in these extracts could 

be shown. 

Other frequently used methods to detect protein-protein interactions are, in the case of 

GSB, expected to be sensitive to artifacts. Immunoprecipitation of in vitro translated proteins 

is severly hampered by the large size of GSB (168 kDa}. In reticulocyte Iysates several shorter, 

truncated forms of GSB are produced that might encode binding sites for other proteins that 

under physiological conditions, i.e. within the cell, would not be exposed. Especially the acidic 

amino acid stretch in the N-terminal part of GSB may contribute to false positive results by 

aspecific binding to basic proteins. The frequently used two-hybrid analysis suffers from a 

similar problem. This system should enable one to identify also transient interactions, however 

no clear candidate proteins have been found (92, A. Yasui pers. comm.). The only positive 

interaction reported thus far is between CSA and CSB, although interaction of the yeast 

equivalents could not be demonstrated so far (58, E.C. Friedberg pers. comm.). An alternative 

is to analyse only parts of the GSB protein in a two-hybrid screen, but this might result in false 

negative or false positive results. Protein-protein affinity chromatography, e.g. GST -pulldown 

experiments, or screens of phage expression libraries are also hampered by the large size of 

CSB. The yeast system often allows a screen for supressor mutations of a certain phenotype, 

which usually represent mutations in (interacting) proteins in the same pathway. Unfortunately, 

the yeast rad26 disruption mutant does not display any sensitivity to damaging agents (164), 

making s~lection of suppressors very difficult. In all of these cases it is essential that in vitro 
detected interactions have to be verified under in vivo, non-over expression conditions to 

indicate functional relevance. Alternatively, such interactions gain much more weight if binding 

!S followed by an activity, e.g. increased ATPase activity, disruption of protein complexes, or 

stimulation of transcription rates. 

Once a purified GSB protein (-complex) is available, various biochemical activities can 

be determined. Probably the most revealing one is to assay whether the ATPase domain of CSB 

is active and which cofactor stimulates this activity. For other members of the SWI2/SNF2 

putative helicase subfamily the latter has shown to correlate well with the observed activities 

(discussed above). Possible cofactors to be tested, taken into account its required role in TCR, 
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include Inakedl double/single stranded DNA, DNA:RNA hybrids, nucleosomal DNA and a stalled 

RNA polymerase:DNA:RNA ternary complex. A CSB mutant which is affected in the ATPase 
or helicase motifs will be very valuable for such assays. Helicase activity of the CSB (-complex) 
can be determined, although several other members of the SWI2/SNF2 subfamily have been 

reported not to possess DNA unwinding activity. Affinity of CSB for transcription andlor repair 
complexes can be determined once it is available in purified form. Addition of CSB (-complex) 

might stimulate in vitro transcription rates, indicative of a role in transcription elongation. 
A CSB mutant in the ATPase motif can also be overexpressed in cells to study possible 

dominant negative effects. If the mutated CSB is incorporated in the CSB complex in a similar 

manner as the nonmutated form, it might stall the process in which it is involved due to its 
failure to hydrolyse ATP. In a similar way, mutations in the ATPase motif of XPB/ERCC3 had 
a dramatic effect on transcription in vivo after microinjection (169). Alternatively, an amino acid 

change of the conserved 'SAT' sequence in helicase motif III has been shown to impair the 
helicase activity of a splicing factor, without drastically affecting ATPase hydrolysis (116a). A 
similar mutant in CSB will be very valuable when investigating the function of the helicase 

motifs. 
To be able to identify those amino acids that are required for the -specific function of 

CSB, patient-related mutation data will be very useful. The laboratory of Dr. A. Lehmann and 
Dr. M. Stefanin! have been analysing a large number of Cockayne syndrome B patients and 

identified many mutations in both alleles of the CS-8 gene (Figure 4). The majority of the 
mutations are located in the middle part, containing the helicase/ATPase domain, and few 

mutations have been found in the N- and C-terminal ends. Most of them are very severe, leading 
to truncations of a large part of the CSB protein. Some selected mutations are now tested for 
their correcting activity in cell transfections and UV-survivals. Moreover, these mutations will 

be tested as soon as an assay for CSB activity becomes available. These experiments, together 
with the analysis of the csb -1- mice, might ultimately lead to the complete elucidation of the 
role of the Cockayne syndrome B protein. 
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Abbreviations 

Abbreviations 

adenosine triphosphate 
complementary DNA 
Chinese Hamster Ovary 
cyclobutane pyrimidine dimer 
C-terminal domain of largest 
subunit of RNA polymerase II 
7,12-di-methylbenz[a1anthracene 
deoxyribonucleic acid 
double-stranded DNA 
Drosophl'lamelanogaster(frultfly) 
Escherichia coli (bacterium) 
(human) excision repair cross 
complementing gene (protein) 
embryonic stem cell 
global genome DNA repair 
kilo Dalton 

mutation frequency decline 
N -acetoxy-2 -a ce tylam i n 0 fI U a fa ne 
nucleotide excision repair 
polyacrylamide gel 
electrophoresis 
polymerase chain reaction 
(6-41 pyrimidine-pyrimidone 
photoproduct 
radiation sensitive 
S. cerevisiae repair gene (protein) 
(messenger) ribonucleic acid 
Saccharomyces cerev;s;ae 
(baker's yeast) 
sodium dodecyl sulphate 
single-stranded DNA 
Simian virus 40 
transcription-coupled DNA repair 
unscheduled DNA synthesis 
ultraviolet light 
ultraviolet resistance 
E. coli repair gene (protein) 

Genetic disorders 
AT ataxia telangiectasia 
as Bloom syndrome 
CS Cockayne syndrome 
FA 
HNPCC 

TTD 
XP 

Fancon! anemia 
herediatry non polyposis 
colorectal cancer 
trichothiodystrophy 
xeroderma pigmentosum 

Protein names 
CSA/CSB Cockayne syndrome A/B protein 
DNA pol olf DNA polymerase O/f 
HHR23B human homolog of RAD23 
IF7 initiation factor 7 
ISWI 
MOT1 

NURF 
PCNA 
RF-C 
RPA 

RNAP II 
SWI 

SNF 

TBP 
TFIIH 

TRCF 
XPA(-GI 

imitation switch 
modifier of transcription 
nucleosome remodeling factor 
proliferating cell nuclear antigen 
replication factor C 
replication protein A (human 
ssDNA binding protein) 
RNA polymerase II 
refers to S. cerev;s;ae mutants, 
defective in mating type switching 
refers to S. cerevisiae sucrose non­
fermenting mutants 
TAT A binding protein 
transcription factor IIH 
transcription repair coupling factor 
xeroderma pigmentosum group A 
(-G) protein 
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Summary 

Cells from patients with the UV-sensltlve nucleotide 
excision repair disorder Cockayne's syndrome (CS) 
have a specific defect In preferenllal repair of lesions 
from the transcribed strand of active genes. This sys· 
tern permits quick resumpllon of transcrlpllon after 
UV exposure. Here we report the characterization of 
ERCe6, a gene Involved In preferential repair In au­
karyotes. ERCe6 corrects the repair defect of CS com­
plementalion group B (CS-S). It encodes a protein of 
1493 amino acids, containing seven consecullve do· 
mains conserved between DNA and ANA hellcases. 
The enUre hellcase region bears striking homology to 
segments In recently discovered proteins Involved In 
transcription regulation, chromosome stability, and 
DNA repair. Mutallon analysis of a CS-S patient Indi­
catos that the gene Is not essential for cell vlabllJty 
and Is specific for preferential repair of transcribed 
sequences. 

Introducllon 

The genetic Informal!on of an organism is continually sub· 
Jected to the damaging eilects of envlronmenta! and Inter· 
nal genotoxlc agents, chemicallnstabilily, and the Inher· 
ent imperfection of DNA metabolizing prOCesses, If 
unrepalred, such DNA injury wHllead to mutations, carcl· 
nogenesls, general deterioration of cell functioning, 
and cell death. To counteract these deleterious conse· 
qUences, an Intricate network of DNA repair systems has 
evolved (for review see Friedberg, 1985). Among the most 
Important and best·studled repair mechanisms, both in 
prokaryotes and eukaryotes, is the nucleotlde excision reo 
pair (NER) pathway. This system eliminates a remarkably 
broad spectrum of structurally unrelated lesions, such as 
ultraviolet (UV)-induced cyc!obutane pyrimidine dimers 
(CPO) and (6-4) photoproducts, bulky chemIcal adducts, 
and DNA cross'lInks. Removal of these lesions proceeds 
via a multistep reaction, whIch is resolved to consIderable 
detail In the baclerlum Escherichia coli (van Houten, 
1990): a UvrAzB helicase complex scans the DNA for struc­
tural distortions by locally unwinding the two strands (Oh 
and Grossman, 1987) and delivers the UwB subunit to the 
lesion (Orren and Sancar, 1989), UvrC Interacts with the 
damage-speclflc UvrB-DNA complex and catalyzes Inci­
sIon of the damaged strand on both sides of the Injury, 

Release of the leslon·contalnlng 12-13 nl oligomer, as 
well as the bound UvrC, Is performed by UvrD (hetlcase 
II), after whIch DNA polymerase I turns over UvrB and 
fills the resulting sIngle-stranded gap (Orren et al., 1992), 
Finally, Ihe newly synthesized repair patch Is ligated to the 
parental DNA. Knowledge of the molecular mechanism of 
NER In eukaryotes Is rapidly accumUlating. Recently, a 
dual Incision has been demonstrated (Huang et aI., 1992), 
and several proteIns required for pre· or postincislon steps 
were Identified (Shivjl et at., 1992), 

The prototype repair disorder xeroderma pigmentosum 
(XP) Illustrates the phenotypic consequences of defective 
NEA. Patients sufferIng from this rare recessive Inherited 
disease characteristically exhibit extreme sun (UV) sensI­
tivity, pigmentation abnormalities, predisposition to skin 
cancer, and frequently progressive neurological degener­
atlon(Cleaver and Kraemer, 1989), Extensive genetic het­
erogeneJty was disclosed by cell hybridization with the 
identification of at least seven excIsIon-deficient comple­
mentation groups (Xp·A to XP-G) (de Weerd-Kasteleln et 
aI., 1972; Vermeulen et a!., 1991), The bIochemical basis 
for the XP NER defect probably resIdes In undefined early 
steps of the pathway precedIng incisIon and repaIr synthe­
sis (Shiv]! et aI., 1992). 

An ImmedIate and urgent effect of the presence of Ie· 
slons In DNA Is Interrupllon of the vital process of Iran­
scriplion (Mayne and Lehmann, 1982). To release thIs 
otherwIse lethal block, a sophisticated NER subpathway 
appears 10 operate that primarily focuses on the rapId and 
preferential removal of certaIn lesIons (from the transcribed 
strand oQ active genes, ThIs NER process was first discov­
ered In mammalian cells (Bohr et at., 1985) and found to 
explain the apparent paradox that rodent cells perform 
only a fraction of CPD removal compared with human cell 
lines, yellhey exhlblt the same degree of UV resIstance 
(Zelle ef aI., 1980; van Zeeland et a1., 1981), It appeared 
thai rodent lines maInly rely on the strand-selective repair 
of active genes and are largely deficient In the NEA sub­
pathway that is responsible lor the slower and Incomplete 
removal of CPO from the genome overall (including the 
nontranscrlbed strand) (Bohr et ai" 1985; MeHon et aI., 
1987), Human cells are proficient for both processes (Mel­
lon et aI., 1986, 19B7; Venema et aI., 1990b). This demon­
strates the Importance for cell survival of preferential reo 
pair of the small but vital acllve compartment of the 
genome, Recent analysIs of mutations In various genes 
has provided evIdence that strand-seleclive repaIr also 
contribut es slg n 1 UcanUy to preve ntion of m utagenesls orlg· 
Inating from this strand In cultured cells (Wieting et aI., 
1991). The unIversality of preferential repair Is demon­
strated by the recent discovery that In yeast and E. coli 
also the transcribed strand Is more rapidly cleared from 
CPO lesions than the nontranscribed strand (MeUon and 
Hanawalt, 1989; Smerdon and Thoma, 1990), These ob­
servations suggest that a direct coupling or a feedback 
mechanIsm exists between transcription and NER, 

The noUon that this Important process constitutes a dis· 
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tinct subpalhway of NER came from the finding that pa­
tients suffering from Cockayne's syndrome (CS) carry spe­
cific defects In this system. CS Is a rare genetic disorder 
that manifests UV hypersensitivity (but no other cutaneous 
abnormalities), retarded growth, and severe progressive 
neurological degeneration. Remarkably, In striking can· 
trast with XP I no significant Increase In skin cancer Is noted 
(Lehmann, 1987; Nance and Berry, 1992), Cell fusion ex­
periments have revealed the presence of at least two com· 
plementation groups, group A (CS-A) and group B (eS-B), 
within the classIcal form of the disease (Tanaka at aL, 
1981; Lehmann, 1982). A characteristic ha1!mark of the 
disease Is the observation thai CS fibroblasts perform 
rates of repaIr synthesis in the normal range yet, In contrast 
with repalr·competent celts, are unable 10 recover their 
RNA synthesIs after UV Irradiation (Mayne and Lehmann, 
1982). The early suggest!on pUI forward by Mayne and 
Lehmann (1982) that the CS delect resides in the repaIr 
of transcribed genes was only borne out by the recent 
finding of Venema et al. (1990a) that CS fibroblasts have 
lost the preferenllal repair of active genesbul are proficient 
In overall genome repair. For CS·A, 11 was demonstrated 
that the absence of preferential repair correlates with a 
complete deficiency of seleclive.repair of the transcribed 
strand (Venema, 1991). 

Here we repon a key step toward defining thIs system 
at the molecular level by the analysIs of a gene Implicated 
in the preferenllal repair pathway. ThIs hUman gene, 
termed ERCC6, was cloned byvlrtueof Its ab1litytocorrect 
the NER defect of a UV·sensilive ChInese hamster ovary 
(CHO) mutant (Troelslra et al., 1990). The mutant, UV61, 
Is a representative of complementation group 6 of the 
laboratory-generated, exclsion·deficlent rodent cell lines 
(Busch et al., 1989). We show that the ERCC6 gene at the 
same lIme corrects the repair defect of CS'B, the most 
common form of the disease, and that the gene encodes 
a protein with a presumed DNA unwinding fUnction. The 
hellcase segment bears striking resemblance to sImilar 
domains in transcription regulators and proteIns Involved 
In various repair processes and chromosome stability re­
cenlly Identiffed In yeast and Drosophila. 
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Results 

Figure 1. Construction of a Functional ERCC6 
eDNA 

The Inserls of HTL 1 Band HTlt C (human testis 
cDNA library) were Isolated from the phage 
arms via PCA and joined by Ugatlon (verlical 
arrows) at the unique 8gll1 site (8). The frag. 
menl HTL lJ(O.6E) Is edded through homolo­
gous recombination (X), and finally P114 (hu· 
man placenla cDNA library) Is added to the 
resulting molecule by ligation allhe PIlMI (P) 
slle. The parls oblalned via PCA or homolo­
gous recombination wem checked by se· 
quence analysis. The Ihlck line In HTL Ie cor­
responds 10 Ihe probe used for Southern biOi 
analysis In Figure 6B. Other symbols: E, EcoRl; 
N, Nsl1; dolled line, sequence not fepresenling 
ERCG6 (arlificlally ligated 10 EReCa); stippled 
region, the ORF. See Experimental PlOce· 
dures lor detalls. 

Isolallon of the ERCC6 eDNA 
The human excision repair gene ERCC6 was recently Iso­
lated, after large-scale Iransfeclion experiments of human 
(HeLa) genomic DNA to UV·sensltive CHO mutant UV61 
(roden1 complementation group 6 [CO·61) and rescue of 
the correcting human sequences from a secondary trans· 
forman! (Troetstra el a!., 1990). The gene appeared to 
have a respectable size (lor translection cloning) of close 
to 100 kb. Unique conserved genomic ERCC6 sequences 
were Identil!ed and used as probes to hybridize to a human 
testis eDNA library. This resulted In the isolal1on 01 a num­
ber 01 overlapping cDNA clones, together having an Insert 
size of 3 kb with a polyadenytalion signal 20 nt from Ihe 
3' end. Northern blot analysis with part of this 3 kb cDNA 
as a probe revealed the presence of two messenger ANAs 
(mRNAs) 01 about 5 kb and 7-7.5 kb in length. Sequence 
analYSis and rest~iclion mapping IndIcated that the differ ... 
ence In size Is due 10 alternatiVe polyadenylalion (unpub­
lished data). Both mRNAs are very lowly expressed, an 
observation upheld by the recovery of very low numbers 
of ERCC6 eDNA clones from various cDNA libraries. After 
screening of several cDNA libraries, an almost lull·length 
molecule of 4.7 kb could be constructed (see Figure 1 lor 
details). 

Correction of UV61 by the ERCCG cDNA 
The 4.7 kb cDNA molecule was Inserted In mammalian 
expression vector pSLM (see ExperImental Procedures) 
under the control 01 Ihe SV40 late promoter. Cotranslec· 
lion of this plasmid with pSV2neo to UV6l cells yIelded 
UV-resfstant clones wllh very high efficiency (transfect!on 
frequency of UV and G418 resistance was similar to thai 
of G418 resIstance alone). UV survival 01 these trans· 
formants appeared within Ihewltd·lype range (Figure 2A). 

To verify whether other DNA repair endpoInts were cor­
rected by ERCC6, we examined the recovery of RNA syn· 
thesis after UV exposure. In normal cells, transcripi!on 
drops rapidly after UV Irradiat10n (owing to the appearance 
of blocking lesions In the DNA template) but resumes 
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Figure 2. Correction 01 the UV61 Repair De­
leel by ERCC6 cDNA 

(A) UV survival curves of wild-type CHO cell 
line AM (closed boxes), mutant UV61 (closed 
cllcles), andERCC6cDNAtransformant61 E6a 
(closed tdangles). 
(8) Recoveryol RNA synthesis In Wild-type celt 
line Me. mutant UV61, and ERCC6 cDNA 
transformarlt 61E6a. Cells unlrradialed 01 UV 
Illadiated with 6 JIm' were pulse labeled with 
(lHJuridine at different times after Irradiation; 
the Incorporated radioactivity was determined 
by liquid scintillation count\ng (see Experimen· 
tal Procedures lor details on the proCedure). 
For symbols see (A). The standard error 01 the 
mean (three duplicate plates) falls within the 
size of the symbols. 
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within several hours as the result of preferential (strand­
specific) repair. In exc1slon-deficlenl cells such as XP and 
CS, recovery of ANA synlhesisdoes nol occur (Mayne and 
lehmann, 1982). SInce this repair parameter has never 
been Investigated for rodenl mutants, we decided to as· 
sess the behavior 01 ANA synthesis in CHO wild-type MS, 
mutant UV61, and eDNA transforman! StE6a upon UV 
Irradiation. As shown in Figure 28, ANA synthesis (ex­
pressed as the ratio of (3HJuridine incorporation In UV· 
Irradiated celts to thaI in unirradiated celts) initially de· 
creases withIn 1 hr to 70%-80% bul quIckly resumes In 
Me, whereas It remains low In UV61. Recovery of RNA 
synthesis, as in wild type, Is observed in ERCC6 trans· 
lormant 61 E6a, Indicating that the human gene also cor· 
rects this repair endpoint. 

To Investigate the specificity of correction by ERCC6, 
the gene was transfected to mutants from rodent CG·4, 
CG·S, and CG·7 and to two other members 01 group 6 
(CG·1, CG·2, and CG·3 were not tested since the correct· 

-- - -
c·. 

12 

Ing genes for these mutants have been cloned [van Du1n 
el at.. 1986; Weber et aI., 1990; Weeda el aI., 1990a, 
1990b)). No UV-fesislanl transformanls were obtained In 
the heterologous CG, whereas numerous UV-surviving 
colonies were observed in the other representatives of 
CHO group 6, demonstrating the spec1flcityof ERCC6 cor­
rection and validating the complementation studies, 

Nucleotide and Amino Acid Sequence 
of ERCC6 eDNA 
The nucleotide sequence of the ERCC6 cDNA is shown In 
Figure 3A. The first ATG codon (nucleotide 80), preceded 
by two in-frame stop codons, starts an open reading frame 
(ORF) of 4479 bp. The purine often found at the Important 
-3 position before a start codon (Kozak, 1991) is present, 
as is the G at +4_ The other nuc!eotldes within the start 
site, however, deviate from the optima! initiation start site 
GCC(NG)CCATGG (Kozak, 1991). Ali other OAFs present 
encode much smaller polypeptldes. Therefore, we con-
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elude that the OAF of 4479 bp, depicted In Figure 3A, 
defines the ERCC6 protein. 

The deduced amino acid sequence specifies a protein 
of 1493 amino acids (see Figures 3A and 3B), with a pre­
dicted molecular size of 166 kd. Although a systematic 
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Figure 3. Nucleollde and Predlcled Amino AcId Sequence of the 
ERCeG cDNA 

(A) ERCCS nucleollde and predicted amino acid sequence. The se· 
quence of 4714 nl has been obtained from the cDNA fragments, as 
depicted In Figure 1, together with a cDNA clona from an adenovirus· 
transformed retina cell library (Ihe first 16 nt). Putative functional units 
are ovarlined: GKIf pflos, casein kinase II phosphorylation site; NlS, 
nuclear 10eaUon slgnat (basic regions are double overlined); NTB, nu· 
cleotide binding fold; nu mbers I, lA, and II-VI refer to Ihe corresponding 
helicas(l motifs. The AATTMA polyadenylation signal Is underlined. 
Arrows Indicate the mutations In patient GSIAN; GSD means the cryp· 
tlo splice donor, while puta!. SA Indicates the putalive splice acceptor; 
the putativB branch point, the pyrimidine stretch, and the AG dinucleo· 
tides are underlined; the third AG represenls the normal exon 13 
border. 
(8) Schemallcal representation of predicted functional domains In Iho 
ERCC6 protein. The truncated ERCC6 proteins encoded by tho 
CSIAN alleles aro Indicated. A, acidic amino acid stretch; G, glycine· 
rich region; S, serine phosphorylation sile preceded by a nuclear loca­
lion signal; N, nucleotide binding fold; arrow, nonsenso sequence due 
to a frameshift In allele b of patient CSIAN. 

computer search dlq not Identify any protein with overall 
homology to ERCC6. a close inspection of the sequence 
dId reveal several regions of Interest and similarity toother 
polypepUdes. 

First, there was an acidic part from rasldua 356-394 
harboring close to 600,u glutamiC or aspartic acids Includ­
Ing a stretch of 10 acidic residues. AcidIc regions have 
been found In a number of nuclear proteins that associate 
wllh chromatin or hlstones (lapayre at al., 1967; Ptashne. 
1986; Sung at at., 1988; Wen el al., 1989). This part Is 
followed by a stretch of gtycln residues (amino acids 442-
446) and a very hydrophlflc segment (from residue 447-
495) conta1n1ng >60% charged amino acids. 

Second, Iwo regions with the hallmarks of a bipartite 
nuclear 10caUon signal (amino acids 466-481 and 1038-
1055; Robbins et al., 1991) were found In close Vicinity to 
potential casein kinase II phosphorylat!on sites (Kemp and 
Pearson, 1990, amino acids 483-490 and 1068-1074), 
Recently, it was noUced that putative casein kinase /I phos· 
phorylatlon sites are iocated nearby many nuclear locat!on 
signal sequences (Aihs et aI., 1991). 

Third, the region from amino acid 527 to amIno acid 
950 contains seven sequences (starting with a nucleotide 
b/ndlng fold) matching seven consecutive motifs recog­
nized by several Investigators to be conserved between 
two superfamilies 01 RNA and DNA hallcases (Gorbalenya 
et aI., 1"989). ThIs reg/on (amino acids 527-1007) exhibits. 
In addition. a very high overall homology with parts of eight 
other prolalns contaIning the same seven motifs: RAD16 
(Bang at al .• 1992; Schild el aI., 1992), RAD54, SNF2 



(SWI2), STH1 (laurent et a!', 1992), MOT1 (Davis et at., 
1992), FUN30 (Clark et aI., 1992), brm (Tamkun et aI., 
1992), and lodestar (Gfrdham and Glover, 1991) (Figure 
4B), The sImilarity Is confined to thIs particular segment 
(Figure 4A) and Is far higher than the motif-restricted ho­
mology normally detected between different hellcases 
(see FIgure 4B for the consensus sequence of Ihe seven 
helicase motifs), 

Fourth, a second putative nucleotide binding domaIn 
(Sarasle et aL, 1990) is found In the C terminus (amino 
acIds 1134-1138). 

Involvement of ERCCG In CS 
The ERCC6 gene, correcting a CHO mutant, could possI­
bly also be Implicated In one of the forms 01 XP or CS, The 
first clue concerning thIs possIbility was presented by a 
patient with symptoms of late onset CS, being heterozy­
gous lor an interstiUal10q211 deletlon In all cells (Fryns 
et at., 1991), I,e" a chromosomal region to whIch we have 
assigned ERCC6 (Troelstra et ai" 1992). Southern blot 
analysIs 01 DNA from the patlent suggested that ERCC6 
resides within the deleted segment (data nol shown). 
Since no cells of thIs patient were available and the com· 
plementation group to which he belonged was unknown, 
we decided to translect the ERCC6 cDNA expression plas­
mid together with the dominant selectable marker 
pSV2neo Into CS38E.S3.Gl and CS1AN.S3,G2, Immor­
talized cell lines represent1ngCSCG·Aand CG·B, respec­
tively (Mayne et al., 1986). G418-reslstant Iranslormants 
of each cellUne were grown in mass culture. In view of the 
poor transfectability of many SV40-lmmorlaHzed human 
fibroblasts, Southern bIoI analysis was performed to verify 
whether a slgn1ficant fraction ollhe G4l8-reslstant trans· 
formants had Indeed incorporated Ihe cOlransfected 
ERCC6 cDNA, For CS38E.S3,G 1, this fraction was very low, 
but detectable, on Southern blot (average Incorporation 01 
<0.1 Intact ERCC6 cDNA copy per ceU). CS1AN,S3,G2 
cells had an average Integration of one to two copies per 
translormant (data not shown), To test whether ERCC6 
restores the DNA repair capacity of one of the CS comple­
mentation groups, the G418'resislant mass populations 
(consisting of ± 100 and 800-1000 Independent clones 
lor CG·A and CG-B, respectively) were subjected to a UV 
dose lethal to the parental CS cells (8 or 6 J/m2, which 
gives a 0.25% survival for CS·A and CS-8, respectively, 
and l5%.or 25% survival for wild·type cells; the treatment 
was repeated after 48 hr), For CS3BE,S3,G1, none of Ihe 
G416·resistant cetts survived the UV selectlon, and neither 
did the Iranslected mass popUlation show enhanced sur­
vival (at different doses). This suggests that ERCC6 Is un­
able to correct the repair defect 01 CS-A (although It should 
be kept In mind that less than 10% of the translormants 
had Incorporated an Inlact copy of the ERCC6 eDNA). 
ERCG6 did confer UV resIstance to CS1AN.S3,G2 cells; 
the transfected mass popUlation efficlenUy survived Ihe 
UV selection, The UV survival of two Independent trans· 
formants (E61ANa and E61ANd) Is depicted In Figure 5A 
and shows Ihat both have regained a wild·type UV resis­
tance. To establish the specificity of correction lurther, 
ERCC6 cDNA was Introduced {either by DNA translecllon 
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or by mlcrolnject!on} Into representative cell lines of XP-C 
and XP·E to Xp·G; Ihe correcting genes for XP-A (Tanaka 
et aI., 1990), XP-B (Weeda et a!., 1990b), and XP-D (FleJter 
et a!., 1992) have already been Isolated and are dilferent 
from ERCC6, Because XP·E cells are onlysllghUy UV sen· 
sitive, it was not possible to derive definite conclusions 
from the transfectlon experlments to Ihls complementation 
group, The ERCC6 gene was unable to correct the repair 
defect of Ihe other XP groups tested. These results confirm 
the complementation data and demonstrate Ihat no over­
lap exists between CS·S and any of Ihe known XP groups 
(with the possible exception 01 XP-E), In contrast with 
CS·C, which Is Idenllcallo XP,B, 

RNA Synthesis Recovery In ERCC6 eDNA 
Transformants of CS1AN,S3,G2 
As ment10ned above, CS celts are, in contrast with repair­
proilclent human cells, unable to recover their RNA syn­
thesis after UV exposure (Mayne and lehmann, 1982), 
To see whether ERGC6 also complements Ihis CS-typlcal 
repair parameter, RNA synthesis was measured after 
UV irradiation in SV40-transformed normal fibroblasts, 
CS1AN.S3,G2, and eDNA Iransformants E61ANa and 
E61ANd, As shown In Figure 58, transcription Inmalty 
drops to "",60!}'o within 1 hr alter Irradiation, The RNA syn­
thesIs quickly recovers In normatceUs, whereas It remains 
repressed In CS1AN,S3,G2 celis. The cDNA transformant 
E61 ANd resumes transcription with almost wild-type klnet· 
Ics: E61ANa, on the other hand, recovers more slowly, 
being retarded at early Urnes alter UV but reaching wild· 
type levels al16 hr. In Figure 5C the level 01 transcription 
16 hr a.fter UVirradlation Is tested al different UV "uences, 
In both eDNA transformants, ANA synthesis Is sImilar to 
that In repair'proflclent cel1s for al1 UV doses, whereas 
transcriptlon In CS1AN,S3,G2Is consIstently lower. The 
slow (but after 16 hr complete) recovery of E61ANa, In 
contrast with the fast recovery of E61ANd (Figure 58), 
might be attributed to the slow growth rate of E61ANa, 
Alternatively, expression levelS of Ihe cDNA, Influenced 
by, e,g" the integration site, could have an effect on Ihe 
kinetics. 

To demonstrate the universality of CS-S correction, pri­
mary fibroblasts 01 another CS·S patlent, CS1 BE, were 
mlcrolnJected with ERCG6, Recovery of UV·lnduced Iran­
scription Inhibition was, as In the CS1AN cDNA trans­
formants, restored to levels within wild-type range (dala 
not Shown), Preliminary data suggesting that mlcrolnJec­
lion of ERCC6 Into primary fibroblasts of CS-A did not re­
slore ANA synthesis recovery alter UV IrradlaUon confirm 
the complementation data, 

The ERCG6 Mutation In CS1AN Cells 
The previous experiments showed Ihal ERCC6 specillcally 
corrects Ihe UV survival and RNA synthesIs recovery after 
UV exposure of CS·S. To obtaIn dIrect proof thaI ERCG6 
Is responsible for the CS-B repair defect, we searched 
for mutations in the gene, The polymerase chain reaction 
(PCA) was used to amplify ERCC6 cDNA selectively from 
ANA of the SV40-transformed eS·8 cell tine CS1AN" 
S3.G2. FOf both cDNA synlhesls and PCA, Ihe ERCG6 
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Figura 4. Homology oltha ERCC6 Helicase Region to the Similar Region 
01 RAD54, RADI6,Iodestar, SNF2, STHI, brm, MOn, and FUN30 

(Al Schemalical representation 01 ERCC6, RAD54, RADI6, lodestar, and 
SNF2 to Indicate the location of the homologous segment In the proteins. 
Stippled boxes represent homology; hellcase motifs are Indicated by closed 
boxes, 
(B)Alignmentof conserved regions olthe ERCC6, AAD54, RAD16,Iodestar, 
SNF2, 8THI, brm, MOn, and FUN30 amino acid sequences. Sequences 
thai correspond to tha savan consensus motifs Identified among two super· 
families of DNA and ANA helicasas are overlined. Tha consensus (consens) 
sequencas given below the corresponding domains are from Gorbalenya at 
al. (1989); hydrophobic (I, L, V, M, F, Y, W) and charged or polar residues 
(8, T, D, E, N, 0, K, Al are indicated by plus and 0, respectively, Shaded 
amino acids ara similar In at least rive 01 the proteins compared; residues 
belonging 10 one ollha following groups are consldared to be similar: L, V, 
I, M; F, Y, W; S, T, A, P, G; K, A, H; and E, D, 0, N. The RAD54 sequenca 
Is taken from Emery at al. (1991) and Ihe SNF2 sequence from Laurant at 
aI. (1991); otner references are g,v8nln the lext. A small change has been 
Introduced In the published sequence of the fodes/af gene (Girdham and 
Glover, 1991), since we noUced that this results In the presenca of all seven 
helicase domains, Instead ollhe reported Ihree. By introducing a loop of 61 
amino acIds between domains III and IV In the FUN30 amino acid sequence, 
we ware able to perfectly align domains I-III, in addition to domains IV-VI 
that were Identifled by Clalk at a1. (1992), 
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Figure 5. Correction 01 the CS1AN.S3.G2 Re­
paIr Defecl by ERCGa eDNA 

(Al UV survival curves of an SV40-transformed 
wild-type cell line (solid tine), mutant CS1AN.· 
S3.G2 (dashed and dolled line), and ERCC6 
eDNA Iranslo/mants E61ANa (dashed line) 
and E61ANd (dotted line). 
(8) Recovery of ANA synthesis at different 
times after UV Irradiation. Cells unllradiated or 
UV Irradiated with 4 Jfm~ wefO pulse labeled 
with [lH]uridine at dillerenl times after irradia· 
tion; Ihe Incorporaled radioactivity was deter· 
mined by liquid scintillation counting. For sym­
bols sea (A); the average (open clrete) and the 
standard error of the mean (vertical line) are 
given (within one experimen1), 
(C) ANA synthesIs 16 hr after UV Irradiation 
with Increasing dose. Cells unl/(adiated or UV 
Irradiated with different dose were pulse la­
beled with ['Hjuridine 16 hr aher I/(adiatlon; the 
Incorporated radioactivity was determined by 
liquid sc1nlillation counllng. For symbols see 
(A) and (8). 
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FIgura 6. ERCeG Mutation In CSIAN.S3.02 and Allele a of Patlent CSIAN 

(A) Part of the ERCe6 nucleotide sequence of total PCR product (from cDNA) from Hala, CStAN.S3.G2 (CSIAN{SV», and the primary fibroblasts 
of palient CSIAN. Tho A to T transversion, resulting In a premature slop codon (the mutation In allele a), Is Indicated by an arrowhead. 
(8) Southern bIoI analysis ofCS1AN.S3.G2 and two IXInlrol celllinas. The sarna Southern blot was hybridized with two plobes. The ERCe6 probe 
Is a 350 bp EcoRI eDNA fragment (see Figura I). and EF0751s a control plObedelived from tho telomeric end of chromosome IOq (IOq26) (Simpson 
and Cann, 1990). The conlro! probe recognizes two polymorphlo bands In DNAofCSIAN.S3.G2, each haYing an Intensily hallo! Ihat from the single 
band of bolh conlrols. This Indicates Ihat at least thIs telomerlc part of chromosome 10 Is diploid In CSIAN.S3.G2. For the two conlrols, the EACC6 
signal Is comparable with thaI of EFD75. In CSIAN.S3.G2, howeyer, thelntensily of Ihe ERCC6 signal Is similar to that of only ona of the two 
polymorphlo EFD75 bands, suggesting thai only one copy of EACC6 Is present 

mANA was divided Into six overlapping segments of ap­
proxImately 1 kb each. SIngle-stranded DNA for direct se­
quence analysIs of the PCR product was prepared by 
asymmetric PCR, using amplified cDNA as a template. 
SequencIng revealed an A to T transversion at nucleotide 
108B, resulting tn a premature stop at amino acId position 
337 (Figure 6A). Only one type of at/ele was detected, both 
at the level of RNA and In genomic DNA. ImplyIng that 
CS1AN.S3.G2Is either homozygous or hemIzygous for 
the AlOOfJ to T transversion. In the family hIstory of patient 
CS1AN. consanguinity has nol been reported. Southern 
blot analysis of DNA from CS1AN.S3.G2 confirmed thai al 
least part of one ERCC6 allele was deleted (Figure 68). 

Since SV40·lransformed fibroblasts are chromosomally 
unstable. sequence analysis of the ERCC6 gene and 
cDNA was verified In the primary fibroblasts of patient 
CS1AN. GM00739. The A to T transversion at nucleotide 
1088 was confirmed. but unexpectedly the primary line 
appeared 10 possess a second allele with the wild-type A 
residue at nucleotlde position 10BB (Figure 6A). Further 

sequence analysIs of the tolal PCR product derived from 
RNA of GM00739 revealed the appearance of a double 
sequence ladder when entering from exon 14 backward 
into exon 13 (FIgure 7A). When the normal nucleotide se­
quence of exon 131s subtracted, a perfect match Is found 
with asequence 100bp upstream In axon 13. The resulUng 
100 bp deletion is nol present In RNA from the SV40-
transformed CSl AN.S3.G2 cell line (Figure 7A). thus prov­
Ing thaI It Is derived from the second aHele (aUete b) of 
GM00739. The 3' endof the delellon coincides exaclly wilh 
the end of exon 13. whereas the 5' end occurs In a 
sequence (GG/GTACT; see FIgure 3A. nucleolides 2576-
2582) m alchl ng Ih e sptlce donor consensus (AG/GTPu AG; 
Pu = A or G)(Senapathy el al .• 1990). ThIs suggests that, 
In allele b. a cryptic donor is utilized Instead of the normal 
exon 13 splice donor. Therefore. a mutation In the spllce 
donor of exon 13 of aHele b was expected. At the level of 
DNA, however. neither the normal nor the cryptic splice 
donor was mutated (Figure 7B). The only delectable muta­
tion was a C~&4$ to T transition 30 nt upstream of the normal 
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(A) ERCC6 nucleotide sequence from the exon 14fexon 13 border of both CSIAN.S3.G2 (CS1AN(SV» and the plimary fibroblasts CSIAN. Sequence 
analysIs was performed on total PCA product oblalned after amplification of ANA. The start of the double sequence ladder In CSIAN, resulting 
from a deletion of 100 bp (allele b, schematically depIcted underneath the sequences), Is Indicated by an arrowhead. The sequence oblalned wilh 
CSIAN.S3.G2Is Identical 10 that usIng Hela ANA. 
(B) Nucleotide sequence of part of exon 13 allha fevel (If the genome of CSIAN.S3.G2 (CS1AN(SV» and the primary fibroblasts CSIAN. The C 
to T \Iansitlon In CSIAN, responsible fOI the 100 nl deletion al Ihe mANA level, Is Indicated by an arrowhead. The aslerisk next 10 the CSIAN 
sequence Indicates a sequence anilacl that was also detected tn CS1AN(SV) (and Hela) on longer exposules 
(C) Schamatica! raprasentalion of the Iwo possible splicing reaclions thai could result In the 100 nl deletion In the mANA of CSIAN. 

splice donor of exon 13. How could a single point mutallon 
at this position have such a profound Inltuence on the 
apparent luncl10nlng of the still normal splice donor se· 
quence 30 nt downstream? A search for dramatic changes 
in secondary structure caused by the C to T Irans!Uon 
failed to reveal any clues to explain this effect. Close in· 
spectlon of the sequence revealed Ihallhe C to T transition 
might create a putative branch point sequence (Ruskin et 
al., 1984; Senapathy et al., 1990) at position 2845-2651, 
whIch, together with a coIncidently present pyrimidine 
streIch and one of the three subsequent AG dlnucleotides, 
completes a possible splice acceptor site (see Figures 3A 
and 78). This newly created acceptor, together with the 
cryptic splice donor In exon 13, may generate a new Intron. 
The 100 nt delelJon could thus be the result of an exIra 
splice evenll! the third {C)AG Is used. The normal splice 
donor site of exon 13 should then have a dual role: splice 

donor In the normal spHclng of Intron 13 and splice ac· 
ceptor In a subsequent erroneous splice event, removing 
the last 100 nt of exon 13 (see PossibHity 1 in Figure 7C). 
Alternatively, use of Ihe firsl AG dinucleotide, which In In 
vitro and in vivo studies Is demonstrated 10 be strongly 
preferred abOVe any second AG (Smith el a!., 1989; Weeda 
et a!., 1990a), would define a very small exon of 9 nt at 
the end of exon 13. It Is known from studies 01 several 
Investigators thai such smalt exons may be skipped (both 
In vitro and In vivo) when the surrounding splice slles are 
nonoptlmal(Slack, 1991; Dominski and Kale, 1991, 1992}. 
This would result in the ligation of the cryptic spHca donor 
within axon 13 to exon 14 (see Posslbilily 21n Figure 7C), 
For the ERCC6 gene product, the resulting 100 ntdeletion 
has profound consequences. The protein will only be 857 
amino acids long and consequentty lacks half of the hell· 
case region (see Figure 38). Presumably, as with allele a, 
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Tabla 1. Comparison of RepaIr Characteristics of UV6t and CS Cells 

Repair Characterisllcs UV61' CS 

UV sensitivily (at D,o) ::'2.7 x b =3-3.5x< 
RNA synthesis recovery 

after UV 
RepaIr synthesis (percent- "'70o/i)! Wild-type range9 

age of wlld typal 
Preferential repair of CPOs 37Q/I)' 

In activo ganes 
Overall genome repaIr -" +' 
Repair of (6-4) photo- +' +' 

products 
UV·lnduced mutagenesis Elevated' Elevated,,. 

• Mutant, probably leaky (Troelstra al at, 1990). 
b Thompson al al. (\988e). 
< CSIAN.S3.G2 (unpublished data). 
• This study. 
• Mayne and Lehmann (1902). 
r Unpublished data. 
9 Andrews al al. (1978). 
k lommel and Hanawalt (1991). 
'Venema at a1. (1990a). 
I Characteristic 01 rodenl cells. 
• Barrett al at. (1991). 
I Henderson and Long (19131). 
"Arlea and HarcQurt (1982). 

allole b In CS1AN cells will produce a nonfunctional 
ERCC6 protein. 

Discussion 

A Rodent EqUivalent of CS·S 
The ERCC6 gene was previously Isolated by virtue of its 
ability to correct the repair deficiency of UV61, a NER· 
deflclent rodent mutant cell line from complementation 
group 6 (Troelstra et ai., 1990). In this paper, we report 
the IsolaUon of a functional ERCC6 eDNA molecule thai 
efflclenlly and specifically corrects both the UV sensitivity 
of UV61 (and other representatives of rodent group 6) and 
Its Inability to restore RNA synthesis after UV exposure. 
Inlroductlon of Ihls cDNA Into cells of several XP, CS, and 
rodent complementaUon groups by transfectlon or micro· 
needle Injection demonstrates a specific correcUon of Ihe 
repair deflclency of eS·8 fibroblasls: both UV survival as 
well as RNA synthesis recovery are restored \0 a level 
within wild·type range. This result implies UV6l and other 
members of rodenl complementation group 6 (Thompson 
et al., 1988b; Busch el ai., 1989) to be the rodent equlva· 
lents of Ihe human repair disorder es·s, the most common 
form of Ihe disease. In retrospect we nole that the repair 
phenotypes of UV61 and es·s can be reconciled with 
each other (Table 1), taking Into account the fact that roo 
dent and human excision repair display Some principal 
differences (Zelle et aI., 1980; van Zeeland el al., 1981; 
MeHan eta!., 1987) and the nol1on that UV61 is very likely 
a leaky mutant (Troelstra et aI., 1990). 

The ERCC6 Mutations In Patient CS1AN 
Sequence analysis of the ERCC6 gene In patlent CS1AN 
revealed deleterious mutaUons In both alleles. Allele a, 

which is the only allele present In CS1AN.S3.G2 ceUs(see 
below), carries an A 1008 to T transversion leading to a pre· 
mature stop at amino acid 337. The encoded protein of 
336 amino acids lacks all postulated domains (Figure 38). 
Allele b contains a C26H to T transition Ihat triggers an 
erroneoussptice event and thereby results In a frameshlfl. 
As depicted In Figure 7C, two splice mechanisms can be 
envisaged that could give rise to Ihe deletion of 100 bp. 
Although undetected In CS 1AN mANA, we cannot exclude 
the presence of trace amounts of the partially spliced inter· 
mediate depicted In Figure 7C (Possibility 1). Similarly, 
undetectable amounts of mANA Including the newly de­
fined 9 nt exon (depicted In Figure 7C, Possibility 2) might 
be produced. However, none of these transcripts will en· 
code a protein longer then 860 amino acids. Presumably, 
these severely truncated EReC6 proteins wiH be nonfunc· 
tlonal. Nevertheless, cells from paUent CS1AN seem to 
be affected In preferenllal DNA repair only, implying that 
ER.CC6 Is specific for this NER subpathway. In addiHon, 
Ihese findings suggest ERCC6 to be a nonvital protein, In 
contrast with the ERCC2 and ERCC3 gene products, of 
which al least the yeast homologs RAD3 and EACC3So 

(SSL2) are shown to be Indispensable for cetl survival (Hig· 
gins et aI., 1983; Naumovskl and Frledberg, 1983; Gulyas 
and Donahue, 1992; J. H. J. H., S. Prakash, and l. Pra· 
kash, unpublished data). 

The immortalized CS 1AN derivative CS lAN.S3.G2 only 
retained allele a and lacked allele b. Presumably, this Is 
not due to loss of one lotal copy of chromosome 10, since 
CS1AN.S3.G2 Is polymorphlo for at least one locus on 
10q26 (EFD75; see Figure 6B). A similar case was reo 
ported recently with another repair disorder resulting from 
mutations in Ihe ligase I gene. The primary fibroblasts of 
Ihe patient, designated 46BR, carrIed different mutaUons 
in each ligase I gene copy, whereas the SV40·transformed 
derivative 46BR.1G1 only relalned one of lhe two (mu· 
tated) alleles (Barnes et al., 1992). Although the genomic 
Instability of SV40·transformed cell lines is generally 
known, these findings further emphasize the Importance 
of Including primary cell lines as controls in this type of 
study. 

ERce6, Member of a Recently Idenllfled Family 
of Putative Hellcases 
The predicted amino acid sequence suggests the ERCC6 
gene product to be a nuclear DNA (or ANA) unwInding 
protein. ERCC2 and ERCC3 have also been postulated to 
encode DNA helicases, as deduced from their amIno acid 
sequence (Weber et al., 1990; Weeda et aI., 1990b), and 
for ERCC2, In addition, based on the demonstrated DNA 
hel/case activity of ils yeast homolog RAD3 (Sung el al., 
1987). Therefore, the ERCC6 gene may encode the third 
DNA unwinding function In mammalian NER. In E. coli 
both the UvrA2B complex and the UvrD protein have been 
shown to exhibIt DNA unwinding activity (Oh and Gross· 
mao, 1987; Orren et ai., 1992, and references Ihereln). 
Similarly, several DNA heHcases might be expected to 
funcUon In mammalian exclslon repair. The gene product 
of ERCC6, however, certainly differs from lhe E. coil 



UvrAlB and UvrD proteins In thai It Is specific for preferen­
tial repair of active genes. 

The entire hellcase region of the ERCC6 protein appears 
to be highly homologous to a similar region in proteins 
from a recently Identified, rapidly expanding family of pos­
tulated hetlcases (Bang et aL, 1992; Clark et aL, 1992; 
Davis et at., 1992; Johnson et ai., 1992; laurent et aI., 
1992; Schild et aI., 1992; Tamkun et ilL, 1992). This novel 
subgroup encompasses proteins implicated In transcrip­
tion regulation (SNF2, MOn, and brm), preservation of 
chromosome stability (lodestar), and DNA repair (RAD16, 
RADS4, and the very recently Identified RADS protein). 
The group also Includes two proteins of unknown function 
(STH1 and FUN30). The degree of homology(around30% 
Identity and up to 57% slmUarity) by far exceeds the resem­
blanca normatfy present among hellcases. This suggests 
aspeclfic type of hellcase fUnction common to all members 
of this gane family. 

The transcription regulators SNF2 (laurent et al., 1991) 
and brm (Tamkun et ai., 1992) are thought to be engaged in 
transcription activation, SNF2 as a component of a larger 
functional complex Involving SWll, SWI3, SNF5, and 
SNF6 (Laurent el aI., 1991; Peterson and Herskowitz, 
1992), The gene product MOn, on the other hand, Is 
supposed to be a negative regulator of transcription (Davis 
et at, 1992). One of the proposed activities for the Mon 
protein is that 11 strips resident DNA·blnding prolelns 
(which would otherwise activate transcription) from their 
cognate binding sites by melting the DNA helix (Davis at 
al" 1992). 

Mutations In the maternal·effect gene lodestar result In 
chromalln bridges at anaphase. The precIse molecular 
pathway In which this proteIn functions is unknown, but 
one of the processes suggested Is complei!on of Incom­
plele DNA repair Of replication prior to mitosis (Glrdham 
and Glover, 1991). 

It is of Interest to note that the three major DNA repaIr 
pathways in yeast are a\l equipped with at least one mem­
ber of this subfamHy: RAD161n NER of the inactive HMLu 
locus, .I.e., opposite from the function of ERCC6 (Terleth 
et aI., 1990); RADS4 In recombination repair (Saekl et aI., 
1981; Budd and Mortimer, 1982);and RAD51n postrepllca­
lion repair (Johnson et aI., 1992), Our results demonstrate 
that preferential repair of active genes also involves a 
membar of this hellcase subfamHy (ERCC6). Common de­
nominators of all proteins comprising this gene family 
could be complex formation (as described for SNF2 
(Laurent at aI., 1991; Peterson and Herskowitz, 1992]), 
complex delivery at the desired site In DNA, and release 
of DNA·bound proteins (as proposed for MOn (Davis et 
aI., 1992]), although other opllons can be envisaged as 
well, 

Hypothellcal Models for ERCe6 Function 
The predicted amino acid sequence of ERCC6 advocates 
the protein to be a nuclear DNA heUcase, with strong se­
quence homology to the subfamUy described above. The 
ability of the EACC6 cDNA to correct the repair defect of 
CS·S fibroblasts and the severe mutations In CS1AN cells 
provides evidence for a specific role of ERCC61n preferen-

55 

l1al repafr of active genes, Preferential repair has been 
documented in mammals (Bohr et aI., 1985; Mellon et aI., 
1986, 1987), yeast (Terleth et ai., 1989; Smerdon and 
Thoma, 1990), and E. coli (Mellon and Hanawalt, 1989). 
The molecular mechanism of the process itself is, never­
theless, completely unknown. A major step toward defin­
Ing thIs NER subpathway In E. coUls the recent purificat!on 
of the transcription repair coupling factor (TRCF) (Selby 
and Sanear, 1991). ThIs polypeptide, Identified as the mfd 
gene product (Selby et aI., 1991), specifically enhances 
repair of the template strand 01 an actively transcribed 
gene In an in vitro repaIr system. II Is speculated that the 
protein recognIzes a RNA polymerase complex thai Is 
stalled at a DNA lesIon and forms together with this com­
plex a hIgh affinity bInding site for other repair proteins 
(the UvrABC complex) (Selby et aI., 1991). With respect to 
the bIochemical reaclion that the ERCC6 protein might 
catalyze within the mammalian preferential repair pro· 
cess, we can envisage several models. First, a transcrip­
tion complex stalled at a lesion will probably sterlcal1y hin­
der access to the damage by the NER machinery and 
should somehow be displaced. A possibility would be that 
the preslJm ed hellcase activity of E Rce6 serves to di ssocl­
ate the RNA polymerase complex from the DNA, e.g., by 
locally melling the nascent RNA-DNA hybrid region, or 
that the protein forces the polymerase complex either past 
the Injury or backward (see MOTI IDavis et al" 1992)). 
Extrapolating from this idea, It may be Ihat an important 
function of thIs subfamily of putative helicases Is to strip 
bound proteins from specific DNA regIons either in the 
context of repair or In transcription regulation. DIssociation 
of protein complexes from nucleic acids by heHcases has 
already been suggested in the process of spllc1ng (Ruby 
and Abelson, 1991). Second, or In addition, the ERCC6 
hellcase could, as pari of a repair complex, be Involved in 
scanning the transcribed strand of active genes lor a 
stalled RNA polymerase, thus efficiently guiding the NER 
machinery to lesIons that thwart transcription (see TRCF 
(Setbyel aL, 1991)). Which of the presented or other possI­
ble hypotheses concerning ERCC6 function corresponds 
to the aclual role 01 the proteIn In the preferential repair 
subpathway remains to be elucidated. 

Experlmenlal Procedures 

General Procedures 
Purincation of nucleic ac1ds, restriction enzyme digests, gel elecllo­
phoresls, DNA I iga11on, synthesis of radiolabeled probes using I andom 
oligonucleotide primers, and fiUer hybridization wero performed ac­
cording to established procedures (Sambrook el aI., 1989). 

Isolation of cDNA Clones and Sequence Analysis 
Unique genomic fragments were used as a probe to hybridize a ).glll 
human testis cDNA library(Clonetech). cDNA fragments Isolated wero 
subsequently used as probes to screen cDNA libraries from human 
testis, placenta (Ye ot ai., 1987), brain (corte~), amygdala, ovary 
(Clone/ech), adenovlrus·lransformed relina cells, O( pre-B cell line 
Nalm·6 (provided by Or. A. Bernards), and a cDNA tibrary provided by 
Dr. H. Okayama, Sequence analysis 'lies performed on denatured 
double·stranded plasmid by the dideo~y chain termination method 
(Sanger et ai., 1977) using T7 DNA polymerass (Pharmacla). Se· 
quences ware de/ermIned on both strands either by construction or 
plasmlds containIng progrossive unldirectiona! deletions with the 
Erase·a·Base System (Promega) or by sequence·specifio primers. Se· 
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quences have been compared with the protein and nucleotide dala 
bases using TFASTA and BLAST (Altschul at al., 1990). 

Plasmlds 
Construction 01 the eDNA expre ssion plasmid was dono as follows (see 
Figure 1): HTlIB and HTlle (nuc!eotldes 1462-3746 and ±270Q-
4714). containing severallntemat EeoAI sites, wOle Isolated from the 
).. vector (cloning site EecAI) via peA and JoIned altha unique 89lU 
site (nucleollde 2991). The 3.2 kb eDNA thus obtained was cloned Into 
the Sail site of p TZI9R containing a mOre 5' but overlapping fragment 
(HTllJ(O.8E» of 700 bp, with 205 bp overlap In the following orienta­
Hon: EcoRI-700bp fragment 5'lo3'-EcoRt-Sall). Transformation into 
E. call strain DHSoP resulted In a plasmid thaI had recombtned the 
two ERCC6 fragments somewhere In the 205 bp overlapping region. 
The ERCeG sequence of this plasmid was verified, and ono mlstako 
originating from tho PCR was removed by exchanging the Nsil frag. 
mant wntaln Ing tho ertor with Iho original Nsil fragment. The totat ORF 
was then obtatned by tigallon of the most 5' fragment to the PItMt 
site at poSition 1361. This almost full-length cDNA molecule was then 
ligated Into a modified pSVl eukaryotlc expression vector (Pharmacla; 
M, van Duln, unpublished data), ylolding pSlME6{+). 

Cell LInes, Transfectlon ExperIments, UV Selection, 
and UV SurvIval 
The CHO cell lines used were wad-type MO, mutants UV41, UV135, 
UV61, and VBII frcm CG-4, CG-5, CG-6, and CG·l, respectively 
(Zdzlenlda el aI., 1988; Busch et aI., 1989), and two new and unpub· 
Pshed mutants from group 6 provided by Dr. D. Busch. The Immortal· 
Ized human fibroblasts are SV40-A'dam (wild type), CWI2 (XP-C from 
XPlCA), CW3 (XP-E frOm XP2AO) 0Nood et aI., 1987), XP2YOSV 
(XP-F) (Yagl and Takebe, t983), CS3BE.S3.Gl (CS-A) (Mayne et aI., 
1986), and CSlAN.S3.G2 (CS-B) (Mayne el at., 1986). Primary fibro­
blasts used are XPIBI (XP-G) (KelJzer et aI., 1979), CS3BE (CS·A), 
CSIAN (CS.B), and CSIBE (CS·B) (lehmann, 1982). All CHO cells 
and immortalized human fibroblasts used were grown in 1:1 FIO­
Dulbecw's minimal essential medium supplemented with antiblctics 
and Mu-Ioo,b felalcalf serum (FlO-OM EM). Primaryllbroblasts were 
cultured In FlO supptementedwith antibIotics and 10%-15% fetal calf 
serum. Transformed cells harboling the E. coli neo domInant marker 
gene (ptasmld pSV2neo) were selected and cultured In medium con· 
talnlng G418 (concenlration 3OQ--S50 \-Iglml, depending on the celt 
lina). 

Translecllon of CHO celfs and Immorlalized fibroblasts was per· 
formed using ripofectin (Bethesda Research laboratories), essentially 
as described by the manufacturer. All cells were translected at approxl· 
mately 60% confluence (on 60 mm petri dishes), with 2 \-Ig of pSV2neo 
and 5 \-19 01 pSLME6(+). DNA(a total of 7/1g) and 14 \-Ig of tipofectin 
were separately added to Optl-MEM (Bethesda Research labola· 
torles); therealter, the t...,o were mIxed and left at room temperature 
for 15 mIn. Cells were washed with phosphate·buffered saline (PBS) 
be/ore addition of the Optl.MEM-DNA-lipofectln ml~ture. CHO cells 
were Incubated lor 6-7 hr; thereafter 10% fetal calf serum was added. 
Medium was refreshed with FIO-DMEM alter approxImately 16 hr. 
Immortalized human fibroblasts were Incubated for a sImilar period, 
but medium ,«as subsequently refreshed with FIO-DMEM. Cells were 
trypslnlzed (and, depending on cell density, divided ovor mOle dishes) 
and placed on setectlon medium 46 hr after translectton. Selection for 
repalr·proficlent transfOlmants was stalled after the appearance of 
G418·reslslanl colonIes. Cells were trypslnlzed, and UV selection was 
started 16-20 hr alter trypsInIzation for CHO celts. 20-48 hr alter tryp· 
slnlzation for Immorlatized human fibroblasts, cells were Irradiated 
three times, CHO celfs at I day Intervats and the SV4Q-lmmortalized 
fibroblasts at 2 day Intervals. The UV dose given (Philips TUV low 
pressure mercury tube, 15 W, 0.45 Jfm'/s; predomlnanUy 254 nm) 
varledwlth the cellllne: 2 Jfm' (UVI35); 4 Jlm' (UV41, XP2YOSV); 6 
Jim' (CWt2, CS1AN.S3.G2); 8 Jfm' (CS3BE.S3.G I); 8.4 Jfm' (UV61); 
and 11 Jim' (VBII). 

For determInation 01 UV sensitMtyof 041 B-reslslant mass populations 
(CS3BE.S3.Gl and CSIAN.S3.G2 transfolmanls), G41B-resislanl ptus 
UV·resistant mass populaHons (61 EGa), or lsolatoo UV·reslstant wlonles 
(E61ANa and E6IANd), cells were plated at densities varying from 2 x 
1().1loS x 100cellsper60mm petri dish, depending on cell line and UV 
dose. Ce1!s were rinsoo with PBS and exposed 10 UV light aboul I day 

after plating. A series of dishes was Irradiated for each ceU line, each 
receiving a sIngle UV dose (three dishes par UV dose). Clones were !ixed 
and stained with COOmassle brilliant blue 6-10 days after UV irradiation, 
and relative clcnlng efficIencies were determIned. 

ANA SynthesIs Recovery 
The melhod used was as described by Mayne and lehmann (1982), 
wilh several modifications. Celfs wele seeded In 30 mm peld dishes 
In 1.5 ml of medium. One day after seeding, the medium was changed 
for FlO, supplemented with antibiotics, 15% fetal calf serum, 20 mM 
HEPES, and 0.025 /lCilmll"Cjthymldine (50 mCl/mmol). Tho cells 
were grown for 16 hr, and then the medium was removed; cells were 
rinsed with PBS and UV Irradiated (a1254 nm, HUence rate 0.7 J/ml/s, 
three pelr! dishes for each time point or UV dose). At various times 
after UV Irradiation, the medium was replaced by medium contaIning 
8 \-ICl/mll'Hjurldine (45 CUmmOI), and the ceUs were Incubated for I 
hr. At the end of the labeling period, cells were washed once with 
Ico-cold PBS containing >1 mM uridine and Once with ice·cold PBS, 
Celfs were scraped Irom the dishes and spoiled onto GFfC Whatman 
glass fillers soaked In 10% trichloroacetic acid. These wele then 
waShed once In 10% Irlchloroacetic acid and 96% ethanol, dried, and 
CQU nled In a liquid scintillation cou nter. "c counts served as all Internal 
control for the number of cells present. 

Mfcrolnjectlon 
ERCC6 construcl pSLME6(+) was Injected Into nuciel of XP or CS 
homopolykaryons as described by van Duln el al. (1989). Cells were 
Incubated 24-48 hr to allow e~plesslon of the Injected DNA. To deter· 
mine the Influence oflhe ERCC6 g()ne on DNA repair, Injected XP cells 
were subjected to UV·lnduced repair synthesis (Unscheduled DNA 
synthe sis), which was measured by autoradloglaphy as described pre­
vlously(Vermeulen elaL, 1986).lnJectedCS !tbroblastswere UVlrradl· 
ated and subsequently Incubated wilh !'Hjurldine 10 measure recovery 
from UV·lnduced RNA synthesis Inhibition. 

DNA Amplification and Mutallon Detormlnatlon 
Total RNA (10 I1g) was used lor preparation of eDNA wilh ERCC6· 
specillc primers. RNA was dissolved In 5,d of water, heated for 3 min 
at85~C, and cooled on Ice. Subsequently, the ANA was added to 15 
\-II cOntaIning 50 pmol 013'primer, 18 Uol RNAguard{Boehlinger), 12.5 
U 01 avian myeloblastosis virus reverse Iranscriptase (BOehringer), I 
mM dNTPs, 50 mM KCI, 20 mM Tris HCI (pH 8.4 at 20·C), 2.5 mM 
MgCI1• and 100 \-Iglml bovine serum albumIn; Incubation was lor 1 hr 
at 37~C. The cDNA (4 \-II 01 the above reaction mixture) was added to 
96 lit containIng 10 pmol of 5'primer, 0.2 mM dNTPs, 50 mM KC!, 20 
mM Tris HCI (pH 6.4 aI20·C), 2.5 mM MgCh. 100 lIg1ml BSA, and 2.5 
U 01 Taq polymerase (Bethesda Research laboratories); the mIxture 
was overlayed with oil. In some e~pefiments, Taq polymerese was 
added onty after Ihe samples reached the denaturing temperature of 
94·C (hot starl). Amplification was done In 35 cycles: I (or 2) cycles 
of 5 min denaturation at 94°C, 5 min annealing (temperature de­
pending on primer combination used), and 5 min eXlenslon al 72·C, 
followed by 34 (or 33) cycles of 2 mIn aI94°C, 2 min annealing, and 
3 min at 72°C. Chromosomal DNA was amplified as ebove, starting 
from 2.()O ng, In 25 cycles. Asymmetric PCR was performed On 1 1I1 of 
PCA product, using the conditions mentioned above (35 cycles), wilh 
a primer ratio of I: 1 00 (0.5 pmol of one end 50 pmol of the other primel). 
II available, Internal primers were used. Products were extracted once 
with phenol-chloroform-Isoamylalcohol and once with chloroform, 
separated from oligonucleotides and dNTPs on a Centricon'IOO col· 
umn (Amlcon), and dried under vacuum In a SpeedVac concentrator 
(New Brunswick Scientific). Pe1tets were dIssolved In 15 \-II, 7 III of 
whIch was used for each sequencIng reaclion. 

Acknowledgments 

Wo ara very grateful to Dr. A. Bernards and Dr. H. Okayama for provid· 
Ing us with cDNAlibrarles, 10 Or. D. Busch for two new and unpublished 
group 6 mutants, and to Dr. A. R. lehmann and Dr. L V. Mayne lor 
some of the CS lines. We thank Dr. D. Schild for sharing wllh us 
unpublished Information. Furthermore, wa grealfy acknowledge Ihe 
halp of G. Moolhulzen In the construction 01 the eDNA o~presslon 
plasmid and the assistance of Dr. N. O. J. Jaspers In ANA synthesis 



recovery experiments. We thank S. van Baal for his assistance In 
computer work, P. van dIu Spek for the valuable use 01 his computer 
program that pointed oul the presence of the helicese domains, and M. 
Kuit for photography, This research was supported In part by EUratom 
(contracl number BJ6·14t,NL). 

The costs 01 publication of this article were defrayed In part by 
the payment of page charges. This article must therefore be hereby 
rna/ked "advertisement' In accordance with 18 USC Section 1734 
solely to Indicate this lacl. 

Received July 20, 1992; revised September 25, 1992. 

References 

Altschul, S. F., Glsh, W., Miller, W., Myers, E. W., and Lipman, D. J. 
(1990). Basic local alignment search tool. J. Mol. BIoi. 215, 403-410. 

Andrews, A.D., Barrett, S. F., Yoder, F. W., and Robblns,J. H. (1978). 
Cockayne's syndrome fibroblasts have illcreased sensitivity to ullravlo' 
let light but normal rates of unscheduled DNA synthesis. J. Invest. 
Dermato!. 70, 237-239. 
Arlett, C. F., and Harcourt, S. A. (1982). Varlalion In response to muta· 
gens amongst normal and repalr.defective human cells. In Molecular 
Mechanisms and Their Implications for Environmental Protection, 
C. W. Lawrence, ed. (New YOlk: Plenum Press), pp. 249-266. 
Bang, D. 0., Verhage, A., Goosan, N., Brouwer, J., and Vall der Putte, 
P. (1992). Molecular cloning 01 RADI6, a gene Involved In dillerenlial 
repair In Saccharomyces cGrGvis/ae. Nucl. Acids Res., In press. 

Barnes, D. E., Tomkinsoll, A. E., Lehmann, A R., Webster, A. D. B., 
and Lindahl, T. (1992). Mulalions In the DNA ligase IgMeol an Individ· 
ual with lmmunodeficlenles and cellular hyparsensitivity to DNA· 
damaging agenls. Cell 69, 495-503. 
Barrott, S. F., Robbins, J. H., Tarone, A. E., and Kraemer, K. H. (1991). 
Ev!dellce lor defectiva repair of cyc!obu\ane pyrimidine dimels wlth 
normal repair 01 other DNA photoproducts in a transcripllonally active 
gellG transfected into Cockayne syndrome cells. Mutal. Res. 255, 281-
291. 
Black, D. L. (1991). Does sloriclnter/eranco between splico sites block 
the splicing 01 a short c·sre no uron.specific exon in non·neuronal cells? 
Ganes Dev. 6, 389-402. 

Bohr, V. A, Smith,C. A., Okumoto, O. S., 8I1d Hanawalt, P. C. (1985). 
DNA repair in an activo gene: removal of pyrimIdine dimers from the 
DHFR gene of CHO cells Is much more eflic!elll than In the genome 
overall. Cell 40, 359-369. 

Budd, M., and Mortimer, A. K. (19B2). Repalrel double·strand breaks 
111 a temperatulO conditional radiation·sensitive mutant 01 Saccharo­
myces cerevls/ao. Mutat. Res. 103, 19-24. 

Busch, 0., Greiner, C., Lewis, K., Ford, A., Adair, G., and Thompson, 
l. (1989). Summary of complementation groups of UV·sensitiva CHO 
mutants Isolated by large·scale screening. Mutagenesis 4, 349-3S4. 

Clark, M. W., Zhong, W. W., Keng, T., Storms, A. K., Barton, A, Ka· 
back, D. B., and Bussey, H. (1992). Idelltification 01 a SaCCharomyces 
cer8vlslae homolog of the SNF2 transcriptional regulator In the DNA 
sequellceol an 8.6 kbregion 111 the L TEI-CYSIIIl\erva\ on the left arm 
01 chromosome I. Yeast 8, 133-145. 

Cleaver, J. E., 8I1d Kraemel, K. H. (1989). Xeroderma plgmentosum. 
In The Metabolic Basis of Inherited Disease, Vol. 2, C. A. Scriver, 
A.l. Beaudet, W. S. Sly, and D. Va!le, eds. (New YOlk: McGraw·Hi!!), 
pp.2949-2971. 
Davis, J. l., Kunlsawa, A., and Thorner, J. (1992). A presumptive 
helicase (MOTI gene proouct) alfectsgene e~presslon and is required 
for viability In the yeast Saccharomyces ceravis/ao. Mol. Cell. BioI. 12, 
1879-1692. 

do Weerd·Kasteleln, E. A, Keijzer, W., 8I1d Boolsma, D. (1972). Ge· 
netic heterogeneity of ~eroderma pigmentosum demollstraled by so· 
matic cell hybridization. Nature New BioI. 238, 80-83. 

Domlnsld, Z., 8I1d Kole, R. (1991). Selection of splice sites In pre· 
mANAs y,.ith short Internal exons. Mol. Cell. BioI. 1" 6075-6083. 

Dominski, Z., and Kole, A. (1992). Cooperation of pre-mA NA sequence 
elements In splico site selection. Mol. Cell. BioI. 12,2108-2114. 

Emery, H, S., Schild, D. S., Kellogg, D. E., 8I1d Mortimer, R. K. (1991). 

57 

Sequence- of RAD54, a Saccharomyces cerevlslae 9811e lllvolved In 
recombinalion and repaIr. Gene 104, 103-106. 

Flejler, W. l., McDaniel, L. D.,Johns, 0., Friedberg, E. C., and Schultz, 
R. A. (1992). COllection of xeroderma plgmentosum complementation 
group 0 mutant cell phenotypes by chromosome and gene lIansfer: 
Involvement of the human EACe2 DNA repair gene. Proc. Natl. Acad. 
Sci. USA 89, 261-265. 
Friedberg, E. C. (1985). DNA Aepair (Sail Francisco: W. H. Freemall 
and Company). 

FryIlS, J. P., Bulcke, J., Verdu, P" Carton, H., KleclkOl'>ska, A., and' 
Van der Berghe, H. (1991). Apparent late·onset Cockayno syndrome 
and Interstitial deletioll of tho fong afm 01 chromosome 10 (det{tOXql 1." 
23q21.2). Am. J. Med. Genet. 40, 343-344. 

Glrdham, C. H., alld Glover, D. M. (1991). Chromosome tangling and 
breakage at anaphase result Irom mutations In lodestar, a Drosophila 
gene encoding a putative nucleoside triphosphate-bInding protein. 
Genes Dev, 5, 1786-1799. 

Gorbalellya, A E., Koollln, E. V., Donchenko, A. P., and Blinov, V. M. 
(1989). Two related super/amities 01 putative helicases Involved 111 
replication, recombInation, repaIr and expressIon of DNA 8I1d RNA 
genomes. Nucl. Acids Res. 17,4713-4730. 

Gulyas, K. 0., and Donahue, T, F. (1992). SSL2, a suppressor 01 a 
stem-loop mutation In the HIS4 leader encodes the yeast homolog 01 
human ERCC·3. Cell 69,1031-1042. 

Henderson, E. E., alld lOllg, W. K. (1981). Host cell reactivation of 
UV· 8I1d X·ray.damaged herpes simplex vIrus by Epsteln-Bau vIrus 
(EBV)·transformed Iymphoblastaid cell lines. Virology 115, 237-248. 
HiggIns, D. R., Prakash, S., Reynolds, P., Polakowska, R., Weber, S., 
and Prakash, l. (1983). Isolation and .chalacterization of Iho RAD3 
gene of Saccharomyces cerev{slae and Inviability 01 RAD3 deletion 
mutants. Proc. Natl. Acad. Sci. USA 80, 6680-5684. 

HU8l1g, J. C., Svoboda, D. L., ReardOll, J. T., and Sancar, A. (1992). 
Human nucleotide excisIon nucleaso removes thymIne dimers from 
DNA by IncIsing Ihe 22nd phosphodiester bond 5' alld Ihe 6th phospho· 
diester bOlld 3'tolhepholodimer. Proc. Nat!. Acad. ScI. USA89, 3664-
3668. 
Johnson, A. E., Henderspn, S. T., Petes, T. 0., Prakash, S., Bank· 
mann, M., and Prakash, l. (1992). Saccharomyces eerev/slae RAD5· 
encoded DNA repair protein eonlaills DNA helicase 8I1d zinc·blndillg 
sequence motifs, alld affects the stabllity of simple repetitive se· 
quences In the genome. Mol. Celt. Bioi. 12,3807-3818. 
Keijzer, W., Jaspers, N. G.J.,Abrahams, P.J., Taylor, A. M. A.,Arlell, 
C. F., Zelle, B., Takebe, H., Klnmont, P. D. S.,andBoolsma, D. (1979). 
A seventh complementatlOll group In excision deficient ~eroderma 
plgmentosum. Mulat. Res. 62, 183-190. 
Kemp, B. E., and Pearson, R. B. (1990). PlOteln kinase recognition 
sequence motifs. Trends Biochem. ScI. 15,342-346. 

Kozak, M. (1991). Structural features In eukaryotlc mANAs that modu· 
late the Initiation of translation. J. BioI. Chern. 266, 19867-19870. 

Lapeyre, B., Bourbon, H., end Amalric, F. (1987). Nucleolin, the ma}or 
nucleolar protein of growing eukaryotic cells: 811 unusual protein struc· 
ture revealed by the nucleotide sequence. Proc. Natl. Acad. Sci. USA 
84,1472-1476. 
laurent, B. C., Treitel, M. A, 8I1d Carlson, M. (1991). FUnctionat Inter· 
dependenceol the yeast SNF2, SNF5, and SNF6 proteins In tf8.l1sc(ip· 
Ilollal activation. Proe. Natl. Acad. ScI. USA 88, 2687-2691. 

laurent, B. C., Yang, X., andCadson, M. (1992). An essentiatSaccha· 
romyces cerevis/ae gene homologous to SNF2 encodes a helicase· 
related proleln In a new family. Mol. Cell. BioI. 12, 1893-\902. 

Lehmann, A. R. (1982). Three complementation 910UPS In Cockayne 
syndrome. Mutat. Res. 106,347-356. 

Lahmann, A. A. (1987). Cockayne's syndrome and Illchothlodystro­
phy: defective repair without cancer. Cancer Rev. 7, 82-103. 

Lomme!, l., and Hanawalt, p, C. (1991). The genetic delect In the 
Chinese hamster ovary cell mUlant UV61 permits moderate selective 
repair 01 cyclobutane pyrimidine dimers In an o~pressed gene. Mulat. 
Aes. 255,183-191. 
Mayne, l. V., and Lehmann, A A. (1982). Failuro 01 RNA synthesis to 
recover after UV irradialion: an early defect In cells from Individuals 



58 

withCodayne'ssyndromeandxeroderma plgmentosum. Cancer Res. 
42,1473-1478. 

Mayne, L V., Priestley, A., James, M. R., and BUlka, J, F. (1986). 
Efficient Immor1aliza\\of\ and morphological trMsformation of hUman 
hbrobla sis by trans/ection with SV40 DNA linked 10 a dominant marker. 
E~p. Cell Res. 162,530-538. 
Mellon, I., and Hanawalt, P. C. (1989). Induction of the Escherichia 
col/lactose operon selectively Increases repair 01 ils \r3flscribed DNA 
strand, Nature 342, 95-98. 

Mellon, I .. Bohr, V. A, Smith, C. A, and Hanawalt, P. C. (1986). Prefer· 
entiat DNA repair 01 an active gene In human ceils. Proe. NaIl. ACad. 
ScI. USA 83, 8678-6862. 

Mellon, I., Spivak, 0., and Hanawal!, P. C. (1987). Selective removal 
of transcription-blocking DNA damage from Iho transcribed slrand of 
the mammalian OHFR gena. CeilSI, 241-249. 

Nance, M. A., and Berry, S. A. (1992). Cockayne syndrome: review 01 
140 cases. Am. J. Med. Genet. 42, 68-84. 

Naumovskl, L., and Friedberg, E. C. (1983). A DNA repair gena re· 
qulred 101 Ihe InCision of damaged DNA Is essenlial for viability In 
Saccharomycescere'lislao. Proc. Nail. Acad. ScI. USA 80, 4816-4821. 

Oh, E. Y., and GlOssman, L. (1987). He\lcase propertIes of Ihe Esche­
richia coli UvrAB proleln complex. Proc. Nail. Acad. ScI. USA 84, 
3638-3642. 

Orren. D. K, and Sancar, A. (1989). Tho (A)BC e~clnucleaseof Escho­
richia coli has only tho UvrB and UvrC subunits In tho Incision complex. 
Proc. Nail. Acad. Sci. USA 86, 5237-5241. 

Orron, D. K, Selby, C. P., Hearst, J. E., and Sancar, A. (1992). Post· 
Incision sleps of nucleotide oxclslon ropalr In Escherichia coli: disas­
sembly of the UvrBC-DNA complex by helicase n and DNA polymer· 
ase I. J. Bioi. Chern. 287, 780-788. 

Peterson, C. L., and Horskowilz, I. (1992). Charactelizalion of tho 
yeast SWI1, SW/2, and SWl3genes, whleh encode a global activalor of 
transcription. Cell 68, 573-583. 

Ptashne, M. (1988). How eukaryolio Iranscriptlonal aclivators work. 
Nature 335, 683-689. 

Rihs, H. P., Jans, D. A, Fan, H., and Peters, R. (/991). The rate 
01 nuclear cytoplasmlo proteIn transport Is determIned by the oasein 
kinase II site flanking the nuclear tocalization sequence of the SV40 
T·anligen. EMBO J. 10,633-639. 

Aobblns. J., Dilworth, S.M., Laskey, A. A, and Dingwall, C. (1991). 
Two Interdependent basIc domaIns In nucleoplasm!n nuclear largeling 
sequence: Identificalion of a ctass of bipartite nucle81 targeting se­
quence. Ce\t 64, 615-623. 

Ruby, S. W., and AbelSOn, J. (1991). Ple·mRNA splicing In yeast. 
Trends Genet. 7, 79-85. 

Ruskin, Il, Klainer, A. R., Man!atis. T., and Gleen, M. R. (1984). Excl. 
slon 01 an Intact inlron as a novel lariat structure during pre-mANA 
splicing In vitro. Cell 38, 317-331. 

Saekl, T., Machida, I., and Nakai, S. (1981). Genetic conlrol of diploid 
recovery after gamma·illadiatlon In the yeast Saccharomyces cerevis_ 
lae. Mutat. Res. 73, 251-265. 

Sambrook, J., Fritsch, E. F., and Manlalis, T. (1989). Molecular CIon· 
Ing: A Laboratory Manual, Second Edition (Cold Spring Harbor, New 
York: Cold Spring Harbor laboratory Press). 

Sanger, F., Nlcklen, S., and Coulson, A. R. (t977). DNA sequencIng 
with chaln·lermlnaling Inhibitors. Proc. Nail. Acad. ScI. USA 74, 5463-
5467. 

Saraste, M., Sibbald, P. R., and Wlltinghofer, A. (1990). The P·loop: 
a common motif In ATp· and GTP.blnding proteins. Trends Biochem. 
ScI. 15, 430-434. 

Schild. D" Glassner, B. J., Mortimer, R. K., CarIS(ln, 1.1., and laurent, 
B. C. (1992). Identification of RADI6, a yeast exclSI(ln repair gene 
homologous to Ihe recomblnatlonal repair gene RAD54 and to the 
SNF2 gene Involved in transcriptional acUvalion. Yeast 8, 365-395. 

Selby, C. P., and Sanear, A. (1991). Gena· and slland·specilic repair 
In vilro: partial purification 01 a transcriptlon·repalr coupling facl(lr. 
Proo. Natl. Acad. ScI. USA 88, 6232-8236. 

Selby,C. P., Witkin, E. 1.1., andSancar, A. (1991). Escherichiaco!imfd 

mutant deficient In "mutalion frequency decline" lacks strand·specific 
repair; In vitro complementatlon with pUlitied coupling lactor. Proo. 
Nail. Acad. ScI. USA 88,11574-11578. 

Senapathy, P., Shapiro, M. B., and Harris, N. l. (1990). Splice Juno· 
tions, branch poInt siles. and exons: sequence statistics, Ide ntificatlon, 
and appllcallons to genome project. Meth. Enzymo!. /83,252-278. 

Shivji, M. K K, Kenny, M. K, and Wood, A. D. (1992). Proliferating 
cell nuclear antigen Is required for DNA e~clslon repair. Cell 69, 367-
374. 

Simpson, N. E., and Cann, H. (1990). Report of the committee on the 
genellc constilution 01 chromosome 10. Cytogenet. Cell Genet. 55, 
142-152. 

Smerdon, M. J" and Thoma, F. (1990). Site·speciHc DNA repair at the 
nucleosome level In a yeast mlnlchromosome. Cel! 8/, 675-684. 

Smith, C. W. J" Porro, E. B., Patton,J. G., arld Nadat·Glnard, B. (1969). 
ScannIng from an Independently specified branch poInt detines the 3' 
splice site 01 mammalian Irltrons. Nalure 342, 243-247. 

Sung, P" Prakash, L., Matson, S. W., and Prakash, S. (1987). RAD3 
protelrl of Saccharomyces ceravislae Is a DNA helicase. Proc. Nail. 
Acad. ScI. USA 84, 6951-8955. 

Sung, P., Prakash, S" and Prakash, L (1988). The AAD6 protein of 
Saccharomyces ceravis/ae polyublquitinates hlstones, and its acldio 
domain mediates Ihls activity. Genes Dev. 2,1476-1465. 

Tamkun, J. W" Deuring, R., Scott, M. P., KIssInger, M., Pattatuccl, 
A. M., Kaufman, T. C., and KennIson, J. A (1992). brahma: a regulator 
01 Drosophila homeotlo gerles struoturally related to the yeast tran­
scrlptiOrlal activator SNF2ISWI2. Cell 68, 561-572. 

Tanaka, K., Kawai, K, Kumahara, Y., Ikenaga, 1.1., and O~ada, Y. 
(\9Bl). Genetio complementation groups In Cockayne syndrome. 
Som. Ceil Genet. 7,445-455. 

Ta.oaka, K., Miura, n, Salokala, I., Miyamoto, I., Yoshida, M. C., Saloh, 
Y., Konoo, S" Yasul, A,Okayama, H., and Okada, Y. (199W. AnalySiS 
01 a human DNA excls.ron repaIr gene involved In group A )(eroderma 
plgmentosum and containing a zinc-linger domaIn. Nature 348, 
73-76. 

Terlelh. C., van Sluis, C. A, and van der Putte, P. (1969). Differential 
repair 01 UV damage In Sacchammyces cerevislae. Nucl. Acids Res. 
17, 4433-4439. 

Terleth, C" Schenk, P., Poot, A., Brouwer, J., and van der Putte, P. 
(1990). Dillerenlial repair 01 UV damage In rad mutants 01 Saccharo· 
myces cerev!slae: a possible function of GJ arrest upon UV Irradiation. 
Mol. Cell. B[o1. /0, 4678-4684. 

Thompson, L. H., Mitchell, D. L., Regan, J. D., BoullIN, S. D., Stewart, 
S. A., Carrier, W. L., Nairn, R. S., and Johnson, R. T, (1988a). CHO 
mutant UV61 removes (6-4) photoproducts but not cyclobulane di· 
mers. Mutagenesis 4, 140-146. 

Thompson, L. H., Shloml, T., Salazar, E. P., andStewart, S. A. {1986b}. 
An eigh I complementatIon group of rodent cells hypersensitive to uHr a· 
vIolet radiation. Som. Cell. Mol. Genet. 14,605-612. 

Troelslra, C., Odijk, H., de Wil, J., Westerveld, A, Thompson, L. H., 
Bootsrna, D., and Hoeijmakers, J. H. J. (1990). Molecular cloning of 
Ihe human DNA eXcisIon repaIr gene ERCG-6. Mol. Celt. Bfol. /0, 
5808-5-813. 

Tloel5lra, C., landsvaler, R. M., Wiegant, J., van der Ploeg, 1.1., Viel, 
G., Buys, C. H. C. M., and HoeiJmakers, J. H. J. (1992). Localization 
of the nucleotide e~clslon repair gene ERCC6 to human chromosome 
10qll-q21. Genomlcs 12, 745-749. 

van Duin, 1.1., de Wit, J., Odijk, H., Westerveld, A, Yasul, A., Koken, 
M. H. M., HoelJmakers, J. H. J., and Booisma, D. (1986). Molecular 
characlerization 01 the human excision repair gene ERCe·1: cDNA 
cloning and amIno acId homology with Iho yeast DNA repair gene 
RADIO. Cell 44, 913-923. 

van Duln, 1.1., Vredeveldt, G., Mayne, l. V., Odljk, H., Vermeulen, 
W., Klein, B., Weeda, G" Hoe\jmal<ers, J. H. J., Boolsma, D" and 
Wes\erveld, A. (1969). Tho cloned human DNA excision repair gene 
ERCC·' fails to COfrect xeroderma plgmenlosum complementatlon 
groups A through I. Muta!. Res. 217, 83-92. 

van Houten, B. (1990). Nucleotide excIsIon repair In Escherichia col/. 
MlcrOblol. Rev. 54, 18-51. 



lIan Zealand, A. A., Smith, C. A., and Hanawalt, P. C. (1981). Sensitive 
determlnallon of pyrimIdine dimels in DNA of UV·lrradialed mamma­
lian cells, Mula!. Res. 82, 173-169. 

Venema, J. (1991). Gene specific repair of UV·lnduced DNA damage 
In mammalian celfs. PhD thesis, State University of lelden, lelden, 
The Nelhellands. 

Venema, J., Mullenders, L H .. Natara]an, A T., van Zeeland, A. A., 
and Mayne, l. V, (1990a). The genetic de/actin Cockayne syndrome 
Is associated with a defect in repair 01 UV·lnduced DNA damage In 
transcriptionally active DNA. Proe. Nail. Acad. ScI. USA 87, 4707-
4711. 

Venema, J., van Hollen, A., NataraJan, A. T., van Zeeland, A. A., and 
Mu\lenders, L H. (1990b). The residual repaIr capacity of xeroderma 
plgmentosum complementation group C fibroblasts is highly specific 
for transcriptionally active DNA. Nucl. Acids Res. 18, 443-448. 

Vermeulen, W., Osseweijer, P., de Jonge, A. J., and HoeiJmakers, 
J. H. J. (19B6). Transient correction of excision repair defects In fibro­
blasts 019 xeroderma plgmerllosum complemerltation groups by ml­
crolnjectlon of crude human cell extracts. Mutat. Res. 165, 199-206. 

Vermeulen, W., Slefanlnl, M., Gilianl, S., Hoeljmakers, J. H. J., and 
Boolsma, D. (j 99 j). Xeroderma plgmentosum comple mentaHon group 
H falls Into complementation group D. Mutat. Res. 255, 201-208. 

V/lellng, H., Venema,J., van Rooyen, M. L., van Hoffen,A, Menlchlnl, 
P., Zdzlenlcka, M. Z., Simons, J. W., Mullenders, L. H., and van Zee­
land, A. A. (1991). Strand specificity fcr UV-Induced DNA repair and 
ffilliations In the Chinese hamster HPRT gene. Nucl, Acids Res. 19, 
2411-2415. 

Weber, C. A., Salazar, E. P., Stewart, S. A., and Thompson, L. H. 
(1990). ERCC2: eDNA c!onlr19 arid molecular characterlzatlon of a 
human nucleotide excision repair gene with high homology to yeast 
RAD3. EM80 J. 9, 1437-1447. 

Weeda, G., van Ham, A. C. A., Masurel, A., Weslerveld, A., Odijk, H., 
de Wit, J., Bootsma, D., van der Eb, A. J., and Hoeljmakers, J. H. J. 
(1990a). Molecular cloning and biological characterization of the hu­
man excision repair gene ERCc.3. Mol. Cel!. BIoI. /0,2570-258\. 

Weeda, G., van Ham, R. C. A., Vermeulen, W., Bootsma, D., van der 
Eb, A. J., and Hoeljmakers, J. H.J. (1990b). A presumed DNA helicase 
encoded by ERCC-3 Is 1rwolved In the human repair disorders xero­
derma plgmenlosum and Cockayna's syndrome. Cell 62, 777-791. 

Wen, l., Huang, J., Johnson, B., and Reeck, G. R. (1989). A human 
placental eDNA clone that encodes nonhistone chromosomal protein 
HMG·1. Nucl. Acids Res. 17, 1197-1214. 

Wood, C. M., T1mme, T. L., Hurt, M. M., Brinkley, B. A., Ledbetter, 
D. H., and Moses, R. E. (1987). Transformational DNA repair-deficient 
human diplOid fibroblasts with a simian virus 40 plasmid, Exp. Cell 
Res. 169, 543-553. 

Yagl, T.,and Takebe, H. (1983). ESlabHshmenl bySV40lransformatlon 
and characteristics of a ceU line 01 xeroderma plgmentosum belonging 
to complementation group F. Mutat. Res. 112,59-66. 

Yo, R. D., Wun, T. C., and Sadler, J. E. (1987). cDNA cloning and 
oxpresslon In Escher/chla coli 01 a plasminogen activator Inhibitor from 
human placenta. J. BioI. Chern. 262, 3718-3725. 

Zdzienlcka, M. Z., van der Schans, G. P., and Simons, J. W. I. M. 
(1988). Identification of a new seventh complementation group of UV· 
sensitive mutants In Chinese hamster cells. Mulal. Res. 194, 165-170. 

Zetlo, a., Reynolds, A. J., Kottenhagen, M. J., Schullo, A., and loh· 
man, P. H. M. (1980). The Influence of the wavelenglh ladiallon on 
survival, mutallon Induction and DNA repair In Irradiated Chinese ham­
sler cells. Mulat Res. 72, 491-509. 

GenBank Accession Number 

The accession number for the sequence reported In this paper Is 
l04791. 

59 





Appendix II 

RAD26, 
the functional S. cerevisiae homolog of 

the Cockayne syndrome B gene ERCC6. 





63 

RAD26, the functional S.cerevisiae homolog of the 
Cockayne syndrome B gene ERCC6 

Alain J.van Gool, Richard Verhage1, 
Sigrid M.A.Swagemakers, 
Pieter van de Putte1, Jaap Brouwer', 
Christine Troelstra, Dirk Bootsma and 
Jan H.J.Hoeijmakers2 

MGC Department of Cell Biology and Genetics, Erasmus Uni~'ersity 
Rotterdam, PO Box 1738,3000 DR, Rotterdam and ILaboratory of 
Molaular Genetics, leiden Institute of Chemistry, GOllaeus 
laboratorie;, leiden Universit)" PO Bo.~ 9502, 2300 RA, Leiden, 
The Netherlands 

lCorresponding author 

Communkated by D.Bootsma 

Transcription·coupled repair (TCR) Is a unh'crs[ll sub· 
pathway of the nucleotide excision repair (NEH) system 
thai is limited to the transcribed strand of acth'c 
slructUrfll genes. It accomplishes the preferential cllm'· 
ination of transcription·blocking DNA lesions and per· 
mlts rapid resumption of (he yital process of 
transcription, A defect in TCR Is responsible for the 
rare hereditary disorder Cockayne syndrome (CS). 
Recently we found that mutallons in the ERCC6 repair 
gene, encoding a putative helicase, uuderly Ihe repair 
defect of CS complementation group n. Here we report 
Ihe cloning and characterization of the Saccharomyces 
cerel'is;ae homolog of CSBIERCC6, which we designate 
RAD26. A rad26 disruplion mutant appears yiable and 
grows normally, indicating that the gene docs not ha\'e 
an essential function. In analogy with CSt preferential 
repair of UV·induced cyc10butane pyrimidine dimers 
In Ihe transcribed strand of the actin! RBP2 gene is 
se\'ercly impaired. Surprisingly, In contrast to the 
human CS mutanl, yeast RAD26 disruption does not 
Induce any UV·, clsPt· or· X-ray sensitivity, explaining 
why it wos not isolated as a l11utant before. Recovery 
of growth after UV exposure was somewhat delayed 
in rad26. These findings suggest that TCR in lower 
eukaryotes Is not wry important for cell sU1"\'I\'al and 
that the global genome repair pathway of NER is the 
major determinant of cellular resistance to genotoxicily. 
Key words; Cockayne syndromelERCC6lRAD26ltrancrip~ 
tion"coupled repair 

Introduction 

Nucleotide excision repair (NER) is one of the major 
pathways by which DNA damage is removed from the 
genome. This system is able to recognize and repair a 
remarkably broad spectrum of structurally unrelated 
lesions in a multistep reaction, first elucidated for the 
UvrABC rep<lir system in Escherichia coli (for compre­
hensive reviews see Sancnr and Sancar, 1988; Van Houten, 

1990). A complex of UvrA and UvrB is able to bind to 
DNA and presumably translocates along the helix. Upon 
encountering a lesion such as a UV-induced cyclobutane 
pyrimidine dimer (CPD), a confomlational change is 
induced in the DNA by the stable attachment of UvrB. 
UvrC binds to this UvrB-DNA pre-incision complex 
after which an incision is introduced in the damaged 
strand at the eighth phosphodiester bond 5' and the fourth 
or fifth phosphodiester bond 3' of the damaged nucleotide, 
UvrD/helicase II removes the oligonucleotide containing 
the damage and, through gap-filling synthesis by DNA 
polymerase I and ligase, the integrity of the DNA is 
restored, The mechanism of NER in eukaryotes may have 
basic similarities with that in E.coli. In mammals, an 
incision on both sides of the lesion is also found, resulting 
in the excision of a oligonucleotide of29 bp (Huang et al., 
1992). A sophisticated sub-pathway ofNER, transcription­
coupled repair, quickly targets the repair machinery to 
genes that are actively transcribed by RNA polymerase II 
(Bohr, 199 J; Leadon and Lawrence, 1991). This process is 
responsible for the rapid removal of possible transcription­
blocking lesions from the transcribed strand, while the 
non-transcribed strand is repaired at a slower rate similar 
to the genome overall (Mellon et al., 1987). Transcription­
coupled repair of CPO \W1S found to be conserved from 
E.co/i to yeast and mammalian cells (Mellon el af., 1987; 
MeHon and Hanawalt, 1989; Smerdon and Thoma, 1990). 
The identlfication of factors that playa role in transcription­
coupled rcpair is the key to the elucidation of the mechan­
ism of this conserved pathway. In E.cofi it has been 
resolved 10 a considerable detail. A transcription repair 
coupling factor (TRCF) was isolated that is necessary and 
sufficient for transcription-coupled repair in a defined 
ill vitro system (Selby et af., 1991). TRCF, encoded by 
the mJd gene, is able to recognize and displace a stalled 
RNA polymerase and lead the UvrABC complex to the 
site of the lesion presumably via its affinity for the damage 
recognition subunit UvrA (Selby and Suncar, 1993). 

The phenotypic effects of a transcription-coupled repair 
deficiency in humans are illustrated by the hereditary 
disorder Cockayne syndrome (CS). CS patients display 
photosensitivity, impaired physical, sexual and mental 
development, severe neurological dysfunction, and a wiz­
ened appearance. Remarkably, no elevated risk for skin 
cancer is noted (Nance and Berry, 1992). CS cells still 
perform normal genome overall repair but they specifically 
lack the transcription-coupled repair of active genes 
(Venema et af., 1990; Van Hoffen et nl., 1993). Comple­
mentation analysis has revealed that at least two genes 
are invoh'ed in the classical form of CS (Tanaka el af., 
1981; Lehmann, 1982). Recently we found mutations in 
the ERCC6 gene to be responsible for the repair defect of 
CS complementation group B cells (Troelstra et nf., 1992). 
Thus, CSB/ERCC6 is the first eukaryotic protein identified 
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that is selectively involved in transcription-coupled repair, 
and could represent the functional counterpart of the E.coli­
TRCF protein, although significant amino acid sequence 
homology is absent. 

A high degree of conservation of DNA repair genes 
and repair pathways is found in eukaryotes (reviewed in 
Hoeijmakers, 1993). However, among the NER-deficient 
members of the Saccharomyces cerevisiae RAD3 epistasis 
group no mutant has yet been isolated that is selectively 
disturbed in transcription-coupled repair (Prakash el al., 
1993), Here we describe the isolation of the CSBIERCC6 
homolog of S.cert'I'isiae, designated RAD26, and the 
characterization of the corresponding disnlption mutant, 
that shows a similar defect in transcription-coupled repair 
to that identified in CS. Surprisingly, the /'ad26 mutant 
displays no increased sensitivity to UV light, cisplatin 
and X-irradiation, indicating a minor contribution of 
transcription-coupled repair to survival of yeast cells after 
genotoxic treatment. 

Results 
Cloning of tile S,cerevlsiae Ilom%g of CSB/ 
ERCC6 
Southem Zoo blot analysis using genomic DNA from 
variolls species, including S.cerel'isiae, wilh the human 
CSBIERCC6 cDNA as a probe suggested that this gene is 
conserved from higher to lower eukaryotes (data not 
shown). On this basis we decided to attempt cloning 
of the S.cercI'isiae CSBIERCC6 homolog using cross­
hybridization to the human eDNA probe. We utilized the 
junction fragment strategy, which is based on the rationale 
Ih31 homology over extended regions is likely to be 
meaningful. To detect such regions the CSBIERCC6 eDNA 
was divided into three flanking but non-overlapping seg­
ments corresponding to the N-terminal, middle and C­
terminal pans of the protein (Figure IA). These probes 
were hybridized under low stringency conditions to ident­
ical Southern blots of S.ClwI'iJiae genomic DNA. Auto­
radiographic exposure of the membrane was extended up 
to 5 weeks to reveal the weakly hybridizing fragments. 
Figure IC indicates that the probe of the middle part 
hybridiles to a 3.6 kb £CoRI and a 4,5 kb Psil fragment 
(lanes 3 and 9). The latter fragment was also weakly 
recognized by the N-terminal probe (lane 7), suggesting 
homology within one S.ccr(,I{~iae fragment to both the 
N~tenninus and the helicase region of CSB/EUCC6. The 
C~tennin<ll probe did not hybridize to any pMticular 
fragment (lanes 5 and II). These lindings suggest th<lt the 
mi,ddle part as well as the N-terminus arc sufficiently 
conserved to recognize a common fragment and that 
cOnservation of the C-temlinus may be insufficient. 

While screening a S.cere\'isiae genomic phage library 
using human CSBIERCC6 eDNA probes, we discovered 
using the BLAST computer algorithm (Altschul el af., 
1990), a yeast DNA fragment of 177 bp whose translated 
protein sequence displays a very high degree of homology 
(94% similarity) to the region of helicase domain V 
of the human CSBIERCC6 protein. This fragment was 
localized at the 5' end of a 1779 bp DNA fwgment 
containing the promoter and the coding region of yeast 
QH2:cytochrome-c oxidoreductase subunit II (Oudshoorn 
et al., 1987). The homology was restricted to the 177 bp 

DNA fragment since the QH2 gene and flanking sequences 
showed no similarity to CSBIERCC6. Both ends of the 
fragment contained SalI3A restriction sites, the enzyme 
used for the construction of the library from which QH2 
was isolated. Therefore it is possible that the 177 bp DNA 
fragment was artificially ligaled upstream of the QH2 gene. 
The homologous fmgment was isolated from genomic 
S.ccrci'isiae DNA via PCR and the resulting I31 bp PCR 
product was used as a probe to hybridize to an EMBL3 
phage library containing S.cerel'isiae genomic DNA, The 
DNA inserts of six different phages were isolated and 
characterized. From hybridizations with the hum<ln CSBI 
ERCC6 eDNA we deduced that homology was confined 
10 a 5,2 kb San-Hindili fragment, present in four of the 
isolated phages (Figure IB). To examine whether this 
fragment was derived from the region recognized in the 
yeast genome by the human CSBIERCC6 eDNA, fragments 
of the S.cerel'isiae genomic insert (Figure I B) were 
hybridiled to the same blots used for the hybridization 
with the human probes. The results shown in Figure IC 
reveal that the 5' and middle part of the cloned yeast 
sequence hybridize to the same Pstl fragment as visualized 
by the human CSBIERCC6 5' and middle probe (lanes 7 
and 8 and 9 and 10). Also a clear correspondence is noted 
for the 3,6 kb EcoRI fragment (lanes 3 and 4), We 
conclu de that the middle portion of the cloned yeast 
sequence is identical to the main segment cross-hybridizing 
with human CSBIERCC6 eDNA. 

Sequence analysis 
Sequencing of the 5.2 kb Sall- HilldIII fragment (Figure 
IB) revealed an open reading frame (ORF) of 3258 bp, 
encoding a protein of 1085 amino acids (Figure 2). 
1\\'0 additional ORFs were identified, One represents the 
PET191 gene, whose sequence has a stop codon 348 bp 
upstrenffi of the 3258 bp ORF and shows no homology 
to CSBIERCC6, One hundred bp downstream of the 3258 
bp ORF, the stop codon of an as yet unidentified ORF of 
at least 1596 bp is located encoded by the opposite 
strand, Southern blot analysis of a S.cercI'isiae pulse field 
electrophoresis gel revealed that the 3258 bp ORF is 
localized on chromosome X, The predicted amino acid 
sequence contains several interesting putative dom<lins: 
an acidic amino acid stretch (amino acids 193-228) found 
in several nuclear proteins that associate with chromatin 
or histones (Ptashne, 1988), a sequence matching well 
with a bipartite nuclear location signal (amino acids 252-
273; Robbins et af., 1991) and seven conserved motifs 
identified in many DNA and RNA helicases (amino acids 
317-766; Gorbalenya and Koonin, 1993), Alignment wilh 
the human CSBIERCC6 protein (Figure 2) shows that the 
middle part of the protein, containing the putative helicase 
domains, is highly conserved (71 % similarity). :rhe total 
helicase region is very homologous to comparable parts 
of functionally different proteins tl131 belong to the rapidly 
expanding SNF2 SUb-family of helicases (Troelslra el af., 
1992; Gorbalenya and Koonin, 1993). However, the degree 
of homology in this part of the yeast and the human CSBI 
ERCC6 protein is much higher than the average homology 
of the CSB/ERCC6 or yeast sequence with other members 
of the helicnse sub-family (Table I). Both the N· and C~ 
terminal pariS show less, but still significant, similarity 
(53% and 64%, respectively, gaps not included). The 



A 

B 

,,' '''' aa 1493 

A a til' III" 
ORF N 

IV VVI 

c ~IIIII II 

probes 5' 
M 

3' 

HB s BP P E B H H PE 

II II II! 
"lOSS 1 kb 

ORF N 
'jllAlllil WVVI I 

r-~~T_lrrl'I'rl-'l~gl--~ C 

probes 

5' 
M 

3' 

c 
2 3 4 6 6 7 6 9 10 11 12 

kb 6_ .: 

4_ 

2-

probe 

digest 

a b 

5' 
a b 

M 

EcoRI 

a b 
3' 5' 

a b 
M 

P,U 

a b 
3' 

65 

human 

yeast 

Fig. I, D~tection of cross.hybridizing ERCC6 fragments in S.cererisiae genomic DNA. (A) Schematic representation of the three PCR·gencrated 
probes of the human ERCC6 eDNA used for Southern blot anal>'sis. The probes 5', M and 3' encompass the sequence for respec!i\'ely the N­
[erminu;; (amino acids 1-362), the middle part (amino adds 398-977) and the C·terminus (amino acids 998-1493), A, o.cidic amino acid stretch: G, 
gl)'cine rich stretch; NLS, putative nuclear hxalion signal; S, putative serine phosphorylation site; I-VI, helicase motifs: N, presumed nucleotide 
binding fold. (II) Map of genomic region of RAD16. Restriction map of the 5.2 I\b Soll-Hindlll S.ccm'isioc DNA fragment.containing the comptete 
coding region of RAD16. The filled bar indicates the location of the 117 br fragment used for the isolation of the genomic region. The indicated 
probes 5', M and J' are restriction fragments that contain the sequences encoding the N-terminus (amino acids 1-402). middle pMI (amino acid~ 
403-756) and C·\erminu, (amino a,'ids 871-1085) of RAD26, The predicted functional domains in the gene product are a~ in (A), H. Hindlll; B. 
Bglll; S, Sol!; P, PSlI; E, EcoRI. (C) Specific genomic restriction fwgment, hybridize to the human CSBIERCC6 probes as well as to similar probe<; 
of the isolated yeast gene. Three identical Southern blots of Sam'isiac genomic DNA. ditested with EcoRI (lanes 1-6) or PSII (lanes 7-12). were 
hybridiud to three non,overlapping human CSBIERCC6 cDNA probes (indicated in A) under non·homologous hybridilalion conditions. Following 
e'posure of the blot to Fuji-RX film for 5 weeks at -130'C with an inten>if~'ing screen. the blot was stripped and rehybridized with probes of similar 
p~rts of the isolated yeJst RAD26 gene (indkatcd in B). followed by aUlorJdiography for 16 h. The 6.0 kb Poll frJgmenl in la~c; 9 and 10 
rePf<;5en15 a partial digestio~. Lanes a, human ERCC6 pro~; lanes b, S.am'is;a" ERCC6 probe, 
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FIg. 2. RAD16 shows :I high degree of amino acid homology [0 CSBIERCC6, mo,! prominent in the helicille region. A high degree of conserl'ation 
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number of RtlD16 is X8163.5. 

predicted protein sequence is 407 amino acids shorter than 
the hUlllan CSBIERCC6 protein although it has an insertion 
of 43 amino acids between helicase domain Ia and II. It 
lacks the N-terminal glycine-rich amino acid stretch as 
well as the C-Ierminal putative nuclear location signal and 
potential nucleotide-binding fold. However, the acidic 
amino acid stretch, the putative nuclear location signal in 
the N-terminus and the helicase motifs are preserved at 
similar positions in both genes (Figure 2). The strong 
overall conservation of amino acids and putative functional 
domains suggests that the isolated yeast gene encodes the 
S.cerel'isiae homolog of CSBIERCC6, 

Transcription-coupled repair in the yeast csb/ercc6 
disruptloll mutant 
The involvement of the presumed S,cem'isiaf CSB/ 
ERCC6 homolog in rep!lir was studied to obtain functional 

evidence for its identity, To this purpose, a disruption 
mutant was generated by exchanging the N-terminal half 
of the endogenous gene in the haploid strain W303 for 
the HIS3 gene. This mutation had no notable influence on 
the growth rate or morphology, indic!lting that the gene, 
as is the case in CS, has no vital function. 

Transcription-coupled repair was analyzed by determin­
ing the rate of repair of UV-induced CPD lesions in the 
RPB2 gene. Sweder and Hanawalt (1992) demonstrated 
preferential repair of the transcribed strand (TS) of RPB2 
in repair proficient DB1033 cells, which wa~ dependent 
on RNA polymerase II activity. The RAD+ yeast strain 
W303 used in this study showed a very similar bias in 
rep!lir of the two strands. In the disruption mutant this 
bias is strongly reduced, although not completely abolished 
(Figure 3), Notably, shortly after UV exposure, the NTS 
seems to be repaired morc efficiently in the lTIutant 
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Fig. 3. Transcription-coupled repair of RPBl!s impaired in md26 null mutant. Genomic DNA was Isolated from aUs thaI were UV irradiated 
(70 Ifml) and allowed 10 repair for the indicated lime. Following digestion by PI'II] and P"JlI!, the DNA was mock·treated or treated with T 4 eodo 
V, indicated b)' - or +, respecliyely. Samples were e1cClrophorcsed on a denaturing gel and Southern blot analysis was performed using probes thlt 
h)'bridiu to the trnnscribed strand (TS), the non-transcribed strand (NTS) or both strands {DS) of RPB2. (A) Autoradiogram showing removal of 
CPD from the RPBl PI'uT-Pl'lIl1 fragment. The amount of radioactivity of the 5.2 ~b DNA fragment in each lane was quantified, the percentages of 
repair were ca\culat.:d for each time pointllsing the Poi!>son expression, and are graphicJlly presented in (D). Cur .... es represent the average ± SEM 
of two independent UV irmdiation e~periments, for "'hkh RPB2 repair was determined using $i>; or four Southern blots respectively. III, TS W303: 
e, NTS W303; 0, TS rad26: 0, NTS rad26. 

compared to the parental strain. It is evident however that 
disruption of the isolated yeast gene leads to an impairment 
of transcription·coupled repair of RPB2. We conclude thal 
the gene is the functional homolog of CSBIERCC6 and 
propose to designate it RAD26 consistent with the nomen­
clature of the yeast RAD3 epistasis group genes. 

Genome overafl repair in rad26 disruption mutant 
The absence of an active transcription-coupled repair 
pathway in humans does not lead to a substantial decrease 
in overall repair activity, as was shown previously for CS 
cells (Mayne et al., 1982). To investigate this for yeast, 
the effect of disruption of RAD26 on genome overall 
repair was analyzed using specific antibodies. Figure 4 
shows thaI there is a small but reproducible decrease in 
rate of CPD removal in mutant cells. The magnitude of 
Ihis effect is compatible with the reduced CPD removal 
in the RPn2 gene. The removal of 6/4 photoproducts 
occurs at an equal rate in both cell types. This is expected 
because repair of these lesions by the global genome 
repair pathway is already so fasl (Mullenders et al., 1993), 
thM the transcription-coupled repair process, if operational 
for this type of damage, is overruled. 

Effect of defective transcription-coupled repair on 
survival In yeast 
Human CS-B cells as well as the rodent cell line UV61, 
all carrying a mutation in ERCC6, are highly sensitive 10 
UV irradiation (Troelstra et af., 1992). Since the yeast 
genome is much more compact than the mammalian 
genome, a relatively larger part is transcriptionally active. 
Thus, inactivating transcription-coupled repair by dis­
rupting RAD26 is expected to have a mOre dramatic effect 
on survival after exposure to UV than is seen in CS. 
Surprisingly, disruption of RAD26 conferred no significant 
UV sensitiVity compared with the parental strain W303 
(Figure SA). In addition, rad26 mutant cells showed no 
sensitivity to the genotoxic agent cisplatin, which mainly 
introduces inter- and intraslrand cross links that are repaired 
via NER and other pathways (data not shown). Recently, 
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FIg, 4. Rad26 null mutant cells possess a ..... ild type overall repair 
cap~city. E~poJlentially growing cells were UV irradiated with 70 Jlml 
and alloll'ed to repair for the indicated periods of time. Genomic DNA 
.",as isolated and as,u},cd for the presence of cyclobutane pyrimidine 
dimers (CPD) and 614 photoproducts (6/4 PP) using specific antibodies 
as described (ROZ3 el (1/" 1988). Curves representing CPO removal 
show the a~'erage of an ELISA and slot blot anal)'sls.white remol'al of 
614 PP \\'JS determined via slot biOi analysis. III. CPO \\'303; 0, CPO 
rad26; • 614PP W303; 0, 614PP rad26. 

Leadon and Cooper (1993) described a mild sensitivity of 
CS-A and CS-D cells to X-ray irradiation. Exposure to 
X-rays induces single and double breaks in the DNA, 
which are generally removed by ligase and recombination 
repair (Price, 1993). However, Figure 58 clearly shows 
that rad26 cells display no significant X-ray sensitivity. 
Although the transcription-coupled repair pathway, as 
well as the factors involved, are preserved in yeas! 
and mammalian cells, the contribution to survival after 
genotoxic treatment is clearly different. 

Although no effect on colony forming ability after 
exposure to UV is observed, we examined whether disrup­
tion of RAD26 affects the recovery of growth after UV 
treatment. Figure 6 shows that resumption of growth was 
delayed in rad26 cells following irradiation with 70 J/m 2 
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Fig. S. Impairment of transcription.coupled rep.lir does nOlle.1d 10 
inercs,cd UV or X.ray sensiti\'ity. (A) E'rvnenliaHy growing W30J 
(0) or rad26 (0) cells were irradiated with the indicated doses of 25~ 
om UV, incubated on complete medium (YEPD) agar at 28'C, and 
colonies were counted after 3-5 d8)'5. Values repre,ent the aver;lge of 
two independent experiments, each performed in duplicate. For 
comparison. survival of the radJ6[(6), deduced from Bang (I a/., 
1992, and rad] (0), Higgins el 0/" 1983] NER mutants after UV 
irradiation are also indicated. (8) For X.ray ~ur'iil'al a similar 
procedure was followed 10 that described in (A). but cells were 
irradiated \lith various dose~ of X-rays at a dose rate of 30 G>'/min. 
The sun-'iI'al of the X-ray ~~ll5itil'e rad51 mutant (t.) is also indicated 
(or comparison (data taken from Game and Mortimer, 1974). 

of UV. When the cells are unirradiated, no effcct on 
growth rate is seen, indicating that the altered rccovcry 
of growth is not due to the mutation itself but only 
becomes manifest after UV irradiation. The altered ability 
to recover quickly fcom a genotoxic treatment could be 
indicative of a biological importance of RAD26 and 
transcription-coupled repair for yeast cells, as discussed 
below. 

Discussion 

Sequence conservation and significance of 
functional domains in ERCC6 
An important step towards elucidation of the mechanism 
of transcription-coupled repair is the identification of 
the factors involved, We report here the isolation and 
characterization of the S.cerevisiae homolog of CSB/ 
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Fig. 6, Rad16 celis show a slower recovery of gro\lth (ollowing UV 
irradiation. Exponentially growing W303 and rad16 cells were 
unirradiated or irradiated with 70 J/m 2 of 254 nm UV. Celis were 
dilu1ed in YEPD medium and allo\l'ed 10 groll' at 28'C. Gro\llh wa~ 
monitored by measuring the OD700 at the indicated time-points. l1li, 
W303. unirr~dialed; 0, rad26, unirrJdiated: e. W303, 70 J/m 2; and 
0, rad16, 70 J/m 2. 

Table I. Perantages of homology between CSDlERCC6 and RAD26 

N-tenninal region 
Heliease region 
Average (If helicase sub-famity 
C·terminal region 
Totat coding region 

Identical (%) 

31 
57 
31 
38 

'" 

Similar{%j 

53 
71 
53 

'" '" 
For the calculation of the degree of homology the following regions 
were considered: N-Iermina] region: CSBIERCC6, amino add, 1-493; 
RAD26 . .amino acids 1-283; helicase region: CSDfERCC6. amino 
acids 494-1008; RAD26. amino acid~ 284--814; C-terminat region: 
CSDIERCC6, amino acids 1009-1493; RAD26, amino acids 825-
1085. Similar amino acids are defined as in Figure 3. The a\'~rage 
amino add consen'alion of the SNF2 helkase sllb.famity was 
calculated for the (ollowing proteins: RAD5. RADI6. RAD5--t. CSIH 
ERCC6. SWI2JSNF2, DRM, MOTl, LDS, fun30 and 5THI (Troelwa 
(I al .. 1992 and references therdn). Gap" that had to be introduced for 
proper alignment were not included. 

ERCC6, designated RAD26. While Ihis manuscript was in 
preparation a sequence with significant homology to CSB/ 
ERCC6 was identified in the framework of the yeast· 
genome sequencing project (Huang el ar., 1994). Compar­
ison revealed that it is identical with the sequence of 
RAD26. 11le conservation of the acidic amino acid stretch, 
the putative nuclear location signal and in particular the 
region containing the helicase motifs point to a functional 
significance of these presumed domains. The complete 
helicase region is preserved to a considerable extent in 
proteins that belong to the SNF2 helicase sub-family 
(Troelstra el ar., 1992; Gorbalenya and Koonin, 1993). 
However, the degree of homology of this segment in the 
human and yeast CSB/ERCC6 amino acid sequence is 
much higher (7 J % similarity) than the average conserva­
tion of the region in the helicase sub-family (53%; Table I). 
A similar homology (77% similarity) is found when 
comparing the helicase region of the Drosophila melmwg­
aster and human brallllla gene product (Ta1llkun et ar., 
1992; Muchardt and Yaniv, 1993). The SNF2 sub-family 
comprises at least 17 gene products of different origin, 



including transcription regulators and proteins involved in 
one of the three mnjor multistep repair processes (Troelstra 
el 01., 1992 and references therein). There are indkntions 
that nt least some of these presumed helicases arc pnrt of 
large protein complexes (Cnims et al., 1994; Peterson 
et 01., 1994) nnd are involved in alterations of chromatin 
structure (Hirschhorn et 01., 1992; Winston and Carlson, 
1992). An interaction with histones would be consistent 
with the presence of the acidic amino ncid stretch in the 
CSBlERCC6 sequence. Remarkably. some other members 
of the helicase sub-family, such as SNF2/SWI2 (Yoshimoto 
and Yamashima, 1991), brahma (Tamkun el al., 1992), 
CHD-J (Delmas et (II., 1993) and lodestnr (Girdham 
and Glover, 1991) also contain small acidic amino acid 
stretches N-terminnl of the helicase region, suggesting 
that these residues might contribute to the activity of this 
domain. Until now, no DNA unwinding activity has 
been shown for any member of the helkase sub-family. 
However, a DNA-stimulated ATPase activity has been 
reported for SNF2ISWI2, which is impaired by mutations 
of the nucleotide-binding fold in the helicase motif I 
(Laurent el al., 1993). Notably, the E.coli TRCF protein, 
involved like CSB/ERCC6 and RAD26 in transcription­
coupled rep!lir, displays a weak ATPase but no helicase 
activity, although all postulated helicase motifs are present 
(Selby and Sancar, 1993). An attractive hypothesis is that 
a cryptic helicase activity is involved, which is utilized 
to dissociate DNA-bound protein complexes from the 
template by local denaturation of the two strands. 

Tile phenotype of the rad26 disruption mutant: 
functional implications 
To reveal the biological role of RAD26 a disnlption 
mutant was generated by exchanging the N-terminal half 
of the endogenous RAD26 gene for the selectable marker 
HIS3. The observed phenotype of this null mutant has 
several important implications for the biological role of 
RAD26 and transcription-coupled repair in yeast. 

First, RAD26 disruption is not lethal to yeast cells. This 
is in agreement with the mutations of CSBIERCC6 found 
in CS (Troelstra et al., 1992). l\loreover, this finding 
excludes a model in which RAD26, and by inference 
CSB/ERCC6, has an essential role in transcription and as 
a second!lfY function provides the coupling with repair. 
In contrast, severnl of the recently identified proteins of 
BTF2ffFIIH, and its yeast counterpart factors, have a 
functional overlap in transcription and repair and have 
essential roles in both of these processes (Feaver et al., 
1993; Schaeffer et (1/., 1993, 1994). Nevertheless, an 
auxiliary function of RAD26 or CSBlERCC6 in transcrip­
tion is stilt possible. This could readily explain the typical 
clinical features of CS patients that cannot be rationalized 
by an impaired NER, but instead more likely coincide 
with a defect in transcription (Vermeulen et al., 1994). 

Second, the rad26 mutant is impaired in transcription­
coupled repair and thus forms a valid yeast model for 
the human repair disorder Coekayne's syndrome. An 
interesting observation made here is the persistence of 
significant rep!lir of the TS in the absence of a functional 
RAD26 gene product. When RAD26 is involved in the 
removal or displacement of a blocked RNA polymerase, 
to give the NER machinery access to the lesion, it is 
surprising that repair of the TS is not more strongly 
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inhibited or incomplete in a rad26 null mutant. Apparently, 
the yeast cell has other means to solve the inhibition of 
repair caused by a stranded RNA polymerase complex. 
For instance, it can be envisaged that the replication 
machinery dissociates the blocked RNA polymerase from 
the DNA. as was observed in vil'o in E.coli (French, 
1992). In this case a strongly reduced rate of repair of the 
TS would be expected in stationary phase rad26 cells. 
Alternatively, the main function of the RAD26-CSBI 
ERCC6 proteins may not be the actual removal of RNA 
polymerase but merely to accelerate excision of an injury 
that interferes with transcription in another way. It has 
been demonstrated that upon encountering an obstruction 
RNA polymerase can track back, thereby shortening the 
already synthesized RNA, and resume RNA synthesis in 
an effort to pass the pause site (Kassavelis and Geiduschek, 
1993 and references therein). The elongation factor TFIIS 
(SIl) has been shown to stimulate this anti-terminating 
activity (Reines cl (1/., 1989; Izban and Luse, 1992). 
Transcript shortening probably fOrols the basis oftranscrip­
tion-coupled repair (Hnnawalt, 1992; Hanawalt and 
Mellon, 1993). CSBlERCC6 could coordinate the retrac­
tion process, so the lesion can be repaired before transcrip­
tion resumes. Alternatively, CSB/ERCC6 could mediate 
the attraction of repair proteins to the site of the lesion 
(as was suggested for TRCF). In any of these scenarios 
the complementary NER SUb-pathway. i.e. the overall 
genome repair process, could take over the repair of the 
TS in the absence of RAD26. If so, one would expect 
double llIutants of RAD26 and RADl or RADJ6, the latter 
Iwo being defective in repair of non-transcribed strands 
(Verhage el al., 1994), to be null mutants for excision 
repair. If not, it would indicate that a third NER sub­
pathway exists, operating on the TS in the absence of both 
transcription-coupled as well as genome overall repair. 

Third, an unexpected difference with the mammalian 
ercc6 mutants (Troelstra el 01., 1992), is the absence of 
significant UV sensitivity of the rad26 mutant. Survival 
following exposure to cisplatin or X-irradiation was also 
not influenced by disruption of RAD26. When transcrip­
tion-coupled repair was first discovered for the amplified 
DHFR gene in rodent cells (Bohr et (II., 1985), it provided a 
plausible e."iplanation for the rodentlhumnn repair paradox. 
Rodent cells repair CPD lesions in only a small fraction 
of their genome (the transcribed strand of active genes) 
but nevertheless display a similar UV survival to human 
cells, which possess a much higher repair activity (Mellon 
et 01., 1987). Extrapolation of this funclionnl significance 
of transcription-coupled repair to yeast apparently does 
not hold, at least for the mutagens and the conditions 
tested here. It is still possible that the relative importance 
of this conserved p!lthway in preventing cell killing and 
mutagenesis is different in multicellular and unicellular 
organisms. In agreement with this, the E.coli mfd mutant 
also shows only a very mild UV sensitivity but displays 
a highly elevated mutation induction of the transcribed 
strand (Oller el al., 1992). In the absence of any effect 
on survivol the raison d'ttre of transcription-coupled 
repair could be to permit a rapid resumption of growth 
after genotoxic treatment, as is apparent from Figure 6. 
Its primary role would then be to increase the efficiency 
of displacement of a stalled RNA polymerase II complex 
and to facilitate repair, thus shortening danwge-induced 
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cell cycle arrest. As a separate consequence it would 
stimulate cell survival of multicellular organisms with a 
more complex genome. Following this reasoning, it is 
even possible that the CSBIERCC6-RAD26 protein acls 
as a general displacement factor for RNA polymerase II 
when this is blocked for any reason. Obviously, the 
absence of UV sensitivity explains why a CSBIERCC6 
analogous mutant has not been isolated in yeast before. 
At the same time this notion opens the possibility that 
additional factors selectively involved in transcriplion­
coupled repair. such (IS the CSA gene, are hidden in 
the yeast genome, Finally, these findings underline the 
importance of the global genome repair pathway for 
cellular resistance to genotoxins in yeast. 

Materials and methods 
General procedures 
DNA purification, restriction en7.yme digestion, DNA ligation, PCR, gel 
electrophoresis, llP_labding of pro~s using random oligonucleotide 
primers and filter hybridizations were performed according to standard 
procedures {Sambrook (I (II., 1989), unless stated otherwise. Alkaline 
DNA transfer to Zetapro~ (Sio-Rad, Richmond, Califomia) or H>·bond 
N+ (Amersham) blotting membranes was performed as described by the 
manufacturer. Sequence anal)·sis was p<:rformed by dideoxy chain 
termination using a combination of sub-clones, exonuclease III dektions 
(Pharm~cia) and synthetic primers. 

Construction of the rad26 disruption mutant 
For gene di,ruption of RAD26 the pla.lmid PTZSHE6Sc, \.\hich contains 
tbe complete coding region on a 5.2 kb S(ln-Hitldlll fragment, was 
used {Figure IB}. The N-terminal 1.6 kb 8g/ll fragl11ent was substituted 
for a 1.8 kb BamHI-HISJ fragm~nt. leaving 0.5 kb homologous DNA 
5' and 3.0 kb 3' of the HlS3 inser1. This construct \\as linearized and 
transformed to the haploid yeasl strain W303 (MATa, ho, add, Irpl, 
/fII2, ((111/, hid, uraJ) generJ.ting MrJin MGSCI02, hw.'after refe1Ted 
10 as f(ld16. Disruption of the endogenous. RAD26 through homologous 
recombination was confirmed by Southern blot analysis using probes. 
that h)·bridile eith~r 5' or 3' of the 5.2 kb S(ln-Hilldfll frJ.gment. 

Repatr analysts of UV-Induced CPO 
Determination of tramniption-coupled rep~ir of UV-induced CPO in 
RPB2 was performed basically a~ d~>cri~J by Bohr et (1/. (1985). 
E'ponentially growing cells (OD I (O) = 1.2) were collected b)· centrifuga­
tion, diluted in cold PBS and UV-irradiated with 70 Jlm1 at <1 rate of 
3.5 J/ml/s. Following centrifugation and r~su\pemion in YEPD medium, 
cells \.\cre incubated for various period, of time at 28'C in the dark to 
allow rep~ir. G?nomie DNA was isolated, purified on CsCI gradients 
and digested with Pml and PI·ull to ghe a 5.2 kb RPB2 fragment. DNA 
digests were dhided in two equal parts and treated or mock-treated with 
T4 endonuclease V. Following overnight electrophoresis on a denaturing 
agarose gel with redrculating buffer. DNA was. tran.lferred to H)'bond 
N+. Rep~ir of HPB2 was. vi~ua!ilNI by h)·bridizations with strand­
specific probe~. A PCR-generated RPlJ2 fragment \\as digested with 
£foRI and Xlml and the resulting I kb frJ.gment was cloned in MJ3 in 
both orientations. Single.stranded MD molecules were isolated and 
radiobbeled by primer e.\tension of the MJ3 h)·bridiwlion primer 
(pharmacia). Fir,l, ~nnealing of the primer was acwmplished by incubat· 
ing 500 ng of ssM 13 \\i1h 2 pmol MI3 bybridilJtion primer in JO Illl 
of JOmM Tris-HCI (pH 7.5), 0.1 mM EDrA, 100 mM NaCl for 2 min 
at lOO'C and sub,equently for 30 min at 37'C. Theil 10 ml of 2 mM 
Tris-HCI (pH 7.5), 2 mM MgCI1' 0.2 mM DIE, 400 m~l (dOTP, dCTP, 
dTTP), 4 mM JATP, 0.4 m~l 111p)dATP (3000 CUmmol} ami 2 U 
KlcllClw pol)'mer~se (Boehringer Mannheim) were added and the mhlUre 
wa, incubJted for 60 min al room temperJlUre. The unincorpor,lted 
fraction of C1p)dATP W,)S removed u,ing Sephade~ G50 columns 
(Pbarmacia) and the probes were directly used for h)'bridizJtions. The 
. 1~P_labded RPlll PCR product was used as probe to determine repair 
of both strands. follolling h)bridilation of Ihe blot with the probe of 
one slfJ.nd, the rndio~ctive signal wa~ thoroughly removed b)' illcubJting 
tbe blot 5 min at 100'C in 10 mM Tris-HC!, I mM EDTA, 1% SDS 
Jnd the blot was rehybridized wilh a probe directed to the oppo,itc 
SIr.lnd or 1\> both strands. The membranes were $ColIlllcd using a 

Phosphorlmager (Molecular Drnamics). Repair of CPO \\as ealculated 
by comparing the amount of radioactivity in the mock-treated and T4 
endonudease-treated RP81 fragment using the Poisson expression (Bohr 
ci af., 1985). 

Analysis of genome overall repair was performed as described in 
detail previously (Verhage CI of., 1994). Removal of cyclobutane pyrimid. 
ine dimer> was detccted using specific antibodies (Roia el (1/., 1988) in 
an EUSA or slot-blot anal>·sis, while rep3ir of 6/4 photoproducts could 
only be detected via slot.blotting. 

Survival expe(iments 
For determination of sun·ival after UV irradiation, exponentially gwwing 
cells were colle.-:ted by (entrifugation and dituted in cold PBS. Small 
aJiquots were irradiated with 0-200 Jlm1 254 nm UV (Philips T UV 30 
W) at a rate of I or 1.5 Jlml/s. Survival after exposure to cispbtin was 
measured in cells collected, resuspended in cold water, exposed to 0-35 
mg!ml cisplatin for 2 h at 28'C and wa~hed mice. For determination of 
survival after exposure 10 X-rays, (ells were irradiated wilh 0-500 Gy 
X-ra)·s at <1 dose r.lte of 30 Gy/min. Appropriate dilutions were plated 
on complete medium (YEPD) agar and colonies were counted uf!e! 
3-5 days of incubation at 28'C. 
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with alterations in global genome 
and transcription-coupled repair. 
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The nucleoUde excision repair (NER) pathway i,s thought to consist of two subpathnays: transcription. 
coupled repair, limited to the transcribed sirand of acth'C genes, Ilnd global genome repair for Ilonlranscribed 
DNA strands. Recenlly we doned the RAD26 gene, the Saccharomycts ctrft'isiac homolog of human CSBIERCC6, 
a gene Inwlnd in transcrlpl!on.coupled repair and the disorder Cockayne s)ndrome. This paper describes the 
anal}'sis of yeast double mutants sclccUwly affecled in each NEI{ subpaHmay. Although rad26 disruption 
mutonts ore dcfecth'e in transcriptlon·coupled repair, they are not UV ~enslth'e, 1I0we\'er, double Illutants of 
RAD26 wllh the global genome repair determinants HAD7 and RADJ6 aplleared more UV sensllh'e lllan the 
single mdl or md16 Illutants but not as sensllh'e as completely NER-defident mutants, These findings unmask 
a role of RAD26 and transcription·coupled repair in UV sun'iml, indicate that transcription.coupled repair 
and global genome repair are partially O\'erlapplng, and prm'lde e\'ldence for a residual NER modality in the 
double mulants. Analysis of dlmer remonll from the acUw RPB2 gene in the rad7!16 rad26 double mutants 
re\'ealed (I) a contribution oflhe global genome repair factors Uad7p and Rad16p to repair of the transcribed 
strand, confirming the partial o\'erlnp between both NER subpatlnnt}'s, and (ii) resldulIl nl13ir specifically of 
the transcribed strand. To inwsligate the lranscriplion dependem:e of this repair acth·lty, strand-sp('cific 
repair oflhe Inducible GAL7 gene was Im·estigated. The template strand of this gene nas repaired only under 
Induced conditions, pointing to a role for transcription In the resIdual repair in the double mutants and 
suggesting Ihat transcription-coupled repair cnn to somc c:dcnt operate indcpendcnlly from Rad26p, Our 
findings olso Indicate locus heterogeneity for the dependence of transcripHon.coupled repair on RAD26. 

The molecular details of the versatile process of nucleotide 
excision repair (NER) are becoming increasingly clear as more 
of the proteins involved are purified and biochemically ana­
lyzed (I, 8, 17; for reviews about NER, see references 7 and 
J2). However, the process of differential repair, the difference 
in rate of removal of cyclobutane pyrimidine dimers from dif­
ferent paris of the genome (for reviews, see references 9 and 
32), is not yet fully understood at the molecular level. Although 
the actual proces~ of dimer removal is likely to be performed 
by the same repair enzymcs in the same molecular way for the 
whole genome, one of the first steps of NER, DNA damage 
recognition in chromatin, might differ for lesions in specific 
regions. This notion has led to the idea of two subpathwnys of 
NER: (i) a process called global genome repair that is essential 
for removill of damage from nonlmnscribed DNA sequences 
and (ii) a system known as transcription-coupled repair that is 
involved in the spccific fast and efficient repair of damage from 
the transcribed strand of ilctive genes. Tmnscription-cQuplcd 
repair has bcen found to occur in mammalian cells (16), Esch­
erichia coli (15), and the yeast Sacc/wromyCt's cacrisiac (14, 27, 
30), and it causes preferential repair of the transcribed stwnd 
over the nontranscribed ~trand and other inactive DNA. 

Several genes have been shown to be spccifically involved in 
eilch of the subpathways in mammals and in S. cercl'isiac, In 
human5, the Xl'C gene is implicated in global genome repair, 
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since cell lines with a mutation in this gene repair only dimer~ 
in transcribed strands of (tctive genes (37), In S, cacI'isiac, rod7 
or radJ6 disruption mutants are completely deficient in repair 
of the silent mating-type loci (2, 31) and the nontranscribed 
strand of an active gene (3S), Repair of the transcribed strand 
is not affected in these mutants, suggesting that at least when 
the template strand is transcribed, the function of the global 
repair proteins Rad7p and RadJ6p (and in human cells XPC) 
i~ restricted to repair of the nontranscribed strand. 

Preferential repair of the transcribed strand over the non­
transcribed strand was shown to be dependent on transcription 
(14, 30), indicating"a role for the transcription proce~s in effi­
cient recognition of damage in transcribed DNA. In E, coli, a 
factor coupling the DNA repair machinery to transcription has 
been found (25). TRCF (tmnscription-repair coupling factor, 
the product of the mId gene {24j) recognizes RNA polrmera~e 
~talled at a lesion, and through affinity for UvrA, it directs the 
repair enzymes to the damage; upon release of the po!ymemse­
RNA complex, the lesion is repaired (25), Transcription-cou­
pled repair has also been found to OC('ur in higher eukar)'ole~, 
and it has been shown that thi~ process requircs trnmcription 
and additional proteins. One ~uch protein is the CSB gene 
product, which complemcnts thc UV sensitivity ilnd the dell­
cieney in recovery of RNA synthesis after UV irradiation in 
Cocbyne syndrome (CS) group B (CS·B) cells (33), CS-B cell 
lines have been shown to lack efficient repair of ilctive DNA 
(35, 36), implying a role for the complementing gene CSB in 
transcription·coupled repair. We have cloned thc ycast ho­
molog of CSB and designated thi~ gene RAD26 (34), Disrup­
tion of this gene indeed !ead~ to a defect in transcription­
coupled repair of the RPB2 gene in p,'itSt cell~ (3~), Rt."markahly, 
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W303·18 

W303236 
MGSC97 
MGSCI02 
MGSCIO-I 
MOSClO6 
MaSClO7 
MGSCIOS 
MGSC126 
MGSCJ39 
MOSC140 

TABLE 1. S. amisiae stwins used 

,llATo./1O ((111/·/00 Ulkl.lllpl-1 /<'112· 
3,112 hid-JJ,J5 lI!oJ·1 

rad16J.::URAS' 
I<1d7J.::URAs' 
rad26J.::HISJ' 
lad7.'1::LEU2" 
mdlJ.::LEU2 rmI26:-'::HlSJ' 
radI6 .... ::LEU2 wd26Jd1lS3" 
r<1dlJ.::L£U2 md16J.::URA] la<l26J. :IIIS.1" 
mdlO::LEU1" 
I<1dU .... ::LEU1' 
rrldUJ.::LEU2 md26~::HISj> 

"The r~m~indcr of Ih~ &~nOl)re is lh~t "r W3()J·1B. 
~ CU[lSlfV(\<d as described in Mah:ri,1> and Melli('d<. 

Reference 

2\ 

38 
38 

" 3S 
This study" 
This study" 
This SWdt' 
This studY' 
This stud)'" 
TIlis study" 

a rad26 disruption mutant is not more UV sensitive Ih~n a RAO+ 
strain, in (ontrast to human CS·B cellline~. 

It is possible that the defect in transcription-coupled repair 
in a rad26 mutant is partly compensated for by global genome 
repair, explaining the absence of UV sensitivity in such a mu­
tant. To c,~amine this possibility, survival after UV irradiation 
of rad7 rad26 and radl6 rad26 double mutants was determined 
and compared with sun'ival of various single mutants. Analysis 
of these mutants also allowed testing of the idea that NER is 
accomplished by the additive contribution of transcription­
coupled repair and global genome repair. Removal of dimers 
from both individual strands of the active RPB2 gene and the 
induced or repressed GAL7 gene in the various mutants was 
determined to answer this question. The results provide more 
insight into the refationship between transcription-coupled and 
global genome repair, have implications for the role of the 
RAD26 gene in transcription-coupled repair in S. cerel'isiae, 
and may have implications for the molecular defect in CS. 

~IATERL\LS AND ~IETHODS 

Gellnat pro(~dnn~. All gcn~r~l pf(lcedure', illduding DNA ptlriHc~lion. re· 
5tricli(\n enQme dig~jlion, doning, FCR, ~nd god ek(lf(1pll(lre,il. were per­
formed ~c,:ording to st"ndJrd IHllCedure, (22), PI.,!mid5 "ere pfl'p~gal~d ill E. 
coli D..\101 under ~pprLIrri3te Mtibiotic ~dc,tion. 

Yt;\\1 st~J.III.! nnd m(dla, Th~ )'Call strains u,~d for lhis Ilud)' are lilted in 
Tabl~ l. All strains I,ere kpl {'n <de~lhe YNEl (0.61'1. )ea\l n;lwgelll;>a,e. 2'1-
glu(Ole. 2'1 IlaCl0 Agar) supp!emenkd lIith lhe Jppropri.11e m~r~~rs. Cells lIere 
&""'n in complele medium (YEFD) (I~r least ntr~cl. 201 [I~clO F~ptone, 2% 
glucQ<e) ~1 2H'C undcr ligorous sha~ing wndilion~. For induction of GAL7, 
gluco<e "a5 rcpbced b)' g,lbctNc (28), induClk'n of G,IL7 on g"13ctL,,e·wn· 
!Jining medium \\3, nmfirm~d b)' N\lIlhcrn (RNA) bl,'t an~l)'is. 

Con,tru<llon of dl~rupl1oo mnlno!!, Y~,1;l (Clls were lransformed b)' ek.tru· 
pllralilln (2.250 Vicm, 250 I'-F, 20ll 0). C(lIs \\er~ pl~led ('n nw \Iilh the 
neee'lll)' .1mino acid, and in('ut.,ted .11 2S'C for 2 10.s d3)'~. Su('Ce\\ful dilrup' 
liun (21) "al c"nfirmcd by Suuthern anal)~i>. 

Sl",in MGSCl02 (wd261::II/S.1 [34)) 1I.1S lransform~d "ith Dg/l·lincarized 
pl~~mid pRAD7j::lEU2 (JR) 10 obl~in main MGSC1G6 (md7 mJ26). 

Slraim W303-ID and MGSC(Ol (raJ261:-HfSJ) "ere Iramformed Ilitb P, "I· 
linearized pla,mid pUB33 /gift of D. D. B2tIlg). which wnlains lhe LEUl gene 
in'erled ill pbce of lhe Hilldlll f"'gmenl of MO/6 (2), 10 (,blJin ~lraim 
MGSCI26 (wd/6) Jnd MGSCI07 (1".116 ",0116). respeclively. These ~trJillS CMI)' 

lhe SJme md/6 dcklirln as ,train W30~236 PSI. bUl \\ilh LEU2 as a !~Ie(I"b!c 
m~rhr in-tead of UR..L1-

MGSClfl5 (wd71:LEUlmd/61';UHAJ p~j) II~S lrJ~,form(d "ilh linearized 
pPTZSHEr>Sd::HlS3 (.1~) 10 gener,.te !lrain MGSCHl~ (l<ld71"d/6 md16), 

W3tl3·lD ,1nd )"lGSCHlj (md261::JllS3) I,~rc lr,Ln!fMmcd II;lh SlId·.\'wj· 
tli£~>l~d pB)"U'Xl (girl of L Fr~h!h P) to &(ncrJle ~trJins MGSCIJ9 (I"d/-l) 
and MGSCI~O (",,IN ",,121)), re'p~dhely. 

UV !1Ir'ti'al {Ur'tH. Y(~!l cell, "ere grll"l1 in YEFD to ~n "pliedl dcmil)'of 
0.6. dlluled illllJter, and irradialed "ilh lbe indicaled UV dll\c~. and tlilutiom 
wele plaled on YEPD. AI!e, 3 d~)s of ir.,ubalion ~I 2WC io lhe tl~rk, COh)niel 
I\C,,,, CDunled ~nd $uf\'i\31 "as calculated. 

U\' Irradlallon and OS,\ iloiallon. Ye"ll c~115 d,lutcd in chilkd pho;pbte-

buffered !aline \Ie,e irradi:Md "ilh 15~·nm UV tight (Philip, T UV JOW) ~1 a 
rate of 3.5 Jlm!,'~. Cells Ilere collected b/' cenlrifugation, re~LL,p~n<kd in gro"th 
metlium, and incubJled f(1f ",rious limes in the d:3fk 011 2S'C prior to Di'>'A 
bol31ion (26), DN'A I\aI purified on esCI gradienl5 (22), 

Sl'e~jfk pnlb~s. O:>nltrll(tion ar.d isolalion of \iog!e·manded ~IJJ·derh~d 
prubes recognizing the RPD2 gene \\er~ p~fformed as del-(nbed before PS). 

To wmlruCl slr~nd-~pccific prot.es recogniLing the GA/.7 gone. oiig0nucieu­
lid~s S'GGlTITGCAATCGAGCCTGOfAG3' and S'GGCCAGATGGCCG 
AGTATG3' lIere ~)ntheliz~d and FCR "as perform~d on }~~\1 ~trJin W303·IB 
ch!Ommum~1 DNA \\ilh th~\e primers (35 C)'dcs, anne.,ling ten'pefalute lIf 
55'C), g~n~raling a 1,6-~b fragment, This fragmenl "J~ digc,t~d \\ilh Afd. lhe 
sile \\;1$ Hlled Ilith K1enow~lI1)me to generilte a blunl end, and lhe fragment \Ia, 
digested \\ith Bg/U. The r,;sulting 1.1.~b blunl-BglII {ragmenl \las d(1n~d in b(\th 
uricntalions InMI3 tligdlcd "ilh lfindl ~nd ilamHl (,l,ll.1mpIS and MIJmpI9). 

Single·~trJnded DNA '';is i,ol~ted ~s described b)' Sambrollk ct ,lI. (22) ~nd 
used for prim~r C\1~mioI110 generate '2p_labdcd Ilrand-~r<dfi" prL,t<es "s de· 
mwed earlier (34. ,13). 

Genf',sr~dfic [('pair assay. Genomic DNA ,,~s cul "ith rem;';licon enJonude· 
as~s P,1l1 and l'1ull, g~nerating a 5.2·~h RPII2 frJgmell1 (.10) and a 4,7·hb GAL7 
fragment. DNA 1'111pks "ere rli,illed in 1>'0 ~qu,,1 parts. On~ \\:i.\ ir-cuh,'ted "ilh 
T~ endonuc!ea.<c V (i,ohh:d ~> de\cnbed in (da~nce 18). Ihe ('Iocr '':is 1l1"'~ 
lrealed. and 1;>,)lh \Icrc 10Jdcd Ull den.lluring ag3f<.l!e g<ls ~s rlelCrib,d b)' Bohr 
c\ JL (~). After ele.!r(\phor~si5. the Di'>'A ,,~s t[ansfeH~d to H)~nd N+ (Am· 
~r>ham) Jild h)briJ;zed 111 \lrand·!p~cific prob~~. Afto::r h)bridintion and d"O 
anal),i". llie probe \\a\ r~mo\ed by .1lbline \I~'hing. and subs~qu.:nll).' lhe b~(11 
\Ias h)hridizcd III another prot.e. In lhjsll~y. il \\'as ro'i>ible 10 d~ler111;r.e ,lim(r 
removal from both Hrrlr-J5 of Ihe RPIl2 fragmenl and lhe GAL7 fllgm~nl on 
(I'Cry blot (f"ur prl>bl'». 

The D.mount of h}bridiud bb,lcJ prllb~ in c"ch b.lnd <'II Il:c Soulhern t.!,ltS 
"as qU[l.IIlificd "ilh a Iktaj;:0pe ('03 biOI an~l)ur (Uct.1,t;<n) and u\cd 10 c~ku­
lale lhe amounl of dimerl per frogment ~cc0fding 10 lhe rOilSOn diHlibulion.1> 
de>Clibed prelillully (4). Aftcr t.eing ~canl1ed in II,e blot Jll3lyur, aulO[Jdio· 
glJpils wcre prep'r~d from lhc Soutllcrn blots. 

RESULTS 

Sun-ivai of double mutants dlslurbed in trunscription·cou. 
pled as \\'ell as global genome rep3lr. To investigate whether 
the lack of UV sensitivity of a rad26 mutant is due to compen­
s3tion of the NER defect by global genome repair, we studied 
mutants that lack both RAD26 and factors es~ential for global 
genome repair. Isogenic rad26, md7, rad16, md7 md26, radl6 
rad26. and tad7 mdl6 md26 disruption mutants wcre con­
structed from the repair-proficient (RAD+) slrain W303-1B 
(see r.,'faterials and Methods and Table 1). Isogenie strains 
totally deficient in NER were constructed by disruption of the 
RAD14 gene (3). TIle survival of the strains after irradiation 
with UV was measured. 

From the results in Fig. I, it is clear thai although a single 
rad26 mutant is not more UV sensitive th:m a RAD+ strain 
(34), the md7 rad26 and rad16 md26 double mutants arc more 
UV sem;itive than ~inglc mll7 or md16 mutants. In contrast, the 
surviV1.l1 of a radJ.lmd26 double mutant is identical to that of 
a completely NER·defident mdJ.l single mutant, indicating 
that no repair systems other than NER are impaired by a rad26 
mutation. Since md7, radl6, and mdl4 mutants are in the same 
(rad3) epistasis group, the greater UV sensitivity of md7 md26 
and rad16 md26 mutants than of single md7 or fill(f6 mutants 
is due to the combination of defects in global genome nnd 
transcription-coupled repair. 

Strikingly, although nn additive effcct from disturbing both 
transcription-coupled and global genome repair is observed, 
the md7 md26 and rad16 rad26 double mutants are clearly not 
as UV sensitive as a completely NER-deficient radJ.l stmin. 
This result indicates thai there must be residual repair activity 
left in the double mutants. 

Analysis of dlmer rcmoml from hoth strands of the IWB2 
gene. To examine the nature of the remaining repair activity in 
the double mutnnts, we analYled dimer removal from the in­
dividual slrands of an active gene with the method described by 
Bohr et al. (4), The results of lhe repair e,xperiments using the 
RPB2 gene are shown in Fig_ 2. 
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FIG. 1. UV SUl'oi,ai of double mutanl, di\lur~d in global genome and Iran· 
!(riplion,wupied rer~jr. The \UI'o,IJ! of slrJin<; WJO)-lB (R. .. W+), MOSClO2 
(md26), MGSC1O-i (fadl), W)03236 (rad16), /IIGSCI05 (mdl rdd16), MGSC106 
(radl rad16), /IIGSC107 (radl6 rad26), /IIGSCIO& (radl f"dl6 ra(26), MGSC!39 
(r,,<iN), and /IIGSCI40 (mdJ.t rad26) after UV irr~diali(ln is depkl~d. 

As we described before (34, 38), rad7 or radI6 single mu­
tants are defective in repair of the non transcribed strand of 
RPB2, while RAD26 disruption leads to a strong decrease of 
the preferential rcpair of the RPB2 transcribed strand (Fig. 
28). 

Survival experiments suggested that global repair can con­
tributc to removal of dimers from the transcribed strand when 
Rad26p is absent (see above). Thi, was tested more directly by 
analyzing repair of RPB2 in the rad7 rad26 and rad16 rad26 
double mutants. Repair of the transcribed strand in these dou­
ble mutants is less efficient than in the single radZ6 mutant 
(Fig. 2C), suggesting that RAD7 and RAD16 contribute to 
repair of the transcribed strand when transcription .. coupled 
repair is hampered. Since the rad7 rad26 and md16 radZ6 
mutants arc not as UV sell5itive as radI4 strains, they should 
bc able to repair at least part of their DNA. Figures 2A and C 
show that the transcribed strand and not the nontranscribed 
strand of RPB2 is still repilired to 11 considerable extent in the 
nl(/7 rad26 ahd rad16 mdZ6 double mutants, suggesting that the 
residual repair activity in these mutants is transcription cou­
pled. 

Repair or the GAL7 gene under Induced and repressed con· 
ditions, To determine whether the residual repair activity in 
thc rad7/(/((26 and rad16 radZ6 double mutants is indeed de­
pendent on transcription, we analyzed strand-specific repair of 
the GAL7 gene. lllis gene is repressed in medium containing 
glucose, whereas it is strongly induced in medium containing 
galactose (28). We studied repair of the GAL? gene in a 
P,'ul-PI"HIf fragment that is comparable in size to the RPB2 
1"'/11-1'1"/111 fragment, enabling direct comparison of the rates 
of dimer removal from the GAL7 and RPB2 genes on the same 
blot, thus providing nn intcrnal control to exclude po.~sible 
medium elTects. 

Figure 3A iIIustnttes that in the RAD+ strain, the template 
strand (the strand thOlt is transcribed under induced condi-
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tions) is repaired faster thOln the nontranseribed strand when 
the gene is induced and that this dilTerence is almost absent 
when the gene is repressed, which is consistent with earlier 
observations by Leadon and Lawrence (14). 

Repair of the non transcribed strand of GAL? is fully depen­
dent on RAD7 and RAD16 (Fig. 3D), as expected and in agree­
ment with the results obtained with RPBZ. Also, the repair of 
the template strand confirms the results obtained with RPBZ: 
under induced conditions with transcription-coupled repair ac­
tive, RAD7 or RAD16 docs not contribute to repair of this 
strand (Fig. 38). Under repressed conditions, however, global 
genome repair does contribute to repair of the template 
strand, since in the rad? and rad16 mutants, the repair of this 
strand is strongly inhibited (Fig. 3D). Under these conditions, 
there is still some residual repair of the template strand of the 
GAL7 gene in the rad7 and md16 mutants. This may be attrib­
utable to transcription-coupled repair as a result of some re­
sidual transcription, especially since it appears that this repair 
is dependent on RADZ6 (sec below). 

When the effect of RAD26 disruption on the repair of Ihe 
transcribed strand of GAL? was measured, a rather surprising 
result was obtained (Fig. 3C). In contrast to RPBZ, for which a 
strong reduction in the repair rale of the transcribed strand is 
found (analyzed by using the same DNA on the same blot), the 
repair of the template strand of GAL7 under induced condi­
tions is nearly the same as in RAD+ cells. Apparently the 
contribution of Rad26p to transcription-coupled repair can 
vary for different loci and is much more apparent for the RPB2 
gene than for GAt7 under induced conditions. Under re­
pressed conditions, both strands of the GAL7 gene are re­
paired at the same rate in the md26 mutant (Fig. 3C), a result 
that was expected since under the same conditions almost no 
difference is observed between repair of both strands of GAL? 
inRAD+ cell, (Fig. 3A). This finding is consistent with the idea 
that in the absence of transcription, removal of dimers from 
both strands is performed by global genome repair that is 
independent of Rad26p. 

When the glolial genome repair pathway is also impaired (in 
the rad7 md26 and md16 radZ6 double mutants), the nontran­
scribed strand of GAt? is not repaired (Fig. 3D), as expected. 
Notnbl)" the template strand of GAL7 is still repaired under 
induced conditions, but no dimers are removed from this 
strand under tepressed conditions (Fig. 3D). This finding dem­
onstrates that repair of the GAL7 template strand in the dou­
ble mutants is dependent on transcription and moreover sug­
gests that transcription per se Can accomplish transcription­
coupled repair independent of Rild26p. The residual repair of 
the template strand that was observed under repressed condi­
tions in the md7 and md16 mutants (Fig. 38) requires a func­
tional RAD26 gene, implying that Rad26p contributes to tran­
seription·coup1ed repair of GAL7 under repressed conditions. 

Taken together, these results point to the existence of a 
Rad26p .. independent mode of transcription-coupled repair 
and to locus. heterogeneity with regard to the inOuence of 
Rad26p on transcription-coupled repair. 

DISCUSSION 

RAD26 and transcription' coupled repair, mdZ6 disruption 
mutants are as UV resistant as RAD+ strains. Possibly globill 
genome repair eM compcnsate for the lo~s of RADZ6 by en­
suring repair of tr'lIl'icribed DNA (34). Here we show thai this 
is indeed the case because there is a more than additive elIect 
of mutations in RAD26 combined with mutations in the RAD7 
and RAD16 genes involved in global genome repair (38), im­
plying that global genome repair factors arc responsible for the 
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FIG, 2. Residul! repair of l~e transcribed strand of RPBl in fadl rad16 and 
rl1dl6 rIlJ16 cells. (Al Represenlalive Southern bl{)(s showing the remo''') of T4 
endolluclease V (endo V)·sellliti\'e sites from RPBl in WJ03-1B (RAD+), 
MGSCJ02 (md16), W303216 (radI6). and MGSCi07 (radJ6 rad16). Time points 
arter UV irradiation ar~ indicated; Bmples \\efe mock treated (-) or treated 
w;lh n endonu,lease V (+). TS, lransoibed wand; NTS, nontranscribed 
strand, (B and C) Or;l.phical presenlalion of the percent repair althe different 
time point. as calculated according to the Poisson distribution; each point is the 
a\'erage of ~ix to nine elperiment" and the a\'erage standard elm! is 7%, (D) 
Repair of both str<md, of M02 in RAD+, rad26, radl, and rad16 celh confirm, 
our earlier 1~IUltS (j~, 38). (C) Repair of MOl in radl rad16 and md16 md16 
double mutants. For (ompari,on, data [or repair of the Irarucrib~d Hmnd in a 
rad16 mutant are all-o depkt~d (dashed line). The degree of repair of both 
strands in the raJl radJ6 rad26 triple mutant is identkal to the degree of repair 
in the radl rlld16 and raJI6 rllJ16 double mutants. 

lack of UV sensitivity of a rad16 mutant. Human CS-D cells, in 
contrast, are markedly UV sensitive. A possible explanation 
for this difference is that the global genome repair process may 
be more efficient in S. cererisiae than in higher eukar),otic 
species with a more complex genome. The contribution of 
Rad26p to survival after UV exposure that is rcvealed in the 
double mutants stresses the involvement of the RAD16 gene in 
general transcription-coupled repair and unmasks the contri­
bution of this process to cellular UV resistance, Therefore, 
these data strengthen the correspondence bet\veen RAD16and 
eSB. 

Although the foregoing and previous findings unequivocally 
establish the involvement of Rad26p in transcriplion-coupled 
repair, double mutants lacking RAD16 and global genome re­
pair are significantly less UV sensitive than completely NER­
deficient mutants. Furthermore, analysis of gene- and strand­
specific repair in the RPBland GALl genes reveals that these 
mutants are, to a variable extent, still capable of repairing the 
transcribed strand only. The experiments with the inducible 
GALl gene strongly suggest that this repair is transcription 
dependent. It has already been demonstrated that strand-spe­
cific repair of RPB2 and GALl requires functional RNA poly· 
merase II (14, 30), pointing to a direct role for the transcription 
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machinery in transcription-coupled repair. Since strains that 
lack Rad26p and global genome repair display residual repair 
of the transcribed strand selectively, this repair must be de­
pendent on transcription. We conclude that part of the tran­
scription-coupled repair is Rad26p independent. Incomplete 
inactivation of transcription-coupled rcpair also explains the 
slight but reproducible preferential repair of the transcribed 
strand over the nontranscribed strand of the RPB2 gene in the 
rad16 mutant (34) (Fig. 2B). 

The effect of RAD16 disruption on repair of the template 
strand of GALl under conditions such that the transcription 
rate is high (28) is very small or absent (Fig. 3C), in contrast to 
the clear and significant effect on transcription-coupled repair 
of RPil2 (Fig. 2B) and the PH05 PHD3 locus (unpublished 
results). Apparently, Rad26p·independent transcription-cou­
pled repair is more efficient for induced GALl than for the 
RPB2 gene. Since deletion of RAD16 has some effect on GALl 
repair under repressed conditions (Fig. 3D and D), it might be 
possible that the high efficiency of RAD16-independent Iran­
scription-coupled repair in GALl is rclated to a high transcrip­
tion rale of the GALl gene under induced conditions. AI­
lhough without further experimentation this hypothesis 
remains merely speculative, it is interesting that a similar ob­
servation has been reported for E. coli: mid mutants (lacking 
TRCF [24]) are still able to preferentially repair the tran­
scribed strand of the lacZ gene in vivo when this gene is 
induced with isopropylthiogalactopyranoside (IPTG) but not 
when the gene is transcribed at a low rate (13). 

The observation of Rad26p·independent transcription·cou-
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FIG. 3. GAL7 is repaired onl)' und~r induced cDnditions in ",,17 ",d16 and raJI6 T{1d26 mutants. R~pair of the GALl gene ,,,,, cakulaUd according to the POiSlO1l 
di,tribuli(ln (,ll each time poin1: Ih,' data are from three to four npcriments, and the average standMd error i, 6~L TS, transcribed (template) !!rand~ r..'TS, 
nontramcribed (nontemplate) ~trand~ ind, induced «lnditions (ga1ac!O!e)~ r~pr, repre>sed cDnditions (-gluwse). (A) HepJirof GAL7 in RAD+ cells. (0) Repllr of GAL7 
in nld7 and ",.116 celi,. For wmp~ril<.m, dJtd for the trarhcribed !trand unda induced conditions in RAD+ cell, are aho dcpi.:teJ (dJjh.:d line), (C) Rep,;r of GAL7 
in fllJ26 cdl.<. For compari<(ln, d~ta for the tran.\Crib~d ~trand under induced Nnditions in RAD+ cdls arc nl>o dep:ctcd (dalhed line). (D) R~PJir (If GAL7 in rad? 
flld26 and ",d16 rad26 celt:;, For compJtison, d~ta for the transcribeJ strand of RAO· cell~ under il1duced condition! arc also depicted (doshed lin~). No difference 
in rep.lir (If the ((IfLltitutiwly e<pr~;s~J RPlJ2 gene '\;" ob!el\-ed (Or Ihe same strain on medium containing gluNse compJrcd "ilh medium "ith ga13CI\l$~. Therdore, 
all dilIel~nc~s obsel\-'ed in r~p~ir of GrlL7 in celt:; gtol\n in both rr,edb are sp.d~(J\ly dliC to the induced and rerre~$e'-' 11atcs of th~ GAL7 gene in these tells and 
nul due 10 general rel'~ir differences a<; a (un.<~qu~nce of the dilIerent medi~ 

pled repnir suggests th<1t Rad26p has an auxiliary function 
important for the effiCiency of transcription~coupled repair but 
i~ not essential for this process. It is therefore not likely that 
Rad26p is the yeast counterpart of the E. coli TRCr, a protein 
that couples rcpair to transcription by specifically targeting 
repair enz}wes to lesions that obstruct RNA polymerase (25). 
If Rad26p is a tWflScription-repair coupling factor, then either 
such a coupling factor is not essenti<tl in yeast cells or a protein 
other thun Rad26p can independently perform transcription­
rcpair coupling. A possible candidate for such a redundant 
factor is the yeast homolog of CSA, although in human cell 
lines defects in either CSA or CSB \cad to abolishment of 
transcn'ption-coupled repair (11, 35). Transcription~repair 
coupling may have different molecul<1r backgrounds in pro­
karyotes find ettkaryotes (9). The necessity for fI TRCF as 
found ill E. coli (25) might in eukaryotes be obviated by the 
inlimflte association of several NER enzymes with basal tran­
scription factors (6, 23, 29). If backtracking of a blocked RNA 
polymCfiI'ie is a prerequisite for eUkaryotic transcription-cou· 
pled repair (5), Rad26p is not essential for Ihis process. The 

recent notion that CS may be caused by defects in the tran· 
scription process, indirectly leading 10 defects in transcription­
coupled repair (11), should also be considered. Transcriptional 
defects in md26 cells could account for the defect in transcrip­
tion-coupled repair that we observe. Howcver, we did not 
detect defects in growth rates (34) or transcription of RPB2 
and GAL7 in our rml26 mutants (unpublished data), although 
subtle transcriptional defects cannot be excluded. 

Globrll genome rcprllr. RAD7 and RADJ6 are essential for 
global genome repair in yeast cells. Silenced DNA and the 
non transcribed strands of the JU'B2 and GAL7 genes are not 
repaired in Nul7 and mdJ6 mutants, bUlthe transcribed strand 
is repaired with the same efficiency a~ in rep3ir-proficient ceUs. 
However, inactivating global genome repair leads to a repair 
defect for the template strand of GAL7 when transcription is 
nearly absent (Fig. 38), proving that global genome repair is 
capable of functioning on a strand that is a template for Iran­
scription-coupled repair under induced conditions. The dimin­
ished repair rate of the tnmscribed strand in 111117 rad26 and 
rad16 Uld26 double mutrmls compared with rad26 single mu-
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(ants probably also reflects a contribution of fiAD7 and RAD16 
to repair of the transcribed strand. Therefore, the term global 
genome rcpilir is really warranted for this system, which was 
previously implicated only in repair of non transcribed DNA 
(38). 

How the proteins involved in global genome repair act at the 
molecular level is still unknown. One could envisage that the 
chromatin context of the DNA damage in cubI)'otes necessi­
tates such factOrs to make the damaged DNA a substrate for 
the actual incision enzymes. Interestingly, Rad16p shares func­
tional domains with Swi2pJSnf2p (2), a factor that may be 
involved in suppression of chromatin-mediated repression of 
transcription (20), while Rad7p has been shown to interact 
with Sir3p (19), a putative component of silent yeast chromatin 
(10). Rad7p and Rad16p seem dispensable for a reconstituted 
NER reaction on naked plasmid DNA (8), corroborating a role 
for these proteins in vivo on DNA packed into chrom<ltin. 
However, our rad7 and radJ6 mutants are completely defective 
for NER in a cell-free system that is also devoid of transcrip­
tional activity (39). 

The reconstitution of in vitro NER reactions (I, 8, 17) is 
highly informative with regard to the biochemistry of NER. 
Nevertheless, our results underscore the imparlance of analyz­
ing dimer removal in vivo to be able to appreciate the com­
plexity of NER and identify components that playa role in the 
org.'lIlization of NER. Since the incision and subsequent steps 
of NER are probably not different for the two strands (1, S, 17), 
we hypothesize that dimers can be removed only when they are 
made accessible for repair enzymes either by transcription or 
by the global genome repair proteins. Absence of both tran­
scription and one of the global repair proteins, Rad7p or 
Radl6p, leads to complele inactivation of NER in vim, as a 
mutation in one of the core components of NER does. 

In summary, we show in this reporl that transcription-cou­
pled repair and global genome repair arc partially overlapping 
subpathways of NER, we demonstrate a role for the RAD26 
gene in UV survival, and we infer the existence of Rad26p­
independent transcription·coupled repair. 
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Relationship of the Cockayne syndrome B protein, involved in 

transcription-coupled DNA repair, with other repair or transcription 

factors. 

Alain J. van Gool, Elisabetta Citterio, Suzanne Rademakers, Roselinde van as, Angelos 

Constantinou i, Jean-Marc Eglyll, Dirk Bootsma, and Jan H.J. Hoeijmakers. 

MGC department of Cell Biology and Genetics, Erasmus University Rotterdam, P.O. Box 1738, 
3000 DR, Rotterdam, The Netherlands. JOepartment of Genetics and Microbiology, University 
Medical Center, 9 Avenue de Champal, 1211 Geneva 4, Switlerland. $IGMBC, Universite Louis 
Pasteur, 1 Rue Laurent Fries, BP163, 67404, Ulrich Cedex, C.V. de Strasbourg, France. 

The Cockayne syndrome B protein (CSB) is, together with eSA, required for 
transcription-coupled DNA repair ITCR) in man. This subpathway of nucleotide excision 
repair (NER) is responsible for the preferential removal of lesions from the transcribed 
strand of active genes, thereby permitting resumption of blocked transcription. Here we 
demonstrate by microinjection of antibodies against CSB and CSA into cultured primary 
fibroblasts, that both proteins are required for TCR as well as recovery of RNA synthesis 
after UV~irradiation in vivo. In contrast, these microlnjections had no notable effect on 
transcription of un irradiated cells, indicating that eSB and eSA are not essential for this 
process in vivo. Immunofluoresce localises CSB in the nucleus. while in metaphase cells 
the protein colocalises with the microtubules of the mitotic spindle. The central role of eSB 
in the coupling between transcription and DNA repair suggests that eSB is interacting with 
other proteins involved in these two processes. Here we analysed whether eSB is 
associated with such factors in repair· and transcription-competent Manley-type whole cell 
extracts. Size fractionations indicate that eSB resides in a large (> 700 Kda) molecular 
weight complex, whereas eSA is part of a distinct (420 Kda) complex. Column 
fractionations of Hela extracts excluded copurification of eSB with a number of basal 
transcription and repair proteins. Functional HA-. His6-double tagged CSB permitted 
isolation of the eSB complex under physiological conditions, but no association was found 
of CSB with several candidate repair and transcription proteins, among which eSA. XPG, 
TFIIH, TFIIF and RNA pol II. CSB·immunodepletion of active Hela whole cell extracts had 
no effect on in vitro repair and transcription, indicating that neither CSB nor the CSB­
associating proteins are required for these activities in vitro. We conclude that CSB resides 
in a large molecular weight TCR complex that does not include core NER or transcription 
components. 

Nucleotide excision repair (NER) is a 
universal DNA repair pathway that is 
capable of removing a large variety of types 
of damage from the genome. NER entails a 
multistep reaction in which a lesion is 
recognised and bound by the repair 
machinery. followed by a local unwinding 
step, preceding adual single-strand incision, 
one at each side of the lesion. Subsequently 

an oligonucleotide containing the damaged 
base(s) is excised and via gap-filling DNA 
synthesis and ligation the integrity of the 
DNA is restored Ireviewed in 121, 63). 
Although in principle NER acts on the entire 
genome, several findings indicate that there 
is a profound heterogeneity in the efficiency 
by which lesions are removed in different 

parts of the genome. Apart from a strong 
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influence of local chromatin structure on 
accessibitity of the DNA for repair proteins 
(7, 44), a clear link exists between 
transcription and repair efficiency (5). Bohr 
et al. (6) were the first to show that active, 
RNA polymerase II transcribed genes are 
repaired, at least for a number of lesions, 
with a higher efficiency than the genome 
overall. Subsequently, it turned out that this 
transcription-coupled DNA repair (TCR) 
pathway enhances repair of the transcribed 
strand of the active gene only, while the 
nontranscribed strand is repaired at a 
slower rate similar to that of the global 
genome (30). The recent finding that 
several components of the multisubunit 
transcription factor TFIIH are encoded by 
repair proteins offered an attractive 
explanation for enhanced repair of the 
transcribed strand during transcription­
coupled repair (14, 37). However, 
mutations in the human and yeast genes 
that encode TFIIH subunits, lead to a DNA 
repair defect of both transcribed as well as 
nontranscribed DNA sequences (45, 61, 
62). So although TFIIH can play an active 
role in TCR, it is clearly not specific for it 
and it is likely that other factors mediate 
the coupling between transcription and 
repair. 

Evidence for this came from the 
observation that cells derived from 
Cockayne syndrome (CS) patients display a 
defect in the transcription-coupled repair 
pathway only, while global genome repair is 
unaffected (52, 58). It was shown that CS 
cells carry mutations in either the eSA or 
the GSa (ERGG6) gene (20, 47), and the 
cloned genes correct the UV-sensitivity and 
the impaired recovery of RNA synthesis 
after UV irradiation. These findings strongly 
suggest that CSA and CSB are required for 
transcription-coupled DNA repair. In support 
of this concept we found that disruption of 
the S. cerevisiae homolog of eS8, RA026, 
results in a specific defect in TCR (51). In 
addition, analysis of knock-out CS-B mice 
indicated a total impairment of TCR (Van 
der Horst et al., manus. in prep.). A model 

for the role of CSA and CSB in TCR has 
been suggested before (18, 51). Coupling 
between transcription and DNA repair is 
presumably mediated by an elongating RNA 
polymerase " complex that is stalled at a 
lesion. During TCR this lesion is recognised 
and repaired with high efficiency, enabling 
transcription to resume. The role of 
CSA/CSa could be to enhance this repair by 
stimulating retraction of the RNA 
polymerase, thus providing access for the 
repair complex, and/or by attracting repair 
proteins to the site of the lesion. The 
presence of the SWI2/SNF2-like 
'helicaseJATPase' domain in CSB is 
intriguing in this respect, since other 
members of the SWI2/SNF2 subfamily have 
been shown to be able to disrupt protein­
DNA interactions (4, 11, 48). 

While the defect in transcription­
coupled DNA repair of CS cells has been 
well documented, the clinical data suggest 
that more processes are affected in CS 
patients, because a number of CS features 
cannot be attributed to a repair defect only. 
The consequence of a total NER defect is 
illustrated by xeroderma pigmentosum 
group A (XP-A) patients, who show 
extreme sensitivity to sun (UV) light, 
pigmentation abnormalities and a high 
predisposition to develop skin cancer in 
sun-exposed areas. In addition, they suffer 
from accelerated neurodegeneration. CS 
patients on the other hand are also sensitive 
to UV light, but typically display impaired 
physical and sexual development, a wizened 
senile-like appearance, and various 
neurological abnormalities such as mental 
retardation, spasticity, deafness and patchy 
demyelination of neurons. In most cases CS 
patients die before the age of 20 (25, 32). 
Comparable features have also been found 
in XP-B, XP-D, TTD-A (thrichothiodystrophy 
group A) and XP-G patients, of which the 
first three have been shown to possess a 
defective TFIIH complex (61). The origin of 
these typical features was postulated to 
reside in a (subtle) defect in transcription 
rather than in repair, which led to the 



definition of 'transcription syndromes' (61). 
Following this reasoning one can 

imagine that eSA and eSB fulfil an 
auxiliary, non-essential role in the 

transcription process itself in addition of 
mediating in transcription-repair coupling. 
Here we partially characterised the function 

of CSB in TCR and in transcription. Antisera 

raised against CSB and CSA were 
microinjected into cultured fibroblasts, 
which severely inhibited TCR and the 
recovery of RNA synthesis after UV­
irradiation in vivo, but had nO apparent 

effect on basal transcription levels. Native 
gelfiltrations, column fractionations, and 
immuno- precipitations of (tagged) CSB 
from repair and transcription competent 
Manley-type whole cell extracts indicated 

that CSB resides in a large molecular weight 
complex that does not include CSA nor any 

of the other investigated repair or 

transcription factors. 

MATERIALS AND METHODS 

Cell lines and extracts. 
The immortalized cell lines used in this 

study were HeLa, VH10-Sv (wild type), CS1AN­
Sv (CS~BI, CS3BE~Sv (CS~A), CW12 (XP~AI, 

XPCS1BA~Sv (XP~B), XP4PA~Sv (XP~C), HD2 
(XP~D), XP2YO~Sv (XP~FI, XP3BR~Sv (XP~G) 
and TTOl BR-Sv (TTO-A). The fibroblasts were 
cultured in a 1:1 mixture of Ham's FlO and 
DMEM, supplemented with antibiotics and 8-
10% fetal calfs serum. Whole cell extracts 
(WCE) were prepared according to Manley (27) 
as modified by Wood (27), dialysed against 
buffer A containing 25 mM HEPES/KOH pH 7.8, 
100 mM KCI, 12 mM MgCI" 1 Mm EDT A, 2 
mM OTT and 10 or 17% (v/v) glycerol, and 
stored at -80°C, The protein concentration of 
these WCE was 15-20 mg/ml. 

Antibodies and immunoblot procedures. 
Anti-CSB antibodies were raised against 

the C-terminal 158 amino acids of CSB. A 640 
bp EcoRI fragment of pSLME6( +) (47) was 
overproduced as a protA fusion product (using 
vector pRIT2T, Pharmacia) in the E. coli strain 
pop2136, purified using an IgG column, and 
used for rabbit immunisation (nrs. 242 and 
243). A highly purified GST fusion protein 
containing the same 158 C-terminal amino acids 
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of CSB, was obtained after overexpression in E. 
coli DH5a using the GST fusion overexpression 
system (Pharmacia). In the competitIon 
experiment, 25 P9 of the GST fusion protein 
was mixed with 200 pI of sonicated OH5a cell 
extract and incubated with 10 pi crude anti-CSB 
antiserum for 1 hour at room temperature. After 
centrifugation, the supernatant was directly 
incubated with the immunoblot. For affinity 
purification, the GST-CSB fusion protein was 
immobilised on immunoblot and incubated 
overnight with crude anti-CSB antiserum at 
4°C. High affinity anti-CSa antibodies were 
eluted from the blot strips using a KSCN buffer 
(0.1 M KPi pH 7.0, 3 M KSCN, 1 mglml BSA) 
and desalted using G50 columns. Monoclonal 
antl-HA antibodies were isolated from the 
hybddoma cell line 12CA5 and purified as 
described (19). Anti-CSA antibodies were raised 
against the C-terminal half of the CSA protein. 
The CSA cDNA was isolated via RT -PCR from 
human granulocyte RNA using SuperRT and 
SuperTaq enzymes (HT Biotechnology Ltd), the 
sense primer 5'GCTAGAATTCTAATGCTGGGGT 
TTTTGTCC3' and the antisense primer 
5'CCAAGAA TTCTCATCCTCCTTCATCACT3', 
which were based on the published CSA 
sequence (20) and contained EcoRI restriction 
sites (underlined). The C-terminal half of CSA (a 
670 bp BamHIEcoRI fragment encoding amino 
acids 176-396) was overproduced as a GST 
fusion product fusing vector pGEX2T, 
Pharmacia) in OH5a at 37°C, purified from 
inclusion bodies using prep cell electrophoresis, 
and used for rabbit immunisation (nrs. 1881 and 
1882), Affinity purified anti-CSA antibodies 
were obtained by incubation of the crude serum 
with immunoblot strips containing the GST -CSA 
fusion protein, followed by elution with acidic 
glycine buffer (0.1 M glycine Ph 1.0, 0.5M 
NaCI, 0.5 mg/ml BSA) and immediate 
neutralisation in lOx KPi buffer. The polyctonal 
anti-ERCC 1 (56), anti-XPG (33) and monoclonal 
anti-p89/XPB (37) antibodies are described 
before. 

To be able to visualise large molecular 
weight proteins such as CSB (l68 kOa) on 
immunoblot, a slightly modified blotting 
procedure was developed. Following 
electrophoresis on 8% SOS-PAGE, the gel was 
incubated for 5-10 min in blotting buffer 
without methanol (25 Mm Tris-HCI pH 8.3, 0.2 
M glycine). Proteins were transferred to PVOF 
or nitrocellulose membrane by blotting for 2-3 
hours at 4°C in blotbuffer with the addition of 
SOS to 0.01 %. Aspeciflc sites were blocked by 
incubating the membrane in low-fat milk 
containing 0.1 % Tween-20 and 0.02% sodium 
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azide for 1 hour, To visualise esa, the blot was 
incubated overnight with crude (dilution 1 :500) 
or affinity-purified (1 :400) anti-GSa serum, 
followed by nitroblue tetrazolium/5-bromo-4-
chloro-3-indolyl phosphate (NBT/BCIP) or 
chemiluminescence detection, depending on the 
secondary antibody used. For smaller proteins, 
the standard procedure for immunoblotting was 
followed. 

Immu n ofl uorescen ce. 
HeLa and CS1AN-Sv cells were grown on 

slides, washed with PBS, and fixed by 
Incubation in 2% paraformaldehyde-PBS for 10 
min and in methanol for 20 min. Slides were 
washed three times in past (PBS, 0.15% 
glycine, 0.5% BSA) and incubated with affinity 
purified anti-GSB (1:5 dilution) for 1.5 hours In 
a moist chamber. After washing in PBS t, slides 
were incubated with fluorescein isothiocyanate 
(F1TC)-conjugated goat-anti-rabbit antiserum at 
a 1 :80 dilution for 1.5 hours. Slides were 
washed and embedded in vectashield mounting 
medium (Brunschwig) that contained 4'-6-
diamino-2-phenylindole (DAPI). DAPI-stained 
DNA and FITC-Iabeled CSB was visualised using 
fluorescence microscopy. 

Microneedle injection of antisera and analysis of 
repair and transcription levels. 

Microinjection of immunesera into 
cultured fibroblasts was performed as described 
previously (57). The anti-CSA and anti-CSB 
antisera were microinjected into the cytoplasm 
of wild-type IC5ROI or XP-C IXP21ROI 
fibroblasts. After micro injection, cells were 
further Incubated for 24 hours at 37°C in 
standard medium to allow antibody-antigen 
reaction. The effect on NER activity by 
microinjection of the antisera in XP-C fibroblasts 
(represented by UV-induced unscheduled DNA 
synthesis) was determined by UV-irradiation of 
the cells (254 nm; 15 J/m2

), pulse-labelling for 
2 hours using [3HJthymidine (30 pCilml, s.a. 50 
Ci/mmoll, fixation and autoradiography. Grains 
above the nuclei of injected (polykaryon) and 
non injected (monokaryon) cells were counted 
and compared. Levels of RNA synthesis after 
micro injection in wild-type cells were analysed 
by pulse-labelling with {3H1uridine (10 pCi/ml; 
s.a. 50 Ci/mmol) for 1 hour in standard medium, 
and further processing as mentioned above. The 
recovery of RNA synthesis post-UV was 
assayed by microinjecting the antisera in wild­
type cells, followed by a further incubation for 
8 hours at 37°C. Then the cells were UV­
irradiated (254 nm; 10 J/m2) and 24 hours later 
the RNA was pulse-labelled as described above. 

Size fractionations. 
HeLa or CS 1 AN-Sv WCE (1 mg) were 

loaded on a Superdex-200 column (SMART 
system, Pharmacia) that was first calibrated 
using the molecular markers thyroglobulin (669 
Kda), ferritin (440 Kda), catalase (240 Kda) and 
albumin (67 Kda). Chromatography was 
performed in buffer A to allow direct 
comparison between size fractionations, in vitro 
activity assays and (co)immunodepletions. 
Fractions were collected and tested on 
immunoblots. DNAse pretreatment of the HeLa 
WCE was performed by incubating 1 mg WCE 
with 10 pi (10 pg/pl) DNAse for 10 minutes at 
37°C. Complete digestion of all DNA was 
verified by agarose gel electrophoresis. 

Column fractionations. 
Fractions of the TFII purification scheme 

were obtained as previously described (15), In 
short, Hela WCE was loaded on a Heparin­
Ultrogel column in buffer A and eluted with 
0.22,0.4 and 1.0 M KCI, while the Heparin 0.4 
M KCI fraction was further fractionated on a 
DEAE-Spherodex column by elution with 0.2 
and 0.35 M KC!. PhosphoceHulose column 
chromatography was performed as described 
(40) by loading Hela WCE on a Phospho­
cellulose column in buffer A, supplemented with 
Kcl to 0.15 M. The bound proteins were eluted 
in buffer A containing 1.0 M Kc!. Fractions were 
analysed on immunoblot as described above. 

Generation of tagged CSB constructs. 
N-terminal hemagglutinin (HA) and C­

terminal histidine (Hiss) tagged CSB constructs 
were generated to facilitate immunoprecipitation 
and allow isolation of CSa-associating proteins. 
The N-terminal HA-epitope was introduced via 
PCR using the GSB CDNA lin pSLME61 + 1, 1471, 
the sense primer 5' CATCGAGCTCA TGTACCC 
ATACGATGTTCCAGATTACGCTAGCCCAAAT 
GAGGGAATCCCC 3' (encoding a Sacl 
restriction site (underlined), start codon, HA­
epitope (double underlined), and CSB CDNA bp 
4-211 and the antisense primer EC179-2 5' 
CTCTGGCCTCATGTCTGACTCCCA 3' IGSB 
CDNA bp 1062-10851. The generated PCR 
products were cloned in the pCRIl vector 
(Invitrogen) and checked for possible sequence 
errors introduced by PCR. A 741 bp Sac! 
fragment containing the HA-tagged N-terminus 
of CSB was isolated from correct clones and 
exchanged with the corresponding Sacl 
fragment in the CSB CDNA from pSLME6( +). 

In a similar way, a stretch of six histidines 
was linked to the C-terminal end of CSB. For 
PCR amplification the sense primer EC179-5 5' 



GTGAAACAAGAGTGAGGCCAA GG 3' (eSe 
eDNA bp 3705-3729) and the antisense primer 
5' CTGGGGCCCTTAGTGATGGTGATGGTGGTG 
ACGACCTTCGATGCAGTATTCTGGCTTGAG3' 
(encoding csa eDNA bp 4460-4477, a factor 
Xa cleavage site, the Hiss stretch (double 
underlined), ochre stop codon and an Apal 
restriction site (underlined) were used. The Hiss-
tagged CSB C-terminus was isolated as a 254 
bp Apal fragment and exchanged with the 
corresponding region in pSlME6( +). 

DNA transfections and UV-survival. 
CS 1 AN-Sv fibroblasts were transfected 

with pSLME6(-) (anti-sense CSB), pSLME6( +) 
(sense CSB) or pSLM2tE6 (HA-CSB-His6 ), 

together with the selectable marker pSV2-neo 
using a modification of the calcium phosphate 
precipitation method (17). Following G418 
selection, cells were split and selected for UV­
resistance by three daily irradiations with 4 J/m 2 

UV-C (254 nm). UV-selected mass populations 
of CS1AN-Sv+pSLME6(+1 and CS1AN­
Sv + pSLM2tE6 and non UV-selected mass 
populations of CS1AN-Sv, CS1AN­
Sv+pSlME6(-) and VH10-Sv cells were further 
characterised by UV survival. For this, cells 
were plated (2x105 per 3 cm dish, 2-4 dishes 
per dose) and exposed to 0, 2, 4 or 7 J/m 2 UV 
1 day after plating. Survival was determined 
after 4-6 days incubation at 37°C by 3H_ 
ThymIdine pulse labelling as described 
elsewhere (42). 

In vitro translation and immunoprecipilations. 
In vItro translated CSB and CSA protein 

was synthesised using the TNTTM T7 Coupled 
Reticulocyte lysate System (Prom ega) as 
described by the manufacturer, in a total 
volume of 50 pI. The GSB cDNA was encoded 
by the 4.7 kb Sail fragment of pSLME6( + I. 
which was subcloned into pBluescript KS +, 
while the GSA cDNA was cloned in pcONA3 
(Invitrogen) as a 1.2 kb EcoRI fragment. 

Immunoprecipitation of In vitro translated 
CSB protein was achieved by incubating CSB 
protein with crude anti-CSB serum for 1 h at 
4°C in NETT buffer (100 mM NaCl, 5 mM 
EOTA, 50 Mm Tris-HCI Ph 7.5, 0.5% Triton x-
100), after which protein-A Sepharose beads 
(Pharmacia) were added and incubation was 
continued for 1 h at 4°C. Beads were washed 
4 times with NETT buffer, and the bound 
proteins were subjected to SOS-PAGE after 
addition of sample buffer and boiling. Immuno 
precipitation of endogenous CSB or CSA from 
Hela whole-cell extracts was achieved by first 
incubating crude anti-CSB serum with prOIA 

89 

beads in PBS-Tween (0.5%) for 1-2 hours at 
4°C, followed by extensive washing (2 times 
with PBS-Tween and 4 times with buffer Al and 
a further incubation of the anti-CSB coated 
protA beads with 1 mg Hela WCE for 5 hours 
at 4 ° C. The CSe-depleted Hela extract was 
recovered from the beads by spinning and 
analysed on immunoblot, together with the 
proteins bound to the beads. Immuno­
precipitation of HA-CSB-Hiss using the Mab anti­
HA was done by incubating the Mab 12CA5 
overnight at 4°C with the WCE of the CS1AN­
Sv cells transfected with the double-tagged CSB 
construct, followed by addition of protein-G 
Sepharose beads (Pharmacia) and fUrther 
incubation for 5 hours at 4°C. Depleted extract 
and bound proteins were analysed by SDS­
PAGE and immunoblotting. 

In vitro repair and transcription assays. 
Analysis of In vitro repair activity was 

performed as described in detail before (64), by 
mixing 100 pg of (depleted) cell-free extract 
with a mixture of AAF-modified and 
nondamaged plasmids (56). Repair activity, Le. 
incorporation of (a-32PldATP into the damaged 
plasmid, was visualised by autoradiography. 

In vitro transcription activity was assayed 
as described before (15), by incubating 100 Ilg 
(depleted) cell-free extract with an Ad2MLP 
promoter containing template, together with the 
required nucleotides. The 309 nt [aYP1CTP 
labelled run-off transcripts were visualised using 
autoradiography, 

RESULTS. 

Characterisation of polyclonal anti-CSB and 

anti-eSA antibodies. 

The crude anti-CSB serum stained 

several proteins in immunoblot analysis of a 

Hela whole cell extract (WeE), among 

which a 168 Kda protein that corresponds 

to the expected size of CSB (47) and to the 

size of the In vitro translated CSB protein 

(Fig 1 lanes 1 and 5). The 168 Kda protein 

likely represents CSB, since its staining 

could be specifically competed for by pre­

incubating the crude antiserum with a GST­

CSB fusion protein (Fig 1 lane 21, while the 

band is missing in a WCE derived from 

CS1 AN-Sv cells that lack the C-terminal 

part (aa 337-14931 of the eSB protein, 

containing the determinant against which 
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Figure 1. Characterisation of anU-CSB and anti­
eSA antibodies. 
A. Specificity of the anti-GSa serum. 
Immunoblots of Hela or CS lAN-Sv reS-B) weE 
were incubated with: crude anti-GSa serum 
(lane 1 and 3), crude anti-CSB serum 
preincubated with GST-CSB fusion protein (lane 
2/, and affinity-purified anti-CSB serum (lane 4), 
Immunoblot procedures were adapted to 
visualise CSB as explained in Material and 
Methods. The molecu/ar weight of prestained 
marker proteins is indicated. B. The anti-GSa 
antiserum immunoprecipitates the in vitro 
translated CSB protein. In vitro translated csa 
{lane 51 was Incubated with either crude anti­
GSB serum (lane 6) or preimmune serum. (lane 
7) in NETT buffer and binding to protA beads 
was analysed on SOS-PAGE. C. Specificity of 
the anti-GSA antiserum. An immunoblot of 2 ng 
of the GST-GSA fusion protein (lane 8), and 10 
I1g of HeLa (lane 9) or CS3BE (lane 10) WGE 
was incubated with affinity-purified anti-GSA 
antiserum. On the same gel in vitro translated 
GSA protein was analysed (lane 11). Note that 
the serum cross-reacts with other cellular 
proteins. D. GSB is specifically absent in GS-B 
WGE, but not in other repair-deficient extracts. 
Equal amounts (IOl1g) of the indicated WGE 
were analysed on immunoblot for the presence 
of eSB. The 80 kDa cross-reacting band 
provides an internal control on protein loading 
differences. 

the antiserum was raised (47) (Fig 1 lane 
3). Finally, the anti-CSB serum was able to 
immunoprecipitate the in vitro translated 

CSB protein (fig 1 lane 5-7). Following 
affinity purification, the serum strongly 
stained the 168 Kda CSB band (fig 1 lane 
4), while occasionally a 80 Kda protein is 
also recognised (fig 10). 

The affinity-purified anti-CSA anti­
serum strongly reacted with a very low 
amount (2 ng) of GST-CSA fusion protein 
on immunoblot (Fig 1 lane 8), and 
recognised multiple proteins in a Hela WGE 
among which one of 44 Kda (lane 9). This 
band is absent in an extract of CS3BE (CS­
A) cells (lane 10), in which a large part of 
GSA may be deleted (E.C. Friedberg, pers. 
comm.), while the size matches with the in 
vitro translated GSA protein (lane 11 I, 
indicating that the 44 kDa protein is CSA. 

Intracellular localisation of CSB. 
The presence of a consensus 

sequence for a nuclear location signal in 
GSB and its central role in transcription­
coupled DNA repair predict that GSB is 
located in the nucleus. This was confirmed 
by immunofluorescence studies (fig 2). 
Although the gene is very lowly expressed 
(46), specific GSB $otaining was observed in 
the nuclei, but not the cytoplasm, of Hela 
cells (fig 2A). Notably, the metaphase cell 
in figure 2A indicates that GSB, while 
normally present in the nucleus, is not 
associated with the condensed 
chromosomes. Instead, in the majority of 
metaphase cells GSB colocalises with the 
microtubules of the mitotic spindle, which 
mediate the segregation of the 
chromosomes to the spindle poles (23). The 
significance of this finding is unknown at 
this moment. Also during other phases of 
mitosis no colocalisation of GSB with 
chromatin was found (fig 2B). This is in 
contrast to the anaphase/telophase-specific 
association with chromatin of the 
XPC/HHR 238 complex (50). The CS 1 AN-Sv 
cells show no staining of GSB at all, 
confirming the immunoblot results shown 
above, and indicating that the increased 
staining of the spindle apparatus in some 
metaphase cells is specific for CSB (fig 2A). 
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Figure 2. The esa protein is localised In the 
nucleus. 
A. The affinity-purified anti-CSB antibody was 
used to stain the endogenous eSB protein in 
Hela or CS-B rGS 1 AN-Sv) cells. The left panel 
displays the DAPI-stained chromosomal DNA, 
while the right panel depicts eSB staining, 
visualised by FIre-conjugated secondary 
8ntlbodles. B. eSB does not coloca/ise with 
chromatin during various stages of mitosis. 
Ind/cated are prophase, metaphase, anaphase 
and telophase (from left to right). 

Effect of microinjection of anti-CSB and 
anti-GSA antibodies in vivo. 

To gain more insight into the function 
of CSi\. and esa in vivo, we microinjected 
the specific antisera into cultured 
fibroblasts and analysed the effects on 
repair and transcription. Repair activity is 
reflected by the level of UV-induced 

unscheduled DNA-synthesis (UDS), 

determined by eH]thymidine incorporation, 

whereas transcription levels are quantitated 
by pulse-labelling with [3Hluridine (57, 61). 

Labelling was visualised by in situ 
autoradiography and quantified by counting 

of silver grains above the nuclei. Previously, 
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it was shown that CS-A and CS-B cells are 

specifically deficient in transcription-coupled 

repair of UV-induced CPD (521. The 

contribution of TCR to UDS of wild-type 

cells shortly after UV·irradiation is not 

expected to be very high, since TCR only 

enhances repair of a relatively small fraction 

of the genome, and also because a 

significant part of the observed UDS is 

derived from repair of 6/4 photoproducts, 

which are removed so fast that TCR hardly 

contributes to this (51). This provides a 

likely explanation for the wild-type UDS 

levels in CS cells. For this reason we 

microinjected the antisera into XP-C 

fibroblasts, that are defective in global 

genome repair and only possess TCR (59). 

Previously it has been shown that the 

residual UDS in XP-C cells reflects TCR, 

since it could completely be blocked by 

addition of a specific RNA polymerase " 
inhibitor (9). As shown in figure 3, the two 

CSA antisera inhibited the residual UDS of 

XP-C fibroblasts by a factor 2 to 2.5, while 

the pre·immune serum had no effect. More 

dramatically, microinjection of two anti·CSB 

antisera reduced the residual UDS of 

injected XP-C cells to 15-22% of the levels 

in uninjected cells. 

A hallmark of CS cells is the failure to 

recover RNA synthesis after UV -irradiation, 

which may be the consequence of the 

defect in TCR (29, 471. Figure 3 shows that 

micro injection of the anti·CSA and anti·CSB 

(but !lot the preimmune) antisera into repair' 

proficient fibroblasts significantly inhibits 

the recovery of RNA synthesis. This 

indicates that both antisera are capable of 

inhibiting the function of CSA and CSB in 
vivo, and provides direct evidence for their 

involvement in the TCR pathway. 

In a very similar way, both antisera 

were injected into wild·type fibroblasts to 

assay inhibition of overall RNA synthesis. 

However, no significant difference was 
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Injected % residua! % recovery of % \'6flscription 
antiserum UDS XP-C' RNA synthesis~ 

none 100 100 100 
preimmune 100 95 
anti-eSA (16811 47 109 
anti-GSA (1882) 40 65 104 
anti-CSa (242) 22 105 
anti·esa (243) 16 61 99 

Figure 3. Mlcroinjection of antl·CSB and anti­
eSA antisera inhibits TCR and recovery of RNA 
synthesis post-UV, but not transcription, in 
vivo. 
Independently raised anti-CSa and antiCSA 
antisera were microinjected into XP-C (XP21 RO) 
fibroblasts to assay the effect on TeR 
(vIsualised by unscheduled DNA synthesis)(A), 

or in wild-type (C5RO) fibroblasts to determine 
the effect on transcription levels fe). The latter 
was also done in wild-type cel/s, that were UV­
irradiated 8 hours after microinjection, to 
analyse recovery of RNA synthesis (B). A-C. 
Micrographs of anti-CSB antiserum Injected cells 
(indicated by an arrow) and unlnjected 
(surrounding mononuclear) cells. D. 
Quantification of the microinjection results. 
Percentages are calculated by comparing 
Injected versus uninjected cells on the same 
slide, with a typical standard error of the mean 
of 5%. a 100% corresponds to 19 grains, which 
represents 10% of the UDS observed In wild­
type cells that were treated simultaneously in a 
similar way. b Recovery of RNA synthesis is 
defined by the ratio of transcription levels in 
UV-irradiated wild-type cells relative to 
unirriJdiated cells. 100% corresponds to a 
recovery of 70% after 24 hours in Wild-type 
cells. CS 1 AN-Sv (CS-B) cells that were included 
in the experiment (insert in B), displayed a 
recovery of 13%, relative to wild-type values. C 

-: not determined. 

observed between injected versus 
noninjected cells (fig 3), suggesting that 
neither CSA nor CSB has a major 
contribution to transcription of undamaged 
cells in vivo. 

Analysis of the CSB protein In other NER­
deficient complementation groups, 

Transfections of the GSB CDNA, 
under transcriptional control of the strong 
SV40 promoter, does not lead to apparent 
overproduction of CSB protein (compare fig 
68 with fig 1 A). Similar observations have 
previously been made with overexpressed 
ERCC1, that forms an heterodimeric 
complex with XP-F (34, 43), and which is 
rapidly degraded when it is in a free form 
(56)_ These findings are compatible with 
the idea that CSB is part of a complex as 
well. Previously it has been shown for the 
ERCC1/XPF (55) and XRCC1/DNA ligase III 
(8) complexes, that mutations in one 
subunit cause instability and degradation of 
the other, non-mutated subunit. To see 
whether this is the case for CSB we 
performed immunoblot analysis of the 
amount of CSB in WCE derived from XP-A 
to XP-G, CS-A and TTD-A cells. Figure 1 D 



indicates roughly equal levels of eSB in all 
groups, suggesting that these factors are 
not complexed with eSB in a similar manner 
as ERCC1/XPF (fig 101. Moreover, the 
amount of eSA is also not reduced in a es­
B WCE (fig 41. 

Size fractionation of Hela whole cell 
extract. 

The mono-specific anti~eSB antiserum 
was utilised to investigate whether esa is 
complexed with other proteins or exists as 
a free molecule within the cell. The native 
state of eSB was determined by size 
fractionation of Hela WeE, fully competent 
in repair and transcription, followed by 
immunoblot analysis (fig 4). Gel filtration 
was performed under physiological 
conditions, identical to those in which in 

vitro repair and transcription assays are 
conducted. Although denatured esa has a 
molecular weight of 168 Kda, it 
chromatographed in an estimated native 
size of more than 700 Kda. A similar native 
size of eSB was also found on Sephacryl S~ 
300 and 5·500 columns (data not shownl. 
The native elution profile of other protein 
complexes, such as ERCC1/XPF (280 kDal 
and XP8 (TFIIHI (500 kDal, and also 
HHR23A (70 kDal and HHR238 (140 kDal 
(data not shown), were as found before 
(50, 55), making aggregation of proteins in 
the extract unlikely. These results could 
indicate that eSB is associated with other 
proteins in Hela cells. 

Surprisingly, eSA eluted at a native 
molecular weight of 420 kOa, which is 
quite different from the one of eSB. Since 
the two elution peaks overlap, it remained 
possible that part of eSA is complexed with 
eSB. However, in the es 1 AN extract 
(lacking eSB) the same native size of eSA 
was found (Fig 48), strongly supporting the 
idea that eSB does not reside in the eSA 
complex. 

To investigate the stability of the 
eSB complex and to obtain information on 
its composition we performed size 
fractionation under different salt conditions. 
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Figure 4. eSB resides in a very large molecular 
weight complex, that does not include eSA. 
A. Various whole cell extracts were size 
fractionated on a Superdex-200 column, loaded 
in the Manley-type buffer A, containing O. 1 M 
Kcl. Elution fractions were tested by 
immunoblotting using the indicated antisera. 
The native sizes of molecular weight marker 
proteins, as well as the estimated sizes of the 
proteins tested are indicated. The WeE notated 
GS-B + 2tGSB is derived from GS 1 AN-Sv fibro­
blasts fransfected with HA- and Hiss-tagged 
GSB (see also Ngure 6). B. The native size of 
GSA is unchanged by severe GS-8 truncation. 
Elution fractions of the Superdex-200 column, 
loaded with either HeLa or es I AN-Sv (GS-B) 
WGE were analysed using the anti-GSA serum. 
The GSB gene in eSIAN-Sv cells contains a 
premature stop mutation, leading to truncation 
of amino acid 337 to 1493 of the GSB protein 
(47). C. The native size of eSB is dependent on 
salt concentration and DNAse pretreatment. 
Equal amounts of HeLa WGE were loaded on 
the Superdex-200 column in buffer A containing 
respectively 0.1, 0.5 and 1.0 M KGI, or first 
treated with DNAse and then loaded on the 
column. Fractions were tested on immunoblot 
using affinity-purified anti-GSB antiserum. 
Elution of the molecular weight marker proteins 
was hardly affected by the altered salt 
conditions. 

When the salt concentration was increased 
from 0.1 to 0.5 and 1.0 M KCI, the native 
size of the eSB complex decreased from 
> 700 kDa to 500 and 450 kDa 
respectively (fig 4C), which is still 
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considerably larger than the single eSB 
protein. Notably, no free eSB protein is 
detected at high salt, making it unlikely that 
multimerisation of eSB causes the large 
native size at 0.1 M salt. A pretreatment of 
the Hela WCE with DNAse resulted in a 
native size of CSB of about 550 kDa (fig 
4C), implying that at low salt conditions the 
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eSB complex may still contain some DNA, B ',10'1123 f'N123 

~~ :r--which is dissociated from the complex at 
higher salt. 

Identification of CSB-copurifying proteins. 
To determine the identity of the CSB­

associated proteins we first analysed 
whether there are known repair and 
transcription factors that copurify with 
eSB. For this we assayed fractions of the 
TFII purification scheme that has been used 
to isolate basal transcription factors of RNA 
polymerase II (RNA poll!) (15). This scheme 
has proven to be valuable in the purification 
of large protein complexes such as TFIIH 
and RNA pol II. On the first column of the 
TFIi purification scheme, Heparin 
Sepharose, CSB eluted at 1.0 M KCI (fig 
5A), This already excluded copurification of 
CSB with TFIIA, TFIIB, TFIID, TFIIH, and the 
ERCC1/XPF complex 115, 55). In addition, 
the XPA and XPG proteins elute in the 
Heparin 0.4 M and subsequently in the 
DEAE 0.2 and 0.35 M KCI fraction 
respectively, as tested by immunoblot (Fig 
5A) and correction of in vitro and in vivo 
repair defect (A,J. van Vuuren, W, 
Vermeulen unpubl. obs.). When these 
fractions were tested for the presence of 
CSA, we found elution in the Heparin 0.4 M 
fraction land a trace at 0.22 Ml, followed 
by elution in the DEAE 0.35 M KCI fraction, 
clearly distinct from the CSB elution (fig 
5A). Interestingly, the Heparin 1.0 M 
fraction also contains TFIIF and RNA pol II 
115), both of which are factors involved in 
transcription elongation (2), as well as the 
XPC/HHR23B complex (50). However, RNA 
pol II and CSB fractionate differently on a 
DEAE·5PW column, that was loaded with a 
Heparin 0.6M fraction that also contains 

f'CNA '''P-~' 
liPA P'~t,;o, :i I " 
CSA CSB 
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Figure 5. esa does not copurlfy with the 
majority of the tested repair and transcription 
proteins, 
A. Elution fractions of the TFII purification 
scheme were tested on immunoblot for the 
presence of GS8, GSA and XPG. The presence 
of TFIIH, ERGG 1, XPA, XPG and XPG correcting 
activiaes was tested on immunoblot and 
confirmed by microinjection and in vitro 
complementation (55, 57), A. Eker, W. 
Vermeulen, pers. comm.). The purification of 
TFIIF, RNA polymerase II and other transcription 
proteins was described previously (15). B. Hela 
WGE was fractionated on a phosphocellulose 
column by loading in buffer A containing O. 15 
M KGI, and eluting in buffer A supplemented 
with KGl to 1.0 M. Elution fractions were 
tested on immunoblot for the presence of GSA 
and GS8, while the fractionation of the other 
proteins was described earlier (40). 

some CSB Idata not shown). In addition, 
RNA pol II, TFIIF and XPC/HHR23B do not 
coimmunoprecipitate with CSB (see below), 
making a stable association unlikely. 

Secondly, phosphocellulose column 
chromatography was recently used to 
fractionate WCE from Hela cells that 
ultimately led to the reconstitution of NER 
in vitro (1). The fraction that is not bound 
to the column at low salt (CFI) contains 
RPA and PCNA, while the bound fraction 
(CFII) contains all other proteins required for 
NER in vitro (40). Remarkably, CSB is 
present exclusively in CFII, while CSA is 
present in CFI (Fig. 5B). This again indicates 
that CSA and CSB are not stably 



associated. More specifically, eSB elutes 
between 0.4 and 0.6 M KCI (fraction Fill 
(1 I), again excluding copurification with 
RPA, PCNA, XPG, XPA, and ERCC1/XPF 
(data not shown). 

In conclusion, there is no 
copurification of eS8 with eSA nor with 
the investigated repair and basal 
transcription proteins. However, the gel 
filtration studies described above imply that 
the composition of the GSB complex 
changes upon increasing the salt 
concentration. Thus, the absence of 
copurifying proteins does not exclude weak 
interactions that may be disrupted due to 
the harsh, high salt conditions that are used 
for elution. 

Construction and immunoprecipitation of 
HA-, His,·double tagged CSB. 

To further investigate protein-protein 
interactions and to allow isolation of GSB­
associating proteins under physiological 
conditions, we generated GSB constructs 
containing a N-terminal hemagglutinin 
antigen (HA) epitope as well as a G-terminal 
histidine (Hiss) tag (see Material and 
Methods) and used monoclonal anti-HA 
antibodies for immunoprecipitation. 

To verify that the addition of tags did 
not interfere with eS8 function, we 
transfected CS 1 AN·Sv cells with the double 
tagged GSB construct. Glearly, the cells 
transfected with the HA-GS8-Hiss construct 
showed a correction of UV-sensitivity to 
wild-type level, identical to the nontagged 
version (fig 6A). Also, the native size of 
tagged eS8 in a cell-free extract of these 
transfected cells is again very large (> 700 
kDal (fig 4AI, indicating that the tagged 
protein is assembled in the GSB complex in 
a similar way as the nontagged version. 
Using the N-terminal HA-epitope we could 
completely immunoprecipitate the eSB 
protein by binding to protein-G beads that 
were coated with monoclonal HA antibody 
(Fig 68). Since this was done under 
identical buffer conditions as the Superdex-
200 chromatography above, we assume 
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Figure 6. Function and Immulloprecipitation of 
tagged eSB. 
A. Tagging of eSB does not interfere with its 
cel/ulqr funcaon. GS-B fibroblasts were 
trans fee ted with the indicated constructs, and 
the UV-sensitivity of mass populations was 
determined by UV-irradiation and pulse labelling 
with 'H-TdR. 0: GSIAN-Sv IGS-B}, .: GSIAN­
Sv + antisense eSB, 0: CS1AN-Sv + sense 
GSB, 0: CSIAN-Sv + HA-GSB-His, 12tGSB}, 
III: VH10-Sv (wild-type). B. None of the tested 
candidate proteins coimmunoprecipitates with 
tagged GSB. HA~, His6-double tagged GSB was 
immunoprecipitated in buffer A from a weE of 
UV-resistant eS1AN-Sv transformants using 
anti-HA antibody~coated protG beads. The 
WeE, non-bound (n.b.) and bound (b.) proteins 
were analysed on immunoblots with antisera 
specific for the indicated factors. Anti-XPB 
antibodies were used as representative for the 
TFIIH complex; antisera against other 
components gave similar results (not shown). 
The RAP30 subunit of TFIIF gave the same 
result as the RAP74 subunit (shown here). The 
asterisk indicates IgG bands. C. GSB nor XPG 
coimmunoprecipitates with GSA. The 
endogenous eSA protein from HeLa weE was 
immunoprecipitated in buffer A using crude anti~ 
eSA antiserum coupled to protA beads. The 
WeE, non-bound (n.b.) and bound (b.) proteins 
were tested on immunoblot using the indicated 
antisera. 

that the entire eSB complex is bound to the 
beads. Equal amounts of the original 
extract, the depleted extract and an aliquot 
of the beads were tested on immunoblot 
and probed with various antibodies (Fig 68). 
Clearly, GSA did not coimmunoprecipitate 
with CSB nor did XPC, HHR23B, XPG, 
several subunits of TFIIH, RNA pol 11 nor 
both subunits of TFIIF. Similar results were 
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obtained when CSB was immunoprecipi­
tated using the crude anti-CSB serum (data 
not shown), Since the latter serum is raised 
against the C-terminus while the HA­
epitope is linked to the N-terminus of CSB, 
it is unlikely that binding of the antibody 
disrupts the interaction of CSB with the 
proteins analysed. 

To independently investigate whether 
eSA and CSB are associated with each 
other, the eSA protein was immuno­
precipitated from HeLa cell-free extracts 
using the anti-GSA antiserum (Fig. 6C). 
Also now, CSB was not coimmunoprecipi­
tated, In addition, the XPG protein, that 
copurifies with eSA in the TFII purification 
scheme, was not coimmunoprecipitated 
with eSA, indicating that also eSA and 
XPG are not stably associated. 

In conclusion, under physiological 
conditions in repair and transcription 
competent Manley whole cell extracts CSB 
seems to reside in a very large molecular 
weight complex (> 700 kDa), but it is not 
stably associated with detectable amounts 
of TFIIA, TFIIB, TFIID, TFIIF, TFIIH, RNA pol 
II, PCNA, RPA, XPA, XPB and XPD (TFIIHI, 
XPC/HHR23B, ERCC1/XPF, XPG or CSA, 

Effect of CSB-immunodepletion on in vitro 
repair and transcription. 

To test at the functional level wh~ther 
CSB and the eSB-associated proteins are 
required for repair and transcription in vitro, 

we conducted immunodepletion 
experiments. The crude anti-eSB serum 
completely immunoprecipi-tated the in vitro 
translated 168 kDa CSB protein (fig'l B), as 
well as the endogenous CSB protein from 
an active HeLa WCE (fig 71, Clearly, 
depletion of eSB, performed under low 
stringency conditions, had no significant 
effect on in vitro repair or transcription 
activities (fig 7). This finding confirms the 
absence of basal transcription and repair 
factors in the eSB complex, shown above, 
and implies that the CSB complex is not 
essential for these activities in vitro. 

Figure 7. Complete CSB-immunodepletion has 
no significant effect on /11 vitro repair and 
transcription. 
A repair-proficient HeLa WCE was 
immunodepleted using crude, anti-CSB serum, 
that was coupled to protA beads, under low 
stringent (buffer A) conditions. Complete CSB 
depletion from the extract, and binding to the 
beads was verified by immunoblotting of 10 Jig 
of (non-)depleted extract (top panel). Exactfy 
equal amounts (100 Jig) of non-depleted and 
depleted HeLa extrac't were tested in the in vitro 
repair (middle panel), and in in vitro 
transcription (bottom panel) assays. Immuno­
depletion using the preimmune serum did not 
precipitate the CSB protein and consequently, 
this had no effect on the in vitro repair activity 
(not shown). 

DISCUSSION 

Complex cellular pathways can only 
be understood in detail when all 
participating components have Q,een 
identified, their function elucidated and their 
interactions unravelled. Most of the factors 
required for nucleotide excision repair are 
now isolated, which recently resulted in the 
reconstitution of the c'ore of the NER 
reaction in vitro, using damaged naked DNA 
as substrates (1, 31). Similarly, the 
combined efforts of numerous laboratories 
has culminated in the in vitro reconstitution 
of the basal RNA polymerase" transcription 



apparatus using defined promoters (10,65). 
However, little is known about how these 
processes operate in the context of 
chromatin and about the machinery that is 
invoked to resolve the problem when an 
elongating RNA polymerase II complex 
encounters a lesion in the transcribed 
strand. The only case in which the 
transcription-coupled repair reaction is 
elucidated in considerable detail is in the 
prokaryote Escherichia coli (39). Using an 
elegant in vitro assay, a factor was purified 
that was required and sufficient to mediate 
TCR. This transcription-repair-coupling­
factor (TRGF) was shown to be able to bind 
and displace a stalled RNA polymerase (38). 
Since TRGF displays an affinity for the 
damage recognition protein UvrA, it was 
suggested to play an active role in the 
subsequent attraction of the UvrABC 
endonuclease to the site of the lesion, and 
thus stimulate repair (38). In eukaryotes, 
the TCR reaction is probably much more 
complex. At least 11 proteins (complexes) 
are involved in the core NER reaction (1 L 
while the composition of the transcription 
elongation complex is still largely unknown. 
Previously, cellular studies have suggested 
a central role for the Cockayne syndrome A 
and B proteins in transcription-coupled 
repair (52, 58). Moreover, the clinical 
hallmarks displayed by GS patients suggest 
that also the transcription process itself is 
affected (61). Here we partially 
characterised the function of CSB by in vivo 
microinjection of antisera, and by in vitro 
analysis of protein-protein interactions 
involvi~g CSB. 

The study of protein-protein 
interactions is a delicate matter. Frequently 
used methods encompass immunoprecipi­
tation of proteins, that are in vitro 
synthesised or purified from overexpression 
systems. One of the caveats in these 
studies is the fact that the specific protein 
is studied outside of its natural context. 
Particularly, when the protein in vivo 
resides in a large complex with multiple 
interaction domains, it may exhibit artificial 
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association behaviour when examined in 
isolation. Another complication may arise 
when proteins are overproduced in 
heterologous systems, leading to 
incomplete synthesis of a fraction of the 
molecules, improper folding or lack of post­
translational modification. Similar potential 
complications can arise when proteins are 
overproduced during a two-hybrid screen in 
yeast. Therefore, interactions identified in 
these systems have to be verified in vivo 
under physiological conditions or by valid 
genetic means. 

To examine protein associations of 
intact CSB in a cellular context in a natural 
non-overproduced state, we utilised 
Manley-type whole cell extracts and 
functional tagged CSB protein. These 
extracts are frequently used as starting 
material for purification of protein 
(complexes) and are active in in vitro repair, 
transcription and splicing assays (15, 64). 
The fact that these intricate mUlti-step 
pathways can function efficiently indicates 
that within the extracts multi-subunit 
protein complexes are stable and can easily 
reassemble. Indeed we found that GSB 
resides in a large molecular weight complex 
in the nucleus. In an attempt to identify the 
activity of the CSB complex under the same 
(Manley-) buffer conditions, We found no 
effect of complete CSB immunodepletion on 
repair or on basal transcription, indicating 
that the CSB complex does not contribute 
significantly to these activities in vitro. 
However, microinjection of antisera clearly 
indicated a contribution of GSB (and GSA) 
to transcription-coupled repair in vivo. 
Moreover, the microinjection experiments 
showed that CSA and CSB are not required 
for basal transcription in vivo. An auxiliary 
role for CSA and CSB in this process is 
however certainly not excluded at this 
moment. The identity of the CSB­
associating proteins Was investigated by 
analysis of column fractionations and of 
immunoprecipitations of functional tagged 
CSB, performed under the same, low 
stringent buffer conditions. 
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During transcription-coupled repair the 
stalled RNA polymerase II complex 
presumably forms the signal that ultimately 
leads to the attraction of the repair 
machinery to the site of the lesion. In man 
the eSA and eSB proteins are required for 
this coupling and as such were expected to 
be associated with each other. Our findings 
suggest that this may not be the case. In 
the size fractionation experiment eSA and 
CSB have a different native size while the 
native size of eSA is not affected by severe 
eSB truncation. eSA and eSB fractionate 
differently at low salt concentrations on 
both the Heparin and the phosphocellulose 
column. When immunoprecipitating eSA or 
eSB from different extracts using various 
antibodies, no stable association of the two 
proteins is detected. Obviously, our studies 
do not exclude transient interactions that 
may occur in the course of the TCR 
reaction or very fragile complexes that are 
disrupted during the preparation of the 
Manley-type extracts. Also, our extracts are 
made from undamaged cells, which are 
therefore not expected to perform high 
rates of NER. Preliminary studies with 
extracts of UV-irradiated cells did not reveal 
substantial differences in the interaction of 
CSB with other NER components (unpub!. 
res.), but it is not excluded that minor 
changes occur. Indeed, binding of in vitro 
translated CSA and CSB proteins to each 
other was recently found (20) and also an 
interaction in the two-hybrid system was 
observed (E.C. Friedberg, pers. comm.), 
indicating that under certain conditions 
these proteins are able to interact. 

Interactions between CSB and 
subunits of TFIIH have been suggested 
before (13, 52). The TFIIH complex is 
required for transcription initiation of many 
promoters, presumably by local melting of 
the promoter region and phosphorylation of 
the C-terminal domain of the largest subunit 
of RNA polymerase II, resulting in promoter 
clearance (16, 22, 26). Several subunits of 
TFIIH, and possibly the entire TFIIH 
complex, are also required for NER (12, 61, 

62) and this dual role led to the suggestion 
that TFIIH also plays a central role in TCR. 
In addition, since patients carrying 
mutations in the CS genes and in the XPB 
and XPD subunits of TFIIH display 
comparable clinical features, it has been 
suggested that the GSA and GSB mutations 
interfere with the transcription mode of 
TFIIH (13, 52, 61). In the analysis 
presented here we fail to detect any 
association of CSB with TFIIH subunits in 
column fractionations and immunoprecipi­
tations, performed under conditions that 
leave the TFIIH complex intact. In a 
reciprocal experiment, in which the TFIIH 
complex was immunoprecipitated using a 
HA·tagged XPB subunit from Manley-type 
WCE as well as from nuclear extracts, also 
no indication for association with CSB was 
found (B. Winkler, G. Weeda pers. comm.). 

In addition to XP-B and XP-D, also XP­
G patients display characteristic CS 
features (60), perhaps reflecting a disturbed 
XPG-CSB interaction. To investigate this, 
we previously tried to detect interactions 
between in vitro translated, full-length XPG 
and CSB proteins by performing coimmuno­
precipitations with anti-CSB or anti-XPG 
antisera under various buffer conditions, but 
failed to detect any (dat not shown). 
However, recently binding of an in vitro 
translated .XPG protein to unlabelled, in 
vitro translated CSB was observed (24). In 
contrast, the analysis in celHree extracts 
presented here does not indicate any 
(stable) association between XPG and eSB: 
i) XPG fractionates differently on a Heparin 
column (Fig 5A), ii) XPG does not 
coimmunoprecipitate with esa using the 
anti-HA monoclonal antibody (Fig 6B) or 
using the crude anti-CSB serum (not 
shown), and iii) no coimmunoprecipitation 
of CSB with XPG is observed when using a 
crude anti-XPG serum (not shown). 

The Heparin column chromatography 
(Fig 5A) indicated co-fractionation of eSB 
with the XPC/HHR23B complex, involved in 
global genome repair (28, 59). Since CSB 
and XPC are involved in complementary 



repair pathways it seems unlikely that they 
are associated and indeed, no indication for 
this was found (Fig 6B). The transcription 
initiation/elongation factor TFIIF and the 
RNA polymerase II complex also fractionate 
in the Heparin 1.0 M fraction, but again, no 
stable associations can be found in further 
column fractionations or immuno­
precipitations (Fig 68). 

In conclusion, we have shown that in 
Manley-type whole cell extracts eSB exists 
in a very large molecular weight complex, 
which is distinct from the one of eSA. 
Analysis of column fractionations and eSB­
immunoprecipi-tations of tagged eSB 
excluded a number of candidate proteins to 
be associated to eSB in these extracts. 
Analogous to these results is the recent 
identification of two nucleosome 
remodelling factors, that include other 
members of the SWI2/SNF2 subfamily of 
'helicases' /ATPases (35, 49). These 
factors, NURF and SWI-SNF, constitute 
large protein complexes which are able to 
disrupt a nucleosome ternary structure in a 
promoter region, thus stimulating 
transcription efficiency (11, 48). Many of 
the components of the NURF and SWI-SNF 
complexes have been identified, but no 
basal transcription factors have been found, 
similar to our analysis of the eSB complex. 
The in vivo microinjection experiments 
suggest a requirement for eSB in TeR but 
not in basal transcription. Nonetheless the 
eSB complex could modulate the efficiency 
of transcription in vivo in a subtle manner, 
as suggested by the clinical features of es 
patients, and as a secondary function 
mediate in TeA. In such manner, eSB may 
be associated to transcription elongation 
factors, such as SII, elongin/SIII or ELL (3, 
36, 40). Further identification of the eSB­
associating proteins has to await the 
purification of components of the eSB 
complex which is greatly facilitated by the 
generation of transformants stably 
expressing functional double-tagged eSB 
protein. 

99 

ACKNOWLEDGEMENTS. 

We are deeply Indebted to Leontine van Unen 
and Andre Hoogeveen for performing the 
Superdex-200 chromatography. We thank Karin 
Pouwels for the RT -PCR of the CSA cDNA, 
Peter van der Spek for his help in the 
immunofluorensce experiments, Anja Raams for 
isolating many of the used WCE, Esther 
Appeldoorn for her help in the in vitro repair 
assay, Vincent Moncoullin for in vitro 
transcription analysis and Cecile Visser for 
technfcal assistance. Sandrine Humbert and 
Kaoru Sugasawa are acknowledged for 
providing respectively the Heparin and 
phospho cellulose fractions, Bert van der Horst, 
Bas Winkler and Andre Eker for helpful 
suggestions, and Mirko Kuit and Tom de Vries­
Lentsch for photography. This research was 
supported by the Commission of European 
Community (contract number BJ6-141-NL) and 
by the Dutch Scientific Organisation through the 
Foundation of Medical Scientific Research 
(contract number 900-501-093), and the Swiss 
National Science Foundation (grant number 31-
36481.921. 

REFERENCES 

1. Aboussekhra, A., M. Biggerstaff, M.K.K. 
Shivji, J.A. Vilpo, V. Moncollin, V.N. 
Podust, M. Protic, U. Hubscher, J.-M. Egly 
and R.D. Wood 1"9951 Cell. 80: 859-868. 

2. Aso, T., J.W. Conaway and R.C. Conaway 
(19951 FASEB J. 9: 1419-1428. 

3. Aso, T., W.S. Lane, J.W. Conaway and 
R.C. Conaway (1995) Science. 269: 
1439-1443. 

4. Auble, D.T., K.E. Hansen, C.G.F. Mueller, 
W.S. Lane, J. Thorner and S. Hahn (1994) 
Genes Dev. 8: 1920-1934. 

5. Bohr, V.A. (1991) Carcinogenesis. 12: 
1983-1992. 

6. Bohr, V.A., C.A. Smith, O.S. Okumoto and 
P.C. Hanawalt (19851 Cell. 40: 359-369. 

7. Brouwer, J., D.O. Bang, R.A. Verhage and 
P. Van de Putte (1992) DNA repair mech., 
Alfred Benson Symp" Eds: V.A. Bohr, K. 
Wasserman, K.H. Kreamer. 35: 274-283. 

8. Caldecotte, K.W., J.D. Tucker, L.H. 
Stanker and L.H. Thompson (1995) Nucleic 
Acids Res. 23: 4836-4843. 

9. Carreau, M. and D. Hunting (1992) Mutat. 
Res. 274: 57-64. 

10. Conaway, R.C. and J.W. Conaway (1993) 
Annu. Rev. Biochem. 62: 161-190. 

11. Cote, J., J. Quinn, J,L. Workman and C.1. 
Peterson (1994) Science. 265: 53-60. 



100 

12. Orapkin, R" J.T. Reardon, A. Ansari, J,e, 
Huang, L. Zawel, K. Ahn, A. San Car and D. 
Reinberg (1994) Nature. 368: 769-772. 

13. Drapkin, R" A. San car and D. Reinberg 
(1994) Cell. 77: 9-12. 

14. Feaver, W.J" J,Q, Svejstrup, L. Bardwell, 
A.J. Bardwell, S. Buratowski, K,D. Gulyas, 
T.F. Donahue, E,C. Friedberg and R.D. 
Kornber9 (1993) Cell. 75: 1379-1387. 

15. Gerard, M" L. Fischer, V. Moncollin, J,-M. 
Chipoulet, P. Chambon and J,-M. Egly. 
(1991) J. Bioi. Chem. 266: 20940-20945. 

16. Goodrich, J.A. and R, Tjian (1994) Cell. 
77: 145-156. 

17, Graham, F.L. and A. van der Eb (1973) 
Virology. 52: 456-467. 

18. Hanawalt, p,e., B.A. Donahue and K,S. 
Sweder (1994) Current BioI. 4: 518-521. 

19. Harlow, E. and D. Lane (1988) Antibodies: 
a laboratory manual. Cold Spring Harbor, 
New York: Cold Spring Harbor Laboratory 
Press. 

20. Henning, K.a., L. li, N. Iyer, L. McDanIel, 
M.S. Reagan, R. Legerski, R.A. Schultz, M. 
Stefanini, A.R. Lehmann, L.V. Mayne and 
E.C. Friedberg (1995) Cell. 82: 555-564. 

21. Hoeljmakers, J.H.J. (1994) Eur. J. of 
Cancer. 30A: 1912-1921 .. 

22. Holstege, F.C.P., P.C. Van der Vliet and 
H.T.M. Timmers (1996) EMBO J. 15: 
1666-1677. 

23. Hyman, A.A. (1995) Current BioI. 5: 
483-484. 

24. Iyer, N., M.S. Reagan, K.-J. Wu, B. 
Canagarajah and E.C. Friedberg (1996) 
Biochem. 35: 2157-2167. 

25. lehmann, A.R. (1987) Cancer Rev. 7: 
82-103. 

26. Lu, H., L. Zawel, lo Fisher, J.-M. Egly and 
D. Reinberg (1992) Nature. 358: 641-645. 

27. Manley, J.L., A. Fire, M. Samuels and P.A. 
Sharp (1983) Methods Enzymol. 101: 
568-582. 

28. Masutani, C., K. Sugasawa, J. 
Yanagisawa, T. Sonoyama, M. Ui, T. 
Enomoto, K. Takio, K. Tanaka, P.J. van der 
Spek, D. Bootsma, J.H.J. Hoeijmakers and 
F. Hanaoka (1994) EMBO J. 13: 
1831-1843. 

29. Mayne, L.V. and A.R. Lehmann (1982) 
Cancer Res. 42: 1473-1478. 

30. Mellon, I., G. Spivak and P.C. Hanawalt 
(1987) Cell. 51: 241-249. 

31. Mu, D., D.S. Hsu and A. Sanear (1996) J. 
Bioi. Chem. 271: 8285-8294. 

32. Nance, M.A. and S.A. Berry (1992) Am. J. 
Med. Genet. 42: 68-84. 

33. O'Donovan, A., R.D. Wood (1995) Nature 

363: 185-188. 
34. Park, C.-H., T. Bessho, T. Matsunaga and 

A. San car (1995) J. BioI. Chem. 270: 
22657-22660. 

35. Peterson, C.L. and J.W. Tamkun (1995) Tr. 
Biochem. Sci. 20: 143-146. 

36. Reinberg, D. and R.G. Roeder (1987) J. 
Bioi. Chem. 262: 3331-3337. 

37. Schaeffer, lo, R. Roy, S. Humbert, V. 
Moncollin, W. Vermeulen, J.H.J. 
Hoeijmakers, P. Chambon and J. Egly 
(1993) Science. 260: 58-63. 

38. Selby, C.P. and A. Sancar (1993) Science. 
260: 53-58. 

39. Selby, C.P. and A. Sancar (1994) 
Microbial. Rev. 58: 317-329. 

40. Shilatifard, A., W.S. Lane, K.W. Jackson, 
R.C. Conaway and J.W. Conaway (1996) 
Science. 271: 1873-1876. 

41. Shiv;i, M.K.K., M.K. Kenny and R.D. Wood 
(1992) Cell. 69: 367-374. 

42. Silbers, A.M., P.J. Van der Spek, H. Odijk, 
J. Van den Berg, M. Van Duin, A. 
Westerveld, N.G.J. Jaspers, D. Bootsma 
and J.H.J. Hoeijmakers (1996) Nucleic 
Acids Res.: in press. 

43. Sijbers, A.M" W.l. De Laat, R.R. Ariza, M. 
Biggerstaff, Y.-F. Wei, J.G. Moggs, K.C. 
Carter, B.K. Shell, E. Evans, M.C. De Jong, 
S. Rademakers, J. De Rooij, N.G.J. 
Jaspers, J.H.J. Hoeijmakers and R.D. 
Wood. (1996) Cell: in press. 

43. Smerdon, M.J. and F. Thoma (1990) Cell. 
61: 675-684. 

44. Sweder, K,S. and P.C. Hanawalt (1994) J. 
Bioi. Chem. 269: 1852-1857. 

45. Troelstra, C., W. Hesen, D. Bootsma and 
J.H.J. Hoeijmakers (1993) Nucleic Acids 
Res. 21: 419-426. 

46. Troelstra, C., A. van Goal, J. de Wit, W. 
Vermeulen, D. Bootsma and J.H.J. 
Hoeijmakers (1992) Cell. 71: 939-953. 

47. Tsukiyama, T. and W. C. (1995) Cell. 83: 
1011-1020. 

48. Tsukiyama, T., C. Daniel, J. Tamkun and C. 
Wu (1995) Cell. 83: 1021-1026. 

49. Van der Spek, P.J., A. Eker, S, 
Rademakers, C. Visser, K. Sugasawa, C. 
Masutani, F. Hanaoka, D. Bootsma and 
J.H. Hoeijmakers (1996) Nucleic Acids Res. 
in press, 

50, Van Gool, A.J., R. Verhage, S.M.A. 
Swage makers, P. van de Putte, J. Brouwer, 
C. Troelstra, D. Bootsma and J.H.J. 
Hoeijmakers (1994) EMBO J. 13: 
5361-5369. 

51. Van Hotten, A., A. T. Natarajan, L. V, 
Mayne, A.A, van Zeeland, l.H.F, 



Mullenders and J, Venema (1993) Nucleic 
Acids Res. 21: 5890-5895. 

52. Van Hoffen, A" J, Venema, R. Meschini, 
A.A. van Zeeland and l.H,F, Mullenders 
(1995) EMBO J. 14: 360-367. 

53, Van Oosterwijk, M,F" A, Versteeg, R. 
Filan, A.A. Van Zeeland and L,H.F. 
Mullenders (199B) Mol. Cell. BioI. in press. 

54, Van Vuuren, A.J" E. Appeldoorn, H. Odijk, 
S, Humbert, V. Moncollin, A.P.M. Eker, 
N.G.J. Jaspers, J.-M. Egly and J.H,J. 
Hoeijmakers (1995) Mutat. Res. 337: 
25-39. 

55. Van Vuuren, A.J., E. AppeJdoorn, H. Odijk, 
A, Yasui, N.G,J. Jaspers, D. Bootsma and 
J.H.J, Hoeijmakers (1993) EMBO J. 12: 
3693-3701. 

56, Van Vuuren, A.J., W. Vermeulen, l. Ma, G, 
Weeda, E. Appeldoorn, N.G,J, Jaspers, 
A.J. van der Eb, D, Bootsma, J.H,J, 
Hoeijmakers, S. Humbert, L. Schaeffer and 
J.-M. Egly (1994) EMBO J. 13: 
1645-1653. 

57, Venema, J., L,H.F. Mullenders, A,I. 
Natarajan, A,A, Van Zeeland and L.V. 
Mayne (1990) Proc. Nat!. Acad. SCI: USA. 
87: 4707-4711-

58. Venema, J., A. Van Hoffen, A.T. Natarajan, 
A.A. Van Zeeland and L.H.F. Mullenders 
(1990) Nucleic Acids Res. 18: 443-448. 

59. Vermeulen, W., J. Jaeken, N.G.J. Jaspers, 
D. Bootsma and J.H.J. Hoeijmakers (1993) 
Am. J. Human Genet. 53: 185-192. 

60. Vermeulen, W_, A.J. van Vuuren, M. 
Chipoulet, L. Schaeffer, E. Appeldoorn, G. 
Weeda, N.G.J. Jaspers, A. Priestley, C.F. 
Arlett, A.R. Lehmann, M. Stefanini, M. 
Mezzina, A. Sarasin, D. Bootsma, J.-M. 
Egly and J.H.J. Hoeijmakers (1994) Cold 
Spring Harb_ Symp. Quant. Biol_ 59: 317-
329. 

61. Wang, Z., J.Q. Svejstrup, W.J. Feaver, X. 
Wu, R.D. Kornberg and E.C. Friedberg 
(1994) Nature. 368: 74-76. 

62. Wood, R_D. (1996) Ann. Rev. of Biochem. 
65: 135-167. 

63. Wood, R,O., M, Biggerstaff and M,K.K. 
Shivji (1995) Methods: a companion to 
methods in enzymology. 7: 163-175. 

64. Zawel, L. and D. Reinberg (1995) Ann. 
Rev. Biochem. 64: 533-561. 

101 



102 

Summary 

Organisms have developed an intricate network of repair pathways to protect their 
genome from the occurrence of mutations. These alterations of the genetic code can be the 
consequence of the intrinsic instability of the DNA molecule itself I replication errors, or DNA 

lesions that are introduced by genotoxic agents. Persistent DNA damage can interfere with 

various basic cellular processes, such as RNA synthesis (transcription) and DNA replication. This 

could ultimately lead to premature cell death or, conversely, to uncontrolled cell growth 
resulting in tumor formation. One of the most important repair pathways in the cell is nucleotide 
excision repair (NERl, that is capable of removing a large variety of damages from the genome 

by replacing a small piece of DNA that contains the damaged nucleotidefs) by a new 

undamaged copy. The importance of a functional NER in man is illustrated by the UV-sensitive, 

genetic disorders xeroderma pigmentosum (X?), Cockayne syndrome (CS) and tricho­

thiodystrophy (TTD). Patients suffering from these disorders display various common features, 

such as skin abnormalities and increased photosensitivity. Remarkably, only X? patients have 

a highly elevated risk of developing skin tumors. On the other hand, the genetic defect in CS 

and TTD seems to affect also other processes, since these patients display typical neurological 

and developmental abnormalities that can not easily be rationalised by a NER defect alone. 

Previously it has been shown that repair of the DNA genome does not occur in a uniform 

manner. Genes that are being transcribed at the time of damage induction, are preferentially 

repaired. More specifically, this so-called transcription-coupled DNA repair (TCR) is restricted 

to the transcribed strand of these genes. This DNA strand is used by the elongating RNA 

polymerase molecule as a template to synthetise the messenger RNA, that is translated to 

protein elsewhere in the cell. Chapter 2 deals with the current knowledge on TCR in various 

organisms and discusses the factors that are involved in this pathway. Genetic and biochemical 

studies have indicated that mutations in most XP genes lead to a total DNA repair defect, i.e. 

both the fast transcription-coupled as well as the slower global genome repair pathway are 

impaired. In contrast, CS cells only possess a defect in TCR. This directly implicates that the 

products of the two genes mutated in Cockayne syndrome, eSA and eSB, mediate the coupling 

between transcription and DNA repair. The work presented in this thesis was aimed to increase 

our knowledge on the function of the Cockayne syndrome B protein in transcription-coupled 

repair and other processes within the cell. 

This study started with the finding that mutations in the previously isolated, human DNA 

repair gene ERee6 are responsible for Cockayne syndrome group B (appendix I). The ERee6 
(Excision Repair Cross Complementing) gene was originally isolated by its ability to correct the 

UV-sensitivity of a rodent repair mutant of complementation group 6. By transfecting the 

ERee6 cDNA to cells of all known XP and CS complementation groups, specific correction of 

the repair defect of CS group B cells was found, after which the gene was renamed CSB. The 

function of CSB was subsequently investigated in yeast, mice and human cells. Yeast is a very 

suitable organism for analysing the effect of gene mutations on a cellular level, and it is 

relatively easy to combine disruptions in several genes, that are involved in different pathways. 

We isolated the yeast Saccharomyces cerevisiae homolog of ese, designated RAD26, and 

generated a rad26 disruption mutant (appendix II). We were able to show that also the yeast 
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homolog of CSB is required for TCA. Surprisingly, impairment of this function did not lead to 

increased sensitivity to genotoxic agents in contrast to the human equivalent. By generating 
double yeast mutants of rad26 with rad? and radl6, the latter two being required for repair of 

nontranscribed DNA, it became possible to dissect the different repair levels within one active 
gene (appendix III). This provided evidence for an overlap between transcription-coupled and 

global genome repair, and revealed an as of yet unknown repair activity that is specific for the 
transcribed strand. The possible identity of this residual repair moiety is discussed in chapter 

2. 
Due to its central role in TCR and its possible involvement in transcription itself, the CSB 

protein is expected to interact, at least transiently, with other repair and transcription proteins. 
In addition, since mutations in GSA lead to a similar defect in man, CSB could also interact with 

CSA. Appendix IV discusses biochemical experiments that were performed to identify such 
CSB-associated proteins. Antibodies were raised against human CSB, and were shown to inhibit 

TCR in vivo when microneedle injected into cultured cells. CSB interactions were assayed under 
near-physiological conditions, i.e. in whole cell extracts that were prepared according to Manley 

and which are active in in vitro repair and transcription assays. These extracts were fractionated 
on several columns or used as a source to immunoprecipitate the CSB protein with associating 

proteins using CSB-specific antibodies. We found indications that esa resides in a very large 
molecular weight protein complex, but which does not include eSA. In addition, a number of 

candidate transcription and repair proteins were also excluded from being part of the CSB­

complex, Nonetheless, these proteins can still transiently interact with CSB. Further purification 
of the CSB-complex is expected to lead to the identification of the CSB-associating proteins. 
This will presumably provide indications on how CSB mediates the coupling between 

transcription and repair, and may also reveal whether CSB has an additional function in the cell. 
Chapter 3 addresses several items in the DNA repair field that probably will be of major 

interest in the (near) future. In addition, possible functions of CSB are being discussed. Finally, 
future directions that emerge from the work described in this thesis are considered, which may 

shed more light on the function of the Cockayne syndrome B protein. 
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Samenvatting 

Elk levend organisme heeft een stelsel van DNA herstel mechanismen ontwikkeld om te 

voorkomen dat mutaties optreden in het DNA, de drager van de erfelijke informatie. Deze 

veranderingen van de genetische code kunnen het gevolg zijn van intrinsieke instabiliteit van het 

DNA ma/ecuul, van replicatie fouten, of van DNA schades, die ge'introduceerd zijn door DNA 

beschadigende agentia. DNA schades die niet verwijderd worden, kunnen interfereren met 

verschillende cellulaire processen, zoals de aanmaak van het RNA (transcriptie), of de 

verdubbeling van het DNA tijdens de celdeling. Oit kan ernstige gevolgen hebben, zoals 
voortijdige celdoad, of juist tegengesteld, ongecontroleerde celgraei hetgeen kan ontaarden in 

de vorming van een tumor. Een van de meest belangrijke DNA herstel mechanismen is het 

nucleotide exeisie herstel (NER), dat in staat is om velerlei verschillende DNA schades te 

verwijderen, Dit gebeurt door een klein stukje DNA met de schade te vervangen door een 

onbeschadigde eopie, Het belang van een functioneel NER wordt gei'llustreerd door de UV~ 

gevoelige, erfelijke ziekten xeroderma pigmentosum (XP), Cockayne syndroom (CS) en 

thrichothiodystrophie (TTD), Patienten die aan deze syndromen leiden hebben enkele 

symptomen gemeen, zoals huid abnormaliteiten en een verhoogde gevoeligheid voor zonlicht. 

Opvallend is dat aileen XP patient en een verhoogde kans op huidkanker vertonen, Daarentegen 

Hjken bij CS en TTD patienten ook andere processen aangedaan te zijn, aangezien deze 

patienten neurologische afwijkingen en ontwikkelingsstoornissen vertonen die niet eenvoudig 

verklaard kunnen worden door een NER defect. 

Enige jaren geleden is gevonden dat het herstel van het DNA genoom niet uniform 

gebeurt. Genen die actief worden afgelezen (getranscribeerd) op het moment van beschadiging, 

worden sneller hersteld dan het inactieve dee I van het DNA, Het bleek dat dit transcrfptie 

gekoppeld DNA herstel (TCR) aileen optreedt voor de getranscribeerde streng van deze genen. 

Deze DNA streng wordt door een elongerende RNA polymerase afgelezen om het boodschapper 

RNA te maken, wat elders in de cel wordt vertaald in eiwit. Hoofdstuk 2 gaat dieper in op de 

huidige kennis omtrent TCR in verscheidene organismen en de factoren die hierbij een essentiele 

rol spelen, Genetische en biochemische studies hebben laten zien dat mutaties in de meeste XP 

genen leiden tot een algemeen DNA herstel defect, dus zowel het relatief snelle transcriptie 

gekoppelde alsmede het langzame globale genoom hers tel zijn aangedaan, Daarentegen zijn CS 

celfen specifiek deficient in TCA. Oit betekent dat de produkten van de twee genen, die 

aangedaan zijn in Cockayne syndroom, het CSA en GSa gen, direkt betrokken zijn bij de 

koppeling tussen transcriptie en DNA herstel. Het onderzoek dat beschreven is in dit proefschrift 

had tot doel om opheldering te verkrijgen omtrent de rol van het Cockayne syndroom B (CSB) 

efwit in transcriptie gekoppeld DNA herstel en andere processen in de cel. 

De eerste stap was de bevinding dat mutaties in het eerder ge'isoleerde ERCC6 gen 

verantwoordelijk zijn voor het defect in Cockayne syndroom groep B (appendix I). Het ERCC6 
(Excisie Reparatie Cross Complementerend) gen Was oorspronkelijk ge'isoleerd doordat het de 

gevoeligheid voor UV licht van een hamster mutant kon corrigeren. Nadat het ERGC6 gen 

vervolgens in cellen van aile bekende XP en CS mutant groepen werd ingebracht, werd 

specifieke correctie van CS graep B gevonden, waarna het gen hernoemd is als GSe, 

Vervolgens is de functie van CSB onderzocht in bakkersgist, muis en menselijke cellen, Gist is 
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een zeer geschikt modelorganisme om het effect van gen mutaties op cellulair niveau te 
bestuderen. Bovendien is het relatief eenvoudig om de effecten van beschadigingen (disrupties) 

van meerdere genen, betrokken in verschillende mechanismen, te onderzoeken. In appendix II 
staat beschreven hoe we de gist (Saccharomyces cerevisiae) homoloog van CSB hebben 

ge'isoleerd, die RAD26 genoemd is. Door middel van genetische manipulatie is een rad26 

disruptie mutant gemaakt, en uit analyse daarvan bleek dat ook de gist homoloog van GSB 
nodig is voor TGR. In tegenstelling tot de humane equivalent leidde disruptie van RAD26 niet 

tot een verhoogde gevoeligheid vaor DNA beschadigende agentia. Door dubbelmutanten te 
maken van rad26 met rad? en rad16, twee factoren die nodig zijn voor het herstel van niet­

getranscribeerd DNA, werd het mogelijk am de bijdrage van transcriptie gekoppeld en niet­
transcriptie-geassocieerd DNA herstel aan de reparatie van aen actief gen te bepalen (appendix 

III). Hieruit bleek dat deze twee mechanismen deels averlappen, wat waarschijnlijk de 
bavengenoemde ongevoeligheid van de rad26 mutant verklaart. Bovendien onthulden deze 
experimenten een nog onbekende herstel activiteit, die specifiek is voor de getranscribeerde 
DNA streng. De mogelijke identiteit van deze residuele herstel activiteit wordt bediscussieerd 

in hoofdstuk 2. 
Aangezien GSB een centrale rol inneemt in transcriptie gekoppeld DNA herstel en 

mogelijk ook in transcriptie zelf, is het waarschijnlijk dat het GSB eiwit interacties aangaat met 
andere transcriptie of DNA herstel factoren. GSB zou daarnaast ook geassocieerd kunnen zijn 

met GSA, aangezien mutaties in GSA en GSB tot eenzelfde DNA herstel defect leiden. In 
appendix IV worden biochemische experimenten besproken die tot doel hadden zulke GSB 

bindende factaren te identificeren. Antilichamen werdenopgewekt tegen tegen het humane CSB 
eiwit en deze bleken TGR te kunnen blokkeren na micronaald injectie in gekweekte cellen. Oeze 
microinjecties hadden opvallend genoeg geen effect op de transcriptie activiteit van de 

ge'{njecteerde cellen, waaruit blijkt dat CSA en GSB geen essentiele bijdrage aan dit proces 

leveren. Interacties tussen GSB en andere eiwitten werden geanalyseerd onder pseudo­
fysiologische condities, in eiwit extracten die erg actief zijn in in vitro DNA herstel en 

transcriptie reakties. Deze extracten werden gefractioneerd over scheidende kolommen of 
gebruikt om het CSB eiwit te isoleren met behulp van specifieke antiHchamen. Er werden 
aanwijzingen verkregen dat GSB onderdeel is van een groat eiwitcomplex, waar GSA geen deel 
van uit maakt. Een stabiele interactie van CSB met een aantal andere kandidaat eiwitten werd 

evenmin gevonden in deze eiwit extracten. Oit sluit echter niet sluit dat een tijdelijke associatie 
onder de juiste amstandigheden kan plaatsvinden. Een verdere zuivering van het CSB-complex 

zal hopelijk leiden tot de identificering van de CSB-associerende eiwitten. 
Tot slot, in hoofdstuk 3 worden verscheidene vraagstellingen in het DNA herstel 

onderzoek besproken, die hopelijk in de (naaste) toekomst beantwoord zullen worden. Tevens 

worden mogelijke functies van CSB bediscussieerd, alsmede vervolgexperimenten, die 

voortvloeien uit het werk dat in dit proefschrift beschreven staat, en die verdere aanwijzingen 
kunnen leveren omtrent de funktie van het Cockayne syndroom B eiwit. 
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Werken in de DNA repair graep in Rotterdam heeh als voordeel dat er een enorme 'back~ 
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mensen met name te noemen, wat ik hieronder graag wi! doen. Omdat iedereen toch dit 
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International collaborators 
I would like to thank all the foreign scientists with whom I have had a very nice contact 

andlor collaboration. I hope that many of these collaborations can be continued in the future, 
because that is what makes research fun and exciting. Jean-Marc Egly and coworkers 
(Strasbourg): thank you very much for the numerous purification schemes and monoclonals that 
you provided (let's have another drink soonl); Alan Lehmann, Donna Mallery (Brighton), Miria 
Stefanini, Bianca Tanganelli (Pavia): for your screen for csa mutations and helpful discussions; 
Stuart Clarkson (Geneva): for interactions and discussions; David Bregman (Yale): hopefully we 
can sort out the CSB-ubiRNAP linkl; David Busch, Deborah White (Washington D.C.): good luck 
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uit te drukken hoe blij ik ben dat we elkaar gevonden hebben. Ik had me geen betere vrouw 
kunnen wensen, die de pieken en dalen van het leven op een lab zo door en door begrijpt. 
Daarnaast heb je me, na even wat gekloneer, het mooiste in mijn leven gegeven. Sjors, het is 
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