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General introduction

Each organism stores its genetic information in large DNA molecules, present in most
cells. DNA s 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 multicetiular 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. lonising
irradiation and oxygen radicals are 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, canlead 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. colf {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 nonpolyposis colorectal cancer
4 {HNPCC) {113a}. Other hereditary cancer-prone disorders for which the refationship with DNA
repair has not yet heen established, include Fanconi's anaemia (FA}, Bloom syndrame (BS), 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 {CS} 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 siza and complexity, the entire DNA molecule obviously can not be repaired
at the same time. Howaevar, 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 rapld 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 subpathway, while the slower repair of the global genome still
functions as in normal cells {171}. The two genes mutated in CS, CSA and CSB (ERCCS), have
been isolated recently {68, 1569) which allows examination of the function of these gene
products and their involvement in transcription-coupled repair.

Scope of this thesis.

in recent vears, 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 hetween the fwo
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 (RAD286) was isolated and the functional consequence of disruption of the
gene was analysed in detall, also in combination with other yeast repair mutants (described in
appendix Il and Hi}. Secondly, after the finding that the previously isolated ERCCS gene is
involved in CS-B {appendix 1}, a close examination of stable associations of the human CSB
protein with repair and transcription factors was performed (appendix V). To clarify the current
knowladge 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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2.1 Transcription-coupled DNA repair: the concept.

The discovery of transcription-coupled repalr {TCR} was made in 1885 by Phil Hanawalit
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 DHFR gene in Chinese hamster ovary
cells occurred much more efficiently than in the genome overall {12}, Subsequently also the
active c-abl 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 {17, 142, 154}, itis not the principle mechanism of enhanced repair
of active genes. This became evident from experiments by Mellon et a/., who demonstrated that
the preferential repair of active genes is due to faster removal of CPD 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 [esion, or differences in chromatin
structure. Several terms have been used to describe these phenomenona. Differential repair
indicates the differsnce in repair efficiencies between two DNA regions, e.g. heterochromatin-
varsus euchromatin-like DNA, whereas preferential repair reflects the faster repair of active
versus inactive genas, 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.

Figure 1. Schematic representation of the
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t=0min I=xmin 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 twe strands, and transferred to Southern blots.
These blots are then hybridised with strand-specific probes of the gene to be studied, visualising
repair of the transcribed and of the nontranscribed 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 (RNAP)
Il complex, that is blocked by a lesion in the transcribed strand, and that is signaling the repair
machinery to the site of the lesion {67). Several lesions have been shown to form an
obstruction for transcription, including UV-CPD {40, 129}, cis-platin {31}, psoralen monocadducts
and interstrand crosslinks {138}, dG-C3-{acetyl}aminofluorene {24, 39}, and singfe strand rnicks
(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
Il, as it has not been found in RNAP | or lil genes (26, 85, 148, 179). Howsever, 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 rDNA genes, encoding ribosomal RNA and
transcribed by BRNAP I, is preferentially repaired, indicative of some form of TCR also of these
genes {166, 176). 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,

Nucfeotide excision repair in £. coli.

The core mechanism of NER has been elucidated to considerable detail in the bacterium
E. coli, and forms a paradigm for NER in ali organisms studied so far {64}, Six proteins,
controlling this process, have been identified: UvrA, UwB, UwrC, UvrD/Helicase |l, DNA
polymerase | 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 stap in the NER pathway {Figure 2) {reviewed in {1256, 167, 178)}.

E. cofi NER is initiated by the formation of a complex of two molecules of UvrA and one
of UwrB which together can bind to damaged DNA with high affinity. The broad substrate
spacificity of the UvrABC system suggests that the UvrA B 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 phosphediester bond &’ 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 UvwrB-UwrC
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 UwD and
DNA polymerase | removes the 12-13 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, Nucleatide 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 £. cofi was confirmed by repair analysis
of the lactose operon under noninduced of induced conditions in vive (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, UwB, UvrC, UvrD, DNA
polymerase 1 and ligase were incubated with a DNA template containing a strong tac promoter
and defined CPD 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 i vitro. The solution came from the identification and isolation
of a franscription-repair coupling factor {TRCF), that was required and sufficient for
transcription-coupled repair /n vitro {130}. 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
(9, 187). Since the revertant phenotype arises from UV-induced mutations in the transcribed
strand of the tRNA genes, and mfd-1 mutant cells can not prevent these mutations to occur,
it was predicted that the mfd phenotype was caused by a defect in preferential repair of the
transcribed strand {10}, Indeed, it was shown hoth in vitro (135} and /n vivo {78, 101} that
mifd-1 cells are impaired in transcription-coupled repair. This defect in extracts from mfd-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 UvirB 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 temnplates (134},
Howeve“r, this region binds DNA in an ATP-dependent fashion, without any preference for DNA
structure or the prasence of RNA, and footprinting 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 homotog of B. subtillis {133). The RNAP displacement by TRCF is clearly
distinct fram 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 j/n vitro conditions.
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Mode! for TCR in £, coli.

A model was proposed for transcription-coupled repair in £, calfi, taken into account the
activities of the TRCF and its associations with DNA, UvrA and RNAP (132}{Figure 2). The first
step of TCR 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
UvrA,B complex via an unknown interaction and via competitive binding at the UwrA-UwB
interface, dissociates the UvrA dimer and stimulates integration of UwrB in the DNA.
Alternatively, TRCF may already be associated with the UvrA;B 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 UwB. It was found in vitro that TRCF efficiently disrupts the UvrA,B
complex, but this does not have to occur /in vivo, In either scenario, TRCF will stimulate the
targeting of UwrB to the lesion. The conformational change induced by UvrB-DNA binding may
or may not release TRCF, but will stimulate binding by UwrC, and excision of the lesion occurs

as described above,

In vivo studies of repair of single nucleotides in the transcribed strand of the active £
coli genes uvrC (134}, lacZ and fac/ (78) and also of the human genes PGK7 {60} and JUN
{182} 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 £ ol this would
indicate the dissoclation of the o subunit and in man the phosphorylation of the C-terminal
domain {CTD) of the large subunit of RNAP H {33, 44).

White 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
and repaired by the UvrABC endonuclease (although not preferentially), resulting in partial MFD.
fn'terestingly, this level of residual MFD is similar to the MFD observed in the mismatch repair
mutants mutS and mutt, indicating that in these mutants TCR might be affected {91). Indeed,
mutS and mutl were found to be deficient in fast repair of the transcribed strand of fac/,
comparable to the mfd-7 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.
Mucleotide excision repair in eukaryotes,

The discovery in 1968 that the hereditary disorder xerodarma pigmentosum s 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 mulitigenic 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 sach others defect. Compiementation 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 PIBIDS,
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 newrological dysmyelination, immature sexual
development, mental retardation, and impaired physical development manifested in cachetic
dwarfism, microcephaly, skeletal and retinat abnormalities, and a characteristic ‘wizzened’
appearance (bird-like face) {87, 109). The most typical TTD features inciude brittle hafr and nails
{due to a sulphur-deficieney), 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 {CSA and CSB} 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 11{13, 27, 65, 176). Inrecent years, many of the genes and proteins
involved in NER have been identified and isclated {reviewed in 48, 65, 141, 147, 1562).
Strikingly, there is a very high degree of conservation betwsen 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 inveolved 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 £, cofi (Table 2} and are depicted
in Figure 3. For simplicity, | 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 {%)® GGR® TCRY human yeast hom. Remarks
XP-A + + +! + 4+ <5 + + XPA RAD7T4 Binds UV-damaged DNA
XP-B +/- + +/+' + + 10-40 + + XPB (ERCC3) RADZ25/8SL2 3" — 5’ helicase; subunit of TFIIH
XP-C + - + 15-30 - + XPC RAD4Y ssDNA binding; complex with HHR23B
XP-D + /- ++ /2! + + 15-30 + + XPD (ERCC2) RAD3 5" — 37 helicase; subunit of TFIIH
XP-E +/- - = = 50 + + ? ? Binds UV-damaged DNA
XP-F +/- NES + 15-30 + + XPF (ERCC4) RADT 5" incision; in complex with ERCCT (Rad10p}
XP-G + f- + + + + 2-25 + + XPG (ERCC5] RADZ 3’ incision
CS-A - +! + 100 + - CSA (ERCCS8J RAD26 SWI2/SNF2 ATPase/ helicase’
Cs-B - +1 + 100 + - CSB (ERCCE) RAD28 WD-repeat protein
TTD-A - el + 10% + + ? ? unidentified subunit of TFIIH

Faor references see text. a) Classified as |: neurological degeneration or [l: neurological dysmyelination, b} Unscheduled DNA synthesis (% of wild-type ceils),
¢) Global Genome Repair, d) Transcription-Coupled Repair, e} only sequence homology; functional homologs of XAPC in yeast are RAD7 and RADTE.
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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 CS8-A and CS-B, is schematically
depicted. See text below for details (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
tesion is subsequently meited by the combined helicase activities of XPB/ERCC3 (Ssl2p/Rad26p)
{3'>5") and XPD/ERCC2 ({Rad3p} (6'=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 aiso is involved in DNA
replication and homologous recombination (59, 146). Then, the 3’ incision is made by XPG
{Rad2p) at the 6th phosphodiester bond, while the ERCC1/XPF (Rad1p/Rad10p} complex
introduces the 5’ incision at the 20-22nd phosphodigster bond resulting in excision of a 28-30
mer containing the damaged basel{s), Gap-filling DNA synthesis and ligation are performed by
DNA polymerase € andfor g, PCNA, RPA, RF-C and ligase |. In addition to this simplified model,
several gene products, such as the XPC/HHR23B {Rad4p/Rad23p} protein complex {97} and IF7
{1}, are required for /n vitro reconstitution of NER, vet 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/? XPASXPE
unwinding damaged region UvrA,B TFHH TFIH

3’ incision UvrB/UwiC {7} Rad2p XPG

5" incision UvrC Radtp/Rad10p ERCC1/XPF
excision and repair synthesis UwrD,DNA pot | DNA pot 11/111 DNA pol d/¢
ligation DNA ligase DNA ligase DNA ligase |

Transcription-coupled repair in yeast.

The first indications of differential repair in the yeast 8. cerevisiae were provided by
repair studies of the two mating type loci MATa and HMLa, that are identical in sequence,
While in yeast a-cells the MMA 7o locus is actively transcribed, the HVLa locus is silenced by the
SIR proteins, which results in about 2.5 times more efficient repair of MATa (155), This
differential repair, however, turned out not to be caused by the transcriptional state of the two
toci, 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



16 Chapter 2

and HMLa repair resembles that of MATa {17, 154). Later, true transcription-coupled repair was
demonstrated for URA3 (142}, RPR2 (148}, and induced GAL7Y (86). The dependency of fast
strand-specific repair on active RNAP |l transcription was demonstrated by the absence of TCR
in temperature-sensitive RNAP {f mutants (86, 148).

RAD28,
At present, only one factor, RAD26, is known to be involved in TCR in yeast. The

RAD26 gens was isolated based on homology with the human CSB/ERCCE, one of the two
human factors required for TCR {Appendix It, 164}, A rad26 disruption mutant hardly displayed
preferential repair of the transcribed strand of the active APB2 gene (164) and of the PHOS
PHOZ3 locus (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-7 mutation in £, cofi does not lead
to a highly increased UV-sensitivity (51, 131). Interestingly, RAD26 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 RAD7 and RAD 16 are indispensable for
global genome repair, i.e. repair of nontranscribed DNA sequences such as the silent HMLa
locus and the nontranscribed strand of APB2 (6, 174). Yeast genetics allowed us to generate
isogenic rad7/16 rad26 double mutants that are disturbad in both transeription-coupled as well
as global genome repair (Appendix ill, 175). If RAD26 would be the only factor mediating TCR,
and if RAD7 and RAD16 were responsible for repair of alf nontranscribed DNA, then a rad?7
rad26 or rad'16 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 APB2 was studied, it was found that, as expected, the rad7/16 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 GAL7 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 GAL7Y (175).

These resuits indicate that there is a considerable overlap between NER subpathways.
For instance, Rad268p does contribute to UV-survival, but in a rad26 null mutant this is
compensated for by global genome repair, Also, global genome repair (RAD7/76) 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
onty, 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 GAL7, unless it was combined with RAD7Z or RAD 16 mutations {175}, Alternatively,
the GAL7 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 coupiing
factor, as has been found for the IPTG-induced /acZ gene in the E. coli mfd-1 mutant {78).

There are at feast four possible candidates for this second TCR factor. First, a yeast
homotog of CSA, the other human factor required for TCR (165, 171), could contribute to TCR
similarly to Rad26p. The human CSA gene has recently been cloned (88} and a putative S.
cerevisiae homolog has bean identified and isolated {8). Aithough 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 rad28
mutant. A redundancy of RAD28 function by RAD26 was excluded by doing similar repair
studies as discussed above in rad26 rad28, rad7/16 rad28, and rad7 rad26 rad28 double/ftriple
mutants {8}. Second, mismatch repair could be involved in TCR as is suggested from the above
mentioned observations in £, 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 rad7, rad16 and rad28 showed no
synergistic effact on transcribed strand repair {150}, Third, the transcription elongation factor
Sli has been shown to stimulate the retractive movement and exonucleolytic RNA cleavage of
stalled RNAP Il complexes, leading to an increase in by-pass efficiency {40, 72, 76, 72, 121}
Since the Sll-mediated transcript shortening can form the basis of transcription-coupled repair
{67, 164}, Sil could stimulate TCR independent of Rad26p and bs responsible for the residual
repair activity observed in the rad7/16 rad26 mutant. However, Sff disruption mutants showed
no glevated UV-sensitivity nor TCR defect by themselves or in combination with rad7, radi6
or rad26 (K.S. Sweder, R.A. Verhage, both unpubl. obs.), making it unlikely that SIl plays an
important role in TCR. Alternatively, there might be more Sli-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 il {as discussed belows).

Transcription-coupled repair in Drosephila melanogaster.

in the permanent cell line K¢, derived from wild type embryonic Drosophifa melanogaster
cells, no strand-specific transcription-enhanced repair of the active genes Gart, Notch and 8-
tubifin could be demonstrated {34,35). This would suggest that Drosophifa 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 Drosophifa. 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 Sloun, 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 laevis early embryonic versus aduit cells {38, A.P. Wolffe pers. comm.).
Analysis of strand- and gene-specific repair in a differentiated Drosophifa cell line should clarify
the status of TCR in Drosophifa, 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 {P.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 celis 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 {29). Moreover, it
has been shown that the residual repair of XP-C cells is dependent on RNAP |l transcription,
since it can be completely blocked by specific RNAP Il 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/HHR238 complex is required to target the repair machinery to regions in the genome that
are not transcribed. Simiiarly, this complex is absolutely required for /n 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 TCR. C5-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 globat genome repair activities {165, 171). Moreover, antibodies raised against
CSA and CSB can inhibit the residual repair in XP-C fihroblasts, as visualised by UV-induced
unscheduled DNA synthesis (UDS) (Appendix V). When tested in the /n vitro repair assay (189},
cell-free extracts of CS-B cells are as active as repair-proficient cells {E. Citterio, A.J. Van Gool
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, 168, 177, 183} provided a plausible link of transcription
to TCR, and suggested a central role for TFH 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-deplation of repair-competent cell-free extracts using various antibodies raised against
subunits of human TFIIH deprived these extracts from /n vitro, t.e. nontranscription-coupled,
repair activity (67, 177). Recently, evidence was prasented that TFHH exists in two forms: as
helo-TFIIH for transcription and as part of a nucleotide excision ‘repairosome’ that participates
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inrepair of all DNA {1486). Although TFIIH might not be the factor determining the strand-biased
repair of an active gens, it can certainly contribute to this phenomenon (see below}.

CSA.
Both €SA and CSP genes have been identified and isofated, allowing biochemical

analysis of their role in transcription and repair. The Cockayne syndrome A gene was recently
isolated by transfections of a ¢DNA expression library to an immortalised CS-A cell line and
selection of UV-resistant colonies (58). CSA {which is similar to ERCC& {70)) encodes a protein
of 44 kDa that contains five WD repeats. These rather loosely defined WD repsats 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 muitiprotein complexes, The WD-repeat domain contains certain
hydrophobic regions and may fold into a B-sheet-turn--sheet-turn-B-sheet structure, which
might facilitate interactions with othar WD-repeat and additional proteins {110}.

CSB.
The Cockayne syndrome B gene was first isolated as FRCCE by its ability to correct the

UV-sensitivity of the CHO mutant UV61, helonging to complementation group 6 {158}, The
ERCCE gene is localised on chromosome 10q11-g21 {157). Because this region was reported
to be deleted in a patient with Cockayne syndrome symptoms (49), transfections of the ERCCE
cDNA were performed to CS-A and CS-B cells {Appendix |, 159). Transfected CS-B but neither
CS-A nor various XP cells showed correction of UV-sensitivity to wild type levels, indicating
that FRCCE mutations were underlying the repair defect in CS-B. Indeed, severely truncating
mutations in ERCCE were identified in a CS-B cell line {159}, and the gene was renamed CS8
{88}, The £SB cDNA encodes a protein of 1493 amino acids {168 kDa), that contains several
interesting domains. First, an acidic amino acid stretch Is present in the NH,-terminus (aa 366-
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Figure 4. Schematic representation of the CSE protein.

The conserved domains are depicted as follows: A, acldic amino acid stretch; G, glycine-rich
region, NLS, nuclear localisation signal; I-VI, helicase motifs. The entire middle region (darker
box) is strongly conserved (31% idemtical amino acids) within the SWI2/SNF2 subfamily of
ATPases/ putative helicases. Also indicated are CSB mutations identified thus far by Donna
Mallery (Dr. A. Lehmann’s laboratory), and Bianca Tanganelll {Dr. M. Stefanini’s laboratory).
Most of these mutations result in nonconservative amino acids changes, frame shifts, or in a

premature stop {unpublished).
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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 middie part of the CSB protein {aa 527-950)
contains seven motifs which are strongly conserved in many known and putative RNA and DNA
helicases {b4). 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 {SWIi2/SNF2, ISWI, Brahma, XH2} or repression
(8TH1, MOT1), various DNA repair pathways {CSB, RADB, RAD18, RAD54), preservation of
chromosomae 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 for 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, 158}, which has a
- DNA-dependent ATPase activity {19, 83a). No standard helicase activity, i.e. displacement of
a DNA-bound DNA/RNA primer, could be demonstrated {83a). However, by hydrolysis of ATP
the SWI/SNF 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
nucieosomes might be induced by changes in helical twist that are generated by SWI/SNF
binding to promoter DNA {119). Recently, svidence emerged that the SWI/SNF complex is
associated with the RNAP [ holoenzyme, a megadalton-sized complex containing RNAP i, some
basal transcription factors and SRB 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 aiso capable of
disrupting a nucleocsome 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 nuclecsome, indicating a target specificity (160}

A third example is provided by the MOT1 protein that is able to disrupt binding of TBP
{TATA 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 TATA sequences). Interestingly, disruption of TBP binding to TATA-sequences has
also beean reported for a subunit of TFHIB, 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).

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

elongating RNAP Il, 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 Sl {TFIIS) has been shown to stimulate this retractive movement that
precedes transcriptional read-through {72, 121, 122). The 280 amino acid Sl protein contains
a RNAP interaction domain and a cryptic Zine ribbon that is expected to be exposed only when
Sll is bound to an elongation complex {118, 120}, Both of these domains seem to be required
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for stimulation of elongation {2, 74}. Binding of Sll was shown to stimulate the intrinsic RNA
cleavage activity of the nascent RNA by the stalled RNAP and the by-pass efficiency of the
ohstruction {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). Elopgation of RNAP Il has heen 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} Sli-stimutated nascent RNA cleavage of more than nine
nucleotides is associated with upstream movement of the feading part of the elongating RNAP
{65, 181), and this may allow access of other proteins to the obstruction, However, it was
found in vitro that Sll-stimulated retraction of RNAP (= 10 bp} 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 tdentified in CSB and the
WD-repeats in CSA might shed more light on their rofe in transcription-coupled DNA repair.
Analogous to the observations made for other SWI2/SNF2-like helicases, the helicase region in
CSB could be involved in a partial disruption of the binding of a stalled RNAP to the DNA. Such
disruption is likely to facilitate the Sll-stimulated upstream movement of the stalled RNAP,
thereby providing the opportunity for repair proteins to recognise and remove the lesion. The
WD-repeats in CSA may serve to stabilise interactions between CSB and the stalled
transcription complex. The attraction of the repair machinery may involve unidentified domains
in CSB, residing in the large N-terminal and C-terminal ends, or may be mediated via the WD-
repeats of CSA, interacting with WD-repeat transcription proteins (1 10}. Previously, interactions
of CSB with XPB, XPD, XPG (43}, and of CSB with TFIIH and XPA (42} have been suggested
but not unequivocally establishaed. Using immunoprecipitations of in vitro translated proteins an
interaction between CSA and CSB, CSA and p44 {a subunit of TFIIH} {68}, and between CSB
and XPG was found {71}, however these interactions could not be demonstrated under more
physiological conditions that allow active in vifro transcription and repair {163). The absence
of assoclations of CSA and CSB 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 TCR in humans, which takes into account the
requirement for CSA and CSB, 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 Sll and CSB. These
interactions may be stabilised by CSA. The helicase/ATPase region of CSB then mediates the
partial disruption of RNAP-DNA binding, which facilitates the upstream dislocation of the stalled
RNAP complex by Sil. The repair machinery is attracted to the site of the tesion via transient
interactions with C8A and/or CSB, the lesion is repaired and transcription elongation resumes.

Although CSA and CSB are required for TCR 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 (reviewed in {30, 193}. CTD phosphorylation is likely to be performed by the CDK-
subunits of TFIIH {47, 85, 137, 139), and this may convert the RNAP into the elongating mode.
Several studies have indicated that the CTD of an elongating RNAP is again hypophosphorylated
{33, 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 {63, 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 TFHE and TFIIH (98, 136} and
transcription efongation 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 veast rad7/16
rad28 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 CSA and CSB. In addition, several observations,
some of which are very recent, indicate that more processes, in particular transcription, are
impaired by loss of CSA and CSB in yeast, mouse and man.

Firstly, CS patients display characteristic clinical features that cannot be explained on
the sole 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
freviewed in (87, 108}). Comparable features have also been found in XP-B, XP-D, TTD-A and
XP-G patients, of which the first three have bean shown to carry mutations in subunits of the
transcription/repair factor TFHH, 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 CSA and
CSB are involved in the transcription process iself in addition of mediating transcription-repair
coupling.

Secondly, recently csh-/- knock-out mice have heen generated which were found to
display a severe defect in TCR of UV-induced CPD lesions (G.T.J. van der Horst, manus. in
prap.], in agreement with the yeast null mutant (rad26) {164} and the human CS-B cells {165,
171}. Other repair characteristics, such as increased UV-sensitivity of the ¢sb -/- mice as well
as of derived embryonal fibroblasts, normal GGR {as measured by UV-induced UDS), and
defective recovery of RNA synthesis after UV-irradiation, correspond to those of human C5-8
cells as well, The csb -/- mice do not display the characteristic hallmarks of CS 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 afficiently develop skin cancer when treated with the carcinogenic agent DMBA. This is
in contrast to human CS 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 DMBA 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 celfular repair in rodents compared to human cells. Nonetheless,
these studies reveal a role for CSB in mutagenesis and/or 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-C*AF adduct, that causes littfe distortion of the DNA helix {89).
dG-C%-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-B 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 genegs 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 initiation of transcripticn after genotoxic
treatment.

Fourth, a recent study indicated a role for CSA and CSB in UV-induced maodification of
RNA polymerase H (16). After exposure of cells to UV irradiation or cisplatin, the large subunit
of RNAP 1l 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 celiular pathways, including DNA repalr, sporulation/
spermatogenesis, celf cycle and transeription (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 1l was absent in CS-A and CS-8 cells, but
couid be rastored by transfections of the corresponding cDNAs, strongly implying arole for CSA
and CSB in this RNAP Il modification {18}. The RNAP Il ubiguitination 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-D fibroblasts (D.B.
Bregman, unpubl, obs.). Interestingly, a low level of ubiquitination of RNAP Il is also observed
in absence of genotoxic treatment. in absence of CSA and CSB this spontaneous madification
of RNAP Il 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 besn made in the sukaryotic 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 purifiad and recombinant factors and damaged DNA templates. Most human
repalr genes involved in Xxeroderma 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
invelvement 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 rapair 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 connacted 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 cygle {G1/S, G2/M} to allow
repair of the lesions. Several protein complexss have now been identified that have dual roles
in different metabolic pathways. The basal transcription factor TFIIH is the most striking
example: this complex centains at least nine subunits which are invelved in transcription, DNA
repair, and possibly in cell cycle regulation (66). The ERCC1/XPF (yeast Rad1p/Rad?i0p}
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 or 'flap-like’ DNA structures, is required in both
pathways {141}, The single-stranded DNA binding protein RPA, a heterotrimeric complex, was
shown to be required for in vitro NER (1}, while it is strongly involved in replication and
homologous recombination as well (69, 145). As argued above, the CSA and CSB 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 afso imply
a role for XPG in transcription. It will be of major interest to reveal the connections betwaen
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 ({l}BIDS} patients without increased
photosensitivity, and without obvious NER defect, The combined XP/CS and the TTD features
in XP-B, XP-D and TTD-A patients may be explained by assuming that the mutations affect in
same unknown manner the transcription function of TFIH {(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-B 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 intracellutar
metabolic processes, it was suggested that accumulation of these lesions [eads to the observed
chinical features in CS patients {84), Supportive for this idea is the fact that some XP-G patients
display similar features, whereas XP-G cells, 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 TFIH 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 ohserved
CS features. However, this assumes that there is a constant level of damage present for which
TFIH 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 CSB mutations themselves affect
transcription. The observed defect of RNAP H ubiguitination 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 (SI} 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 CSA/CSB transcription will be less efficient and less RNAP will he 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 CSB. Mutations of CS8 are then also
expected to lead to decreased transcription elongation rates, Clearly more expetiments have to
be done to address this question and to tést these or other hypotheses. The various mouse
models that are being generated may be very valuable for revesling 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 differencaes in
{neurological) development, mutagenesis and carcinogenesls can then directly be related to the



Concluding remarks 29

specific mutation in the same gene.

A third question that needs to be addressad, is how results, obtained /n vitro, should be
correlated to the in vive, cellular situation. Notably, most /n vitro systems contain damaged
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 foops, 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 | to 1V did not lead to the complete elucidation
of the function of CSB 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
CSB {RADZ26)-dapendent transcription-coupled repair pathways in strand-specific repair, The
analysis of CSB in repair- and transcription-competent cell-free extracts indicated that the CSB
protein resides in a very targe 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 { would fike to speculate a little more on what
kind of experiments one can imagine to be revealing.

The most direct indication for the function of CSB would be to test for correction in a
certain activity assay. However, the defect of CS cells in transcription-coupled repair only
makaes it very hard to apply the standard assays that have been proven valuable for other repair
proteins. When tested In /7 vifro (nontranscription-coupled) repair or transcription assays, CS8
extracts show wild-type activity. Also in vivo, CS-cells have normal transcription and repair
{(UDS) levels, assayed by incarporation of respectively *H-Uridine or *H-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
{168). CS celis do show a defective recovery of RNA synthesis after 16 hours. It should be
possible to correct this DNA repair deficiency by microinjection of CS8 ¢cDNA constructs or
protein preparations, but using /1 vive 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-B 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-B 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-proficlent 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 derfived from CS-A and CS-B cells,

The generation of functional HA- and Hiss-tagged CSB constructs now allows the
purification of the CSB protein by subsequent purifications on a HA-affinity column, Ni?*-resin
and additional columns (such as heparin or phosphocellulose}. CSB can either be purified in a
recombinant form from Baculovirus-infected insect cells or from cell-free extracts of transfectad
CS-B cells. The latter source has the advantage that associating proteins, that might modulate
CSB function, are still present in the final preparation. A large scate 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 CSB seemed to be present in a large molecular weight complex in celi-free
eXtracts, no associations of CSB 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
CSB, expected to be sensitive to artifacts, Immunoprecipitation of /n vitro transiated proteins
is severly hampered by the large size of CSB (168 kDa}. In reticulocyte lysates several shorter,
truncated forms of CSB 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 CSB may contribute to false positive resuits by
aspecific binding to basic proteins. The frequently used two-hybrid analysis suffers from a
similar problam. This system should enable one to identify also transient interactions, however
no clear candidate proteins have been found {92, A. Yasuf 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 CSB protein in & 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 selection of suppressors very difficult. In all of these cases it is essential that /n vitro
detected interactions have to be verified under /n vivoe, non-over expression conditions to
indicate functional relevance. Alternatively, such interactions gain much more weight if binding
is followed by an activity, e.g. increased ATPase activity, disruption of protein complexes, or
stimulation of transcription rates,

Once a purified CSB protein {-complex} is available, various bicchemical 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,



Concluding remarks 31

include {naked) double/single stranded DNA, DNA:RNA hybrids, nucleosomat DNA and a stalled
RNA polymerase:DNARNA 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 and/or repair
complexes can be determined once it is avallable in purified form, Addition of CSB {-complex)
might stimulate jn vitro transcription rates, indicative of a role in transcription slongation.

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
faiture to hydrolyse ATP. In a similar way, mutations in the ATPase motif of XPB/ERCC3 had
a dramatic effect on transcription /i vive after microinjection {169}, Alternatively, an amino acid
change of the conserved 'SAT’ sequence in helicase motif It 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-refated mutation data will be very useful. The laboratory of Dr. A. Lehmann and
Dr. M. Stefanini 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 tasted 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 -/- mice, might ultimately lead to the complete elucidation of the
role of the Cockayne syndroine B protein.
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Abbreviations
Generai Genetic disorders
ATP adenosine triphosphate AT ataxia telangiectasia
cDNA complementary DNA 8BS Bloom syndrome
CHO Chinese Hamstar Ovary cs Cockayne syndrome
CPD cyclobutane pyrimidine dimer FA Fanceni anemia
cTD C-terminal domain of largest HNPCC herediatry nenpolyposis
subunit of RNA polymerase il colorectal cancer
DMBA 7,12-di-methylbenz[alanthracene iTD trichothfodystrophy
DNA deoxyribonucleic acid XP xeroderma pigmentosum
dsDNA double-stranded DNA
Drosophila Drosophila mefanogaster (fruitfiy)
E. coff Escherichia colf {bacterium)
ERCC (ERCC) (human} excislon repair cross Protein names
complementing gene (protein} CSA/CSB Cackayne syndrome A/B protein
ES embryonic stem cell DNA pot 8/ DNA polymerase d/e
GGR global genome DNA repalr HHR23B human homolog of RAD23
kDa kiloDalton IF7 initiation factor 7
MFD mutation frequency decline 1Swi imitation switch
NA-AAF N-acetoxy-2-acetylaminefluorene MOTT modifier of transeription
NER nucleotide excision repair NURF nucleosome remodeling factor
PAGE polyacrylamide gel PCNA proliferating cell nuclear antigen
elactropharesis RF-C replication factor C
PCR polymerase chain reaction RPA replication protein A (human
8-4 PP (6-4) pyrimidine-pyrimidone ssDNA binding protein)
photoproduct RNAP Il RNA polymerase H
RAD radiation sensitive SWi refers to S. cerevisifae mutants,
RAD (Rad..p) 8. cerevisiae repair gene {protein) defective in mating type switching
{mIRNA {messenger) ribonucleie acid SNF refers to 8, cerevisiae sucrose non-
8. cerevisiae  Saccharomyces cersvisfae fermenting mutants
{baker’'s yeast) TBP TATA binding protein
SDS sodium dodecyl sulphate TEIH transcription factor IH
ssDNA single-stranded DNA TRCF transcription repair coupling factor
SV40 Simian virus 40 XPA{-G} xeroderma pigmentosum group A
TCR transcription-coupled DNA rapalr {-G) protein
uDs unscheduled DNA synthesis
uv ultraviolet light
Uvr ultraviolet resistance

Uvr (Uvr)

E. coll repair gene (protein)
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Summary

Cells from palients with the UV-senslitive nucleotide
exclslon repalr disorder Cockayne's syndrome (CS)
have a specific defect in preferential repalr of leslons
from the transcribed strand of active genes. This sys-
tem permits quick resumptlon of transcription after
UV exposure, Here we report the characterization of
ERCCG, a gene involved In preferential repair In eu-
karyotes. ERCC6 corrects the repalr defect of CS com-
plementation group B (CS-B). It encodes a proteln of
1493 amino aclds, contalning seven consecutive do-
malns conserved belween DNA and RNA hellcases.
The entire helicase reglon bears striking homology to
seagments In recently discovered proteins Involved In
transcription regulation, chromosome stabllily, and
DNA repalr, Mutation analysis of a CS-B patient indl-
cates that the gene is not essential for cell viabHity
and Is specific for preferential repalr of transcribed
sequences.

Introduction

Tha genetic information of an organism Is continually sub-
jected to the damaging effects of environmental and Inter-
nal genotoxic agents, chemical instabilily, and the Inher-
ent impsrfeclion of DNA melabolizing precesses, i
unrepaired, such DNA injury witl iead to mutations, carcl-
nogenesis, general deterioration of celt fundlioning,
and cell death. To counleract these deleterious conse-
quences, an intricate network of DNA repalr systerns has
avolvad {for review see Friedberg, 1985). Among the most
Important and best-studied repalr mechanisms, both in
prokaryotes and eukaryotes, is Lhe nuclectids excision re-
palr {NER} pathway, This system elimInates a remarkably
hroad speclrum of structurally unrelated lesions, such as
ultraviofet {UVY-Induced cyclobutane pyrimidine dimers
{CPD} and (6-4) photoproducts, bulky chemical adducts,
and DNA cross-inks. Removal of these teslons procesds
via amullistep reaction, which is resolved to considerable
detail in lhe bacteriurn Escherichia coli (van Houten,
1990): a UvrA.B helicase complex scans the DNA for struc-
turaf distortions by locally unwinding the two strands (Ch
and Grossman, 1987) and delivers the UwrB subunit to the
teslon (Orren and Sancar, 1989}, UvrC Interacts with the
damage-specific UviB-DNA complex and calalyzes incl-
slon of the damaged slrand on both sides of the Injury.

Release of the lesion-containing 12-13 nt oligomer, as
well as the bound UviC, is perfermed by UvrD (heficase
1), after which DNA polymerase | turns over UwB and
fills the resulting single-siranded gap {Orren et al., 1992),
Finally, the newly synthesized repalr patch Istigated to the
parental DNA, Knowledge of the molecular mechanism of
MER In eukaryotes Is rapldly accumulating. Recently, a
dualincislon has been demonstrated (Huang et al,, 1892),
and several protelns required for pre- or poslincision steps
ware identifled (Shivjl et al.,, 1992).

The prototype repair disorder xeroderma plgmenlosum
{XP) Hlustrates the phenotyplc conssquences of defective
NER, Patients suifering from lhis rare recessive inherited
disease characteristically exhibit extrems sun {UV) sensi-
tivity, plgmentation abnormalities, predisposition to skin
cancer, and frequently progressive naurclogical degener-
ation (Cleavar and Kraemez, 1989). Exiensive genslic het-
erogeneity was disclosed by cell hybridization with the
identilicatlon of at least seven excislon-deficient comple-
mentatlon groups (XP-A 1o XP-G) (de Weerd-Kastelsin at
al,, 1972; Vermsulen et al., 1991). The biochemical basls
for the XP NER dsfect probably resides In undsfined early
steps of the palhway precedingincision and repair synthe-
sis (Shivji et al., 1992},

An immadiate and urgent effect of the presence of le-
slons In DNA Is Interruption of the vital process of {ran-
scriplion {Mayne and Lehmann, 1882). To releasa this
otherwlse lethal block, a sophisticated NER subpathway
appears to operate that primarily focuses on the rapld and
praferential removal of certaln leslons {from the transcribed
strand of) active genes, This NER process was first discov-
ered In mammalian cells {Bohr et al., 1985) and found lo
explain the apparent paradox that rodent cells parform
only a fraction of CPD removal compared with human celt
lines, yet thay exhiblt tha same degree of UV reslstance
(Zelle ot al., 1980; van Zesland et al., 1981), it appeared
that rodent Hres mainly rely on the strand-selective repalr
of active genes and are largely deficlent In the NER sub-
pathway thal is responsible for the slower and incomplete
removal of CPD from lhe genome overalt {including the
nontranscribed strand) (Bohr el al,, 1985; Mellen et al,,
1987). Human celis are proficlent for both processes (Mel-
lon et al., 1986, 1987, Venema et al., 1980b), Thls demon-
strates lhe Imporlance for cell survival of preferential re-
pair of the smatl but vital active compartment of the
genome. Recent analysls of mutations In varlous genes
has provided svidence that strand-seleclive repair also
contributes signllicantly to prevention of mutagenssis orlg-
jnating from his strand In culiured cells {Vrialing et al.,
1991). The universality of preferential repair is demon-
sirated by the recent discovery that In yeast and E. coli
also the lranscribed strand Is more rapldly cleared from
CPD lesions than lhe nonfranscribed strand (Mellon and
Hanawalt, 1989; Smerdon and Thoma, 1990}, These ob-
sarvations suggest that a direct coupling or a feedback
mechanism exists baetwean transcription and NER,

The notion that this important precess constiiules a dis-
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tinet subpathway of NER came from the {inding that pa-
tients sutfering from Cockayne's syndrome {CS) carry spe-
cific defects In this system. CS s a rare ganetic disorder
that manifests UV hypersensitivity {but no other cutaneous
abnormalities}, retarded growth, and severe progressive
neurologicat degeneration. Remarkably, In striking con-
trastwith X, no signilicantincrease In skincanceris noted
(Lehmann, 1987, Nance and Berry, 1992). Cell fusion ex-
periments have revealad the presence of at least lwo com-
plementation groups, group A {CS-A) and group B (CS-B),
within the classical form of the disease (Tanaka et al.,
1981; Lehmann, 1882). A characterlslic hallmark of the
disease s the observation that CS fibroblasts perform
rates ofrepalr synthesisin lhe normal range yel, In contrast
with repair-competent cells, are unable to recover their
RNA synthesls alter UV irradiation (Mayne and Lehmann,
1982}. The early suggestion put forward by Mayne and
Lehmann {1282} lhat the CS defect resides in tha repair
of transcribed genes was only borne out by lhe recant
finding of Venema et al, (1990a} that CS fibreblasts have
lost the preferential rapair of active genesbutare proficient
in overall ganome repair. For CS-A, it was demenstrated
that the absence of preferential repair correlates with a
complete deficlency of selective repair of the ranscribed
slrand (Venema, 1991).

Here we report a key step toward defining this system
at the melecutar fevel by the analysis of a gene Implicated
in the preferential repair pathway. This human gens,
termed ERCCG, was cloned by virtue of Its abilily to correct
the NER defect of a UV-sensitive Chinese hamster ovary
{CHO) mutant (Troelstra et al., 990). The mwtant, UV61,
Is a representative of complementation group 6 of the
{aboratory-generated, excision-deficlent radent celt lines
(Busch et al., 1989). We show that the ERCCE gene at the
same lime corrects the repair defect of CS-B, the most
common form of the gdisease, and thal the gene encodes
a proteln with a presumed DNA unwinding function, The
helicase segment bears slriking resemblance to similar
doemains in transcription regulalors and proteins involved
In varlous repalr protesses and chromosome stability re-
cently idenlified in yeast and Drosophita.

Figura 1. Constructlen of & Functional ERCCS
HTLIC cONA

Theinseris of HTL1B and HTLIC (human tastis

CONA library} were isotated from the phage

arms via PR and joined by fgation (vertical
HiL18 arrows) al the unique Bglil site (B). The frag.
meant HTL1J(G.8E) Is added through homolo-
gous recombination (X}, and finally PL14 {hu.
man placenla ¢ONA library) is added to the
resulting molecule by ligation al tha PAMI {P)
site, The parls oblalned via PCR or homolo-
gous recombination were checked by se-
quence analysis. The thick fine In HTL1G cor-
responds lo the probe used for Ssuthern blot
analyslsinFigure 68, Cther symbols: E, EcoRY;
N, Nsll; detted fine, sequence nol tepresenting
EACCE {adtiliclally igated to ERCCE),; stippled
reglen, the ORF. See Experimental Proce.
dures for detalls,

HTL1J(0.6E)

PL14

cDHA construct

Results

isolalion of the ERCCBE cDNA

The human exclslon repalr gane ERCCE was recentiy Iso-
fated, after large-scals transfection experiments of human
(HeLa) genomic DNA {o UV-sansitive CHO mutant UV61
(rodent complementalion group 6 [CG-6)) and rescue of
the correcting human sequences from a secondary trans-
formant (Troelstra st al,, 1990}, The gens appeared to
have a respeclable size {for ransfection cloning) of close
to 100 kb. Unique conserved genomic ERCCH sequences
were Identified and used as probes 1o hybsidize to a human
testls cDNA library. This resulted In the isolation of a num-
ber of overiapping ¢cDNA clones, togsether having an Insert
size of 3 kb with a polyadenylation slgnal 20 nt from the
3’ end. Northern blot analysls with part of this 3 kb cDNA
as aprebs revealed the presenca of iwo messenger RNAs
{mRNAS) of about 5 kb and 7-7.86 kb in length. Sequence
analysls and restriction mapping Indicated that the differ~
ence In size Is due 1o alternative polyadenylation {unpub-
lished data). Both mRNAs are very fowly expressed, an
observation upheld by the recovery of very low numbers
of EACGCE ¢DNA clones from varicus cDMA libraries. After
screening of several cDNA librarlas, an aimost fulldengih
molacule of 4,7 kb could be conslructed {see Figure 1 for
detalls).

Correction of UVE1 by the ERCCS cDNA
The 4.7 kb ¢DNA moleculs was inserted in mammatian
expression vector pSLM (see Experimental Procedures)
under the contro! of the SV40 late promoter. Cotranslec-
tion of this plasmid with pSV2neo to UVE1 cells yielded
UV.resistant clones with very high efficiency {transfection
frequency of UV and G418 resistance was similar to that
of G418 resistance alone). UV survival of these Irans-
formants appeared within the wild-type range (Figure 2A).
To verify whether other DNA repalr endpoinis were cor-
rected by ERCCS, we examined the recovery of RNA syn-
thesis after UV expostre, In normal cells, transeription
drops rapidly alter UV irradiation {owing to the appearance
of blocking lesions In the DNA template) but resumas
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Figura 2. Cerrection of the UV41 Repalr De-
fect by ERCCB cDNA

{A) UV survival curves of wild-type CHC cell
iine AAB (closed boxes), mutant UV61 (closed
clrcles), and ERCCE cDNA transformant 61E6a

{closed iriangles).
{B) Recovery of RNA synthesls In wild-typa cell
line AAB, mutant UVE1, and ERCCE cDNA

transformant 61E6a, Gells unlrradiated or LUV
Irradiated with 6 Jim? were pulse labeled wilh

[Hjuridina at diffarent limes afer Irradiation;
the Incerporated radioaciivity was determined

% survival

0.1 4

by liquid scintillation counting {see Exparimen-
{al Procedures for details on the procedure).
Far symbiols see (A). Tha standard ermror ol the
mean (three duplicate plates) falls within the
size of the symbols.

0.01 J =
5 8 7
UVF dose (J/m?)

=T
8 9 10 1t t2 13

ad= -
0 3 6

Hours after UV# (64/m?)

within several hours as the result of preferential (strand-
specific) repair. In excislon-delicient cells such as XP and
C8, recovery of RNA synthesis does notoceur (Mayne and
Lehmann, 1882). Since Lhis repalr parameler has never
been Investigated for rodent mulants, we declded 1o as-
sess the behavior of RNA synthesis in CHO wild-type AAS,
mutant UV61, and cDNA transformant 61E6a upon UV
irradialion. As shown in Figure 28, RNA synthesis {ex-
prassed as the ratio of [*H|uridine incorporalion In UV-
Ireadiated cells to that in unirradiated cells) initially de-
creases within 1 hr lo 70%-80% but quickly resumes In
AAS, whereas It remains fow in UV61, Recovery of RNA
synthesis, as in wild lype, is observed in ERCCE lrans-
formant 61EBa, Indicating that the human gene also cor-
rects this repair endpoint,

To Investigate lhe specificily of correction by ERCCE,
the gene was Iransfected to mutants fram rodent CG-4,
CG-5, and CG-7 and to two other mambers of group 6
{CG-1, CG-2, and CG-3 were not tested since the correct-

Ing genes far these mulants have been cloned [van Duin
et al., 1986, Weber st al.,, 1990; Weeda et al,, 19903,
1990b)). No UV-resislant transfermanls were obtained in
the heterologous CG, whereas numerous UV-surviving
colonies were observed in the other representalives of
CHO group 6, demonstrating the specificily of ERCCE cor-
reclion and valldating the complementation studles.

Nucleotide and Amino Acid Sequence

of ERCC6 cDNA

The nucleotide sequence of the ERCGE ¢DNA is shown In
Figure 3A. The first ATG codon {nucleolide 80), preceded
by two in-frame stop codens, starts an open reading frame
(ORF) of 4479 bp. The purine often found at the Important
-3 position befare a slarl codon (Kozak, 1991} is presenl,
as is the G af +4. The other nucleotides within the slart
site, however, deviate from the optima! initiation start site
GCC(A/G)CCATGG (Kozak, 1991). All other ORFs present
encode much smaller polypeptides. Therefore, we cen-
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clude that the ORF of 4479 bp, deplcled In Figure 3A,
defines the ERCCSE protein,

The deduced amine acid sequence speciies a protein
of 1493 amino acids (see Figures 3A and 3B), with a pre-
dicted molecular size of 168 kd. Although a systematic
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Figure 3. Nucleolide and Predicted Amino Acid Sequence of the
EACCE cDNA

(A} ERCCS nucleollda and predicted amino acid sequence. The se-
quance of 4714 it has been oblained from the ¢cONA fragments, as
daplcled in Figure 1, togelher with a cONA clone from an adenovirus-
transformed relina cell library {Ihe first 16 nt). Pulative funclional unils
are ovatined; CKIl phos, caseln kinase IF phesphorylation site; NLS,
nuclear locailen signal (basic reglons are double overlined); NTB, nu-
cleotide binding fold; numbersi, IA, and I-Virefer lo the corresponding
helicase motifs. The AATTAAA polyadenylation signal I3 undsrlined.
Arrows Indicale the mulations In patlent CS1AN; C50 means the cryp-
Hle splice donor, while putal. SA indicates the putative splice acceplor;
the putative branch polnt, the pyrimldine strelch, and the AG dinucles-
tides are underiined; the third AG tepresents the normal exen 13
border.

(B) Schemalical represeniation of predicted functionat domains In the
ERCCS proteln. The i{runcated ERCCE protelns encodsd by the
CS1AN alleles are Indicated. A, acldic amine acid slretch; G, glycine-
rchreglen; S, serne phospherylation site preceded by a nuclear foca-
lion signa?; N, nucleotide binding fold; arrow, nonsense sequence due
lo a frarmeshift in allele b of patiant CS1AN,

computer search did not idenlify any protein with overall
homotogy to ERCCS, a close inspeclion of the sequence
did raveal several raglons of Interest and similarity to other
polypeplides.

First, there was an acldic pari from residue 356-394
harboring close to 60% glulamic or aspartic acids includ-
Ing a stretch of 10 acidle residues. Acidic regions have
been found in a number of nuclear proteins that associate
with chromatin or histones (Lapsyre el al,, 1987; Ptashne,
1988; Sung et al,, 1988; Wen el al., 1989). This part Is
followed by a stretch of glycin resldues {amino aclds 442-
446) and a very hydrophilic segmant {from residue 447-
495) eontaining >60% charged amino aclds.

Second, twe regions with the hallmarks of a bipariite
nuclear focalion signal {amino aclds 466-481 and 1038-
1055; Robbins ot at,, 1991) were found In closé viclnity to
potential caseinkinase Il phosphorylation sites (Kemp and
Pearson, 1990, amino aclds 483-490 and 1068-1074),
Recently, itwas noticed that putative caseinkinase ll phos-
phorylation siles areocated nearby many nuclear location
signal sequences (Rihs et al,, 1991).

Third, the region Irom amino acid 527 to amino acld
950 conlalns seven sequences (staring with a nucleotide
binding fold) matching seven consecutive molifs recog-
nized by sevsral investigalors to be conserved between
two superfamitles of RNA and DNA helicases (Gorbalenya
etaf,, 1989). This reglon (amino aclds 527-1007) exhibits,
In addition, a very high overat homotogy with parts of eight
other proteins contalning the same seven motils: RAD16
{Bang et al., 1992; Schild et al., 1992), RAD54, SNF2



(SWI2), STH1 (Laurent et a!,, 1992), MOT1 {Davis e! al.,
1892), FUN30 (Clark et al,, 1992), brm {TamKun et al,,
1992}, and lodestar {Girdham and Glover, 1991) {Figure
48). The similarity is confined to this particular segment
(Figure 4A) and Is far higher than the motif-restricted ho-
mology normally delecled between different helicases
(see Figure 48 for the consensus sequence of the seven
helicase motifs).

Fourth, a second putalive nucleolide binding domaln
(Saraste et al., 1990} is found ln the G terminus faminc
aclds 1134-1138).

Involvement of ERCCG in CS

The ERCCE gene, correcling a CHO mutant, could possi-
bly also be Implicated in one of the forms of XP or CS, The
first clue concerning this possibitity was presented by a
palient with symploms of fale onset CS, being heterozy-
gous for an interstitial 10q211 defstion in all cells (Fryns
elal,, 1991}, i.e., a chromosomal region fo which we have
assigned ERCCE (Troelslra ot al,, 1992). Southern blot
analysls of DNA from the pallent suggested that ERCCE
resides within the delsted segmeat (data not shown}.
Since ne cells of Ihis patiant were available and the com-
plementation group to which he belonged was unknown,
wea decided lotranslect the ERCCE ¢DNA expression plas-
mid fogether with the dominant selectable marker
pSV2neo into CS3BE.S3.G1 and CST1AN.S3.G2, immor-
talized celilines representing CS CG-A and CG -8B, respac-
tively (Mayne et al., 19886). G418-reslstant transformants
of each celi line were grown In mass cullure. In view of the
poor lransfectability of many SV40-immortalized human
fibrobtasts, Southern blol analysis was performed to verify
whether a significant fraction of the G418-resistant trans-
formants had Indeed Incorporated lhe colransfecled
ERCC6cDNA. For CS3BE.S3.G1, this fraction was very low,
but detectable, an Southern blot (average incorporation of
<0.1 Inlact ERCCE cDNA copy per cell). CS1AN.83.G2
cells had an average integration of one to lwo copies per
transformant (data not shown), To test whather ERCC6
restores the DNA repair capacity of one of the CS comple-
mentation groups, the G418-resistant mass populalions
{consisting of + 100 and 800-1000 independent clones
for CG-A and CG-8, respectively) were subjected to a UV
dose lethal to Lhe parental CS cels {8 or 6 JIm?, which
gives a 0.25% survival for CS.A and CS-B, respectively,
and 16%,0r 25% survival for wild-1ype cells; the trealment
was repeated after 48 hr). For CS3BE.S3.G1, none of the
G418-resistant cells survived the UV selection, and neither
did the transfected mass popuiation show enhanced sur-
vival (at different doses). This suggests that ERCCS Is un-
able to correct the repair defect of CS-A {although it should
be kept In mind that tess than 10% of the transformants
had Incorporated an Inlact copy of the ERCGE cDNA).
ERCCE did contfer UV resistance to CS1AN.S3.G2 cells;
the transfected mass populalion efficlently survived the
UY selection. The UV survival of lwo Independent {rans-
formants (E61ANa and E61ANd) is depicted In Figure 5A
and shows that both have regalned a wild-lype UV resis-
tance. To establish the specificity of correction further,
ERCCE ¢cDNA was Introduced {elther by DNA transfection
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or by mlerolnjection) Into representative celi lines of XP-C
and XP-E to XP-G; the corracling genes for XP-A (Tanaka
etal,, 1990), XP-B (Weeda el al., 1990b), and XP-D {Flsjter
et al,, 1992) have already besn isolated and are different
from ERCCS, Bacause XP-E cells are only slightly UV sen-
sitive, it was not possible 1o derive definite concfusions
from the transfeclion experdments o this complementalion
group. The ERCCH gene was unable 1o correct the repair
delectof the other XP groupstested. These resulls conlirm
the complamentation data and demonstrate Lhat no over-
lap exists betwesn CS-B and any of the known XP groups
{(with the possible exceplion of XP-E), In contrast with
CS-C, which Is Identical 1o XP-B,

RBNA Synthesis Recovery in ERCCS cDNA
Transformants of CS1AN.$3.G2

As mentioned above, CS cells are, in contrast with repalr-
proficient human cells, unable to recover their RNA syn-
thesls after UV exposure {Mayns and Lehmann, 1982),
To see whether ERCCSE also complements this CS-typleal
repalr parameter, RNA synthesls was measured after
UV irradialion in 8V40-lransformed normal fibroblasts,
CS1AN.53.G2, and cDNA transformants E61ANa and
EB1ANd. As shown In Figure 58, lranscription initlally
drops to =60% within 1 hr alter iradiation. The RNA syn-
thesls quickly recovers in normal calls, whereas it remains
repressed in CS1AN.53.G2 cells. The ¢cDNA lransicrmant
E61ANd rosumes transcription with almost wild-type kinet-
les; E61ANa, on the other hand, recovers more sfowly,
belng retarded at early times alter UV but reaching wild-
type levels at 16 hr. In Figure 5C the lavel of transcription
16 br after UV irradialion is tested al different UV fiuences.
in both ¢cDNA iransformants, RMA synthesis Is similar to
that in repair-proficlent cells for all UV doses, whereas
transcription in CS1AN.S3.G2 s consistenlly lower. The
slow (but alter 16 hr complete) recovery of E61ANa, In
contras! with the fast recovery of EG1AN (Figure 68),
might be allributed {o the sfow growth rale of E61ANa,
Alternatively, expresslon levels of the cBNA, influenced
by, 8.g., the integration site, could have an effect on the
kinelics.

To demonstrate the universalily of CS-B correction, pri-
mary flibroblasts of another CS-B patient, CS1BE, were
microinjeciad with ERCCE. Recavery of UV-Induced tran-
scriplion inhibition was, as in the GS1AN cDNA trans-
formanis, restored to levels within wild-type range (dala
not shown). Preliminary data suggesting that microinjec-
tion of ERCCS Inta primary fibroblasts of CS-A did not re-
slore RNA synthesis recovery after UV Irradiation conlirm
lhe complementation data.

The ERCC6 Mutatlon in CS1AN Cells

The previous experiments showed that ERCCE specifically
correcls the UV survivat and RNA synthesls recovery after
UV exposure of CS-B. To obtain direct proof that ERCCS
Is responsible for the CS-B repair defect, we searched
far mulations [n the gene. The polymerass chain reaclion
(PCR) was used to amplify ERCC6 cDNA seleclively from
ANA of the SV40-lranstormed CS-B cell fine CS1AN.-
§3.G2, For hoth ¢DNA synthesis and PCR, the ERCCE



Figura 4. Homology of lhe ERCC6 Helicase Reglon to 1ha Simitar Region

A ‘helicase’ domalns v
H 1 of RADS4, RAD16, lodestar, SNF2, STH1, brm, MOTH, and FUN30
SNF2 [ [ 'M } (A) Schemallcal representaticn of ERCCE, RADS4, RADIE, lodestar, and
SNF2 lo Indicats the location ¢f the hamelogous segment in tha protelns.
i e Stippled boxes represent homology; helicase motifs are indicated by closed
Lodestar ITTHI I boxes,
(B Alignmeniof conserved reglons of the ERCCE, RADS4, HAD 15, ledsstar,
H 7 SNF2, 8TH1, brm, MOT1, and FUN30 amino acid sequences. Sequences
RAD16 i:[]]]]:[ﬂ]]j that correspond to the seven consensus motils dentified among two super-
families of DNA and RNA helicases are everlined. The consensus (consens}
' - sequances given below lhe corresponding domalns are from Gorbalenya et
RADS4 [:[D]:l][lj al, {1989); hydrophoble (I, L, V, M, F, Y, W) and charged o polar residuas
(S, T, D, E, N, Q, K, R) are Indicated by plus and 0, respectively. Shaded
amino aclds are simitar in at least five of the proteins compared; residues
! 1A YW "9 petonging Lo one of the following groups are considared ta be similar: L, V,
ERCCE [T 11 LM F, Y, W; 8, T,A P,G; K, R H; and E, D, Q, N. The RAD54 sequence
Is taken [rem Emary et al, (1991) and the SNF2 sequence from Laurent et
al. (1691); other references ara given In the text. A small change has been
introduced In the published sequence of tha fodesiar gene (Girdham and
Glover, 1991}, sinca we noticed thal this results In 1he presence of all seven
helicase domalns, Instead of the reported thres, By inlroducing a loop of 61
amino aclds between domalns [l and iV inthe FUN30 amlino acld sequence,
we were abla 1o perfectly align domains |-IH, in addition ta domalns IV-VI
lhat were identified by Clark et al. (19%2).
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Figure 5, Correction of the CS1AN.83.62 Re-
palr Defect by ERCCE cDNA

(A) UV survival curves of an SV40-transformed
wild-type cell line (solid tine), mutant CSTAN..
§3.G2 (dashed and dotied line), and ERCCE
¢DNA transformants E61ANa (dashed ling}
and ES1ANd (dotted ling),

{B) Recovery of ANA synthesls at diffsrent
times after UV hrradiation. Cells unkradiated or
UV Irradiatad vith 4 Jim? were pulse labelsd
with [*H]uridine at different times after irradia-
lion; the Incarporaled radicactivity was deler-
mined by liquid scintiilation counting. For sym-
bols sea (A); the averags {open clrcle) and the
standard error ¢f the maan (vertical line} are
given {within one expetimamy},

{C} RNA synthesls 16 hr efier UV irradiation
with increasing dose. Cells unliradiated or UY
irradiated with different dose were pulse la-
beted with [*H]uridine 16 hr aker itradialicn; the
Incorporated radicactivity was delermined by
liquid scintilation counting. For symbols see
{A) and (8}).
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Flgure 6, ERCC6 Mutation In CSTAN.S3.G2 and Allels a of Patlant CS1AN
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(A} Part of the ERCCE nucleotide sequence of lotal PCR preduct {from cDNA) from Hela, CS1AN.S53.G2 (CS1AN(SV)), and the primary fibroblasts
of patient CS1AN, The A lo T lransvarston, resulting In a premature stop codon {the mutation in aliele a), is indicated by an arrowhead.

8} Southern blot analysis of CS1AN.83.G2 and two contro! cell fines. Tha same Southern blat was hybridized with two probas, The ERCES probe
is 2 350 bp EcoRl cONA fragment (see Figure t}, and EFD75 |5 a control probe darived frem the telomeric end of chromosome 14q {10g26) {Simpson
and Cann, 1980). The contro! probe recognlzes two polymorphlc bands in DNA of CS1AN 83.G2, each having an intensily half ofthat from the single
band of both conirots, This indicates that at laast this lalemeric part of chromesoema 10is diplold in CS1AN.53.G2. For the two controls, the ERCCS
slgnal is comparabla wilh that of EFD?75, In CS1AN.53.G2, however, the Infensily of the EACCE signal Is simiar lo that of only ona of the two
polymorphle EFD75 bands, suggesting thal enly ene copy of ERCCS Is present.

mANA was divided Into six overlapping segments of ap-
proximalely 1 kb each. Single-stranded DNA for direct se-
quence analysis of the PCH product was prepared by
asymmetric PCR, using amplified cDNA as a template,
Sequencing revealed an A to T transversion at nucleolide
1088, resulting In a premalure stop at amino acld position
337 {Figure 6A}. Only one typs of allele was detacted, both
at lhe level of ANA and In ganomic DNA, Implying that
CS1AN.S3.G2 Is either homozygous or hemizygous for
the A'® 1o T transverslon. In the family history of patient
CS1AN, consanguinily has not been reported. Southern
blot analysis of NA from CS1AN.53.G2 confirmed lhat at
least part of one ERCCE allele was deleted (Figure 6B},

Since SV40-transtormed libroblasts are chromosomally
unslable, sequance analysls of the ERCCE gene and
¢DNA was verified In the primary fibroblasts of patient
CS1AN, GM00739. The A to T transversion at nuclfeotide
1088 was confirmed, but unexpectedly the primary line
appeared to possess a second allele with the wild-type A
residus at nucleclide position 1088 {Figure 6A). Further

sequence analysis of the total PCR preduct 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 13 Is sublracted, a parfact mateh is found
withasequence 100 bp upstreamin exon 13, The rasuliing
100 bp delelion is not present In RNA irom the SV40-
translormed CS1AN.83.G2 celtline (Figure 7A}, thus prov-
Ing that it Is derived from the second alele (allele b} of
GMO00739. The 3'erd of the deletlon colncldes exactly with
the end of exon 13, whereas the 5 end occuss in a
sequence (GGIGTACT; see Figurs 3A, nucleotides 2576-
2582y matching the splice donor consensus (AG/GTPUAG;
Pu = A or G){Senapathy et al.,, 1920). This suggests that,
In atlele b, a cryptic donor is ulilized Instead of the normal
exon 13 splice donor. Therelore, a mutation in the splice
donor of exon 13 of allels b was expected, At the level of
DNA, however, neither ifte normal nor the cryptic splice
donor was mutated (Figure 7B}. The only detectable muia-
tionwas a C#** 1o T transition 30 ntupslream of the normat
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(A) ERCCE nucleotide sequence from the exon 14/exon 13 border of both CS1AN.§3.G2 (CS1AN{SV)) and the primary fibroblasts CS1AN. Sequence
anatysts was performed ¢n otal PCR product oblalned after amplification 6f RNA. The start of the double sequence ladder In CS1AN, tesulling
[rom a deletion ol 100 bp (allele b, schematically depicled underneaih ihe sequences), is indicaled by an arrowhead. The sequanca oblalned with
CS1AN.83.G2 Is ldentical to that using Hala RNA.

{B) Nucleotide sequence of par of exon 13 al the leva! of the ganema of CSIAN.53.G2 {CS1AN(SV)) and the primary fibroblasts CS1AN. The C
fo T transition in CS1AN, responsible for the 100 nt delelion at the mRNA level, Is Indicated by an arrowhead, The asterisk next lo the CSiAN

sequance indicates a sequance anlifact that was also deteciad In CSI1AN(SY) (and Hel.a) on tonger exposures.
{C) Schemalica® representalion of the two possible splicing reactions that could result In the 100 nt daletion in the mRNA of CS1AN,

splice donor of exan 13, How could a single point mutation
at this position have such a profound influence on the
apparent functioning of the still normal splice denor se-
quence 30 ntdownsiream? A search for dramatic changes
in secondary sliuciure caused by the C o T transition
falled to reveal any clues 1o explaln Lhis effect, Close in-
spection of the sequence revealad thatthe Cto T transition
might create a putalive branch paint sequance {Ruskin ot
al., 1984; Senapathy ot al,, 1990} at posilion 26452651,
which, together with a colncidently present pyrimidine
stretch and one of the three subsequent AG dinucleclides,
campleles a possible splice acceplor site {see Figures 3A
and 78). This newly created acceplor, together with the
cryplic splice danor in exon 13, may generate anewinlron.
The 100 nt deletion could thus be the result of an extra
splice event if the third {C)AG Is used. The normal splice
donor site of exon 13 should then have a dual role: splice

denor in the normal splicing of intron 13 and splice ac-
ceptor in a subsequsnt erreneous splice evenl, removing
the kast 100 nt of exon 13 {ses Possibllity 1 in Figure 7C).
Alternalively, use of the {irst AG dinucleotide, which in In
vitro and in vivo sludles is demonstrated fo be sirongly
preferred above any second AG (Smith et al.,; 1989; Weeda
et al., 1990a), would define a very small exon of 9 nl at
the end of exon 13. it Is known from studies of severa!
Investigators that such small exons may be skipped {bolh
in viteo and in vivo) when tha surrcunding splice slles are
nonoptimat (Black, 1991; Dominski and Kole, 1931, 1992).
This would result in the ligation of the cryptic splice donor
within exon 13 to exon 14 (see Possibility 2 In Figure 7C).
Forlhe ERCCE gene product, the resulling 100 nt deletion
has profound consequences. The protein will only be 857
amino aclds long and consequently lacks half of the heli-
case reglon (see Figure 3B). Presumably, as with allele a,
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Tabte 1. Comparison of Repalr Characteristics of UVG1 and C5 Cels

Repalr Characleristles uvet* Ccs
UV sensitivity (at Dy} =2.7x" #3-3.6x¢
RANA synthssls recovary -4 =t
after UV
Repalr synthasls {percant- =709 Wild-type rangs?

age of witd type)
Preferenttal repaly of CPDs 378" -
In aclive genes

Overalt genoma repalr = +5
Rapalr of {6-4) phota- +* +
products

UV.Induged mulaganesis Efevated® Elgvated”

* Mulant, prabably leaky (Troelstra et al,, 1850}
* Thompson et al. {1988a).

¢ GS1AN.83.62 {unpublished data).
< This study.

* Mayne and Lehmann (1982).
"Unpubtished data,

? Andraws el al, (1978),

" Lommel and Hanawalt {1991).
'Venema st al, (1g90a).
tCharacteristic of rodent calls.

¥ Barrett et ab. {1991),

"Henderson and Long (1961),

™ Arfali and Harcourt (1982).

allole b In CS1AN cells will produce a nonfunctional
ERCCS protsain,

Discusslon

A Rodent Equlvalent of CS-B

The ERCCS gene was previously isolated by virtus of its
ability to correct the repalr deficlency of UVE1, a NER-
deficlent rodent mutant celt line from complementation
group € {Troelstra et al., 1990}, In this paper, we report
the Isolation of a funclionat EACCS ¢cDNA molecule that
elliclently and specifically corrects both the UV sensitivity
of UVE1 {and other representalives of rodent group 6) and
its inability to reslore RNA synthesis after UV exposure.
Intreduction of this cDNA Into cells of several XP, CS, and
rodent complementation groups by transfeclion or micro-
needle Infectlon derneonstrates a specific correction of the
repalr deficlency of CS-B fibrobtasts: both UV survival as
well as RNA synthesis recovery are restored fo a level
within wild-type range. This resultimplies UV81 and other
members of rodent complementation group 6 (Thompson
ot al., 1988b; Busch et al., 1989} to bs the rodent equlva-
lents of the human repalr disorder CS-8, the most common
form of the disease. in relrospect we note that the repair
phenotypes of UVE1 and CS-B can be recenciled with
gach othar {Table 1), taking into account the facl that ro-
dent and human excislon repalr display some principal
differences {Zslle et ak., 1980; van Zestand ot al., 1981;
Maellon et al., 1987) and the nollon that UV61 is very likely
a leaky mulant (Troelstra et al,, 1990).

The ERCCE Mutatlons in Patlent CS1AN
Sequence analysis of the EACCE gene in pallent CS1AN
ravealad deleterlous mutations In both alleles, Allels a,

whichis the only altsle presentin CS1AN.§3.G2 cells (sea
below), carries an A'% to T transverslon leading to a pre-
mature stop at amino acid 337. The encoded protein of
336 amino acids lacks all postulated domains (Figure 3B).
Allele b contains a C¥*° to T transition lhat triggers an
arroneous splice event and thereby results in a frameshift.
As depicted in Figure 7C, two splice mechanisms can be
envisaged that could give rise to the deletion of 100 bp.
Although undstectad in CS1AN mANA, we cannotexcluds
the presence of lrace amounts of the partlally splicedinter-
mediate depicted in Figure 7C (Possibility 1). Similarly,
undetectable amounts of mANA including the newly de-
fined 9 nt exon (depicted In Figure 7C, Posslbility 2) might
be produced. Howaver, nene of these transcripls will en-
code a protein longer Lthen 860 amino aclds. Presumably,
these severely truncated ERCCS proteins will bs nonfunc-
tionat. Nevertheless, cells from patient CS1AN seem to
be affected in preferential DNA repalr only, implying that
ERCCS Is specific for this NER subpathway. In addition,
these findings suggest ERCCSB to be a nonvilal protein, In
conlrast with the ERCC2 and ERCC3 gense products, of
which at least he yeas! homologs RAD3 and ERCC3%
(SSL2)are shown o be indispensable for cell survival (Hig-
gins et al., 1983; Naumovski and Friedberg, 1983; Gulyas
and Donahue, 1992; J. H. J. H,, §. Prakash, and L. Pra-
kash, unpuhilshed data).

The immarlalized CS1AN derivative CS1AN.83.G2 only
retained allele a and lacked allele b. Presumably, this is
not due fo loss of one tolal copy of chromosoms 10, slace
CS1AN.S3.G2 Is polymorphic for al leasl one locus on
10q286 (EFD75; see Figure 6B), A similar case was re-
ported recentiy with another repair disorder resulling from
mutations in the ligase | gene, The primary fibroblasls of
the patlent, designated 46BR, carrled different mutations
ineach ligase fgans copy, whereas the SV40-transformed
derivative 46BR.1G1 only retained one of the two {mu-
tated) allales {Barnes el al,, 1992). Aithough the genomic
instability of SV40-lransformed cell lines is generally
known, Lhese lindings further emphasize the Importance
of including primary celf lines as controls in this type of
study.

ERCCE, Mamber of a Recently Identified Family

of Putatlve Helicases

The predicted amino acid sequence suggesls the ERCCB
gene product to ba a nuclear DNA {or RNA} unwinding
protein, ERCC2 and EACC3 have also been poslulated to
encade DNA helicases, as deduced from their amino acid
sequence {(Weber et al., 1990; Weeda et al,, 1990b}, and
for ERCC2, in addition, based on the demonstrated DNA
heticase activily of its yeast homolfog RAD3 (Sung et al,,
19887). Therefore, the ERCCE gene may encode the third
DNA unwinding function in mammalian NER, In E. colf
both the UvrA:B complex and the UvrD proteln have bean
shown o exhibit DNA unwinding activity (Oh and Gross-
man, 1987; Qrren et al., 1992, and refarences therein).
Similarly, several DNA helicases might be expecled to
functlon In mammalian exclslon repair. The gense product
of ERCC6, however, certainly differs {rom the E. coll



UvrA;B and UvrD proteins in that It Is specitic for preferen-
tiat repair of aclive genses.

Theentire hellcase reglon ofthe ERCCE proteln appears
to be highly homologous to a similar region in protelns
Irom a recentiy Identified, rapidly expanding family of pos-
tutated heticases (Bang et al., 1992; Clark et al., 1992;
Davis et al,, 1992; Johnson et al., 1992; Laurent et al,,
1892; Schild et al,, 1992; Tamkun et al., 1892}. This novel
subgroup encompasses proteins implicated In Iranscrip-
tion regulalion (SNF2, MOT1, and brm), preservation of
chromosome stability {lodestar}, and PNA repalr {RAD18,
RADS4, and the very recently ldentified RADS protein).
The group alse includes two proteins of unkrown fuaction
{STH1 and FUN30). The degree of homology (around 30%
Identity and up to 57% slmiarily} by far exceeds the resem-
blance normally present amang helicases, This suggests
aspecifictype ofhellcase lunctlon commoento all members
of this gene family.

The transcription regulators SNF2 (Laurent et al., 1981)
and brm{Tamkun etal., 1992)arethoughtiobe engagedin
transcription activation, SNF2 as a component of a larger
functional complex invelving SWIt, SWI3, SNF5, and
SNF8 (Laurent et al,, 1991; Patersen and Herskowile,
1892), The gene product MOTHY, on the other hand, Is
supposed to be a negative regulator of transcription {Davis
et al., 1892). One of lhe proposed activities for the MOT1
protein is that it strps resldent DNA-binding prolelns
(whilch would otherwise activate transcription} from their
cognale binding sites by melting the DNA helix {Davis et
al., 1982).

Mutalions in the maternal-affect gene lodestar result in
chromatin bridges at anaphase. The precise molecular
pathway In which this protein functions is unknown, but
one of the processes suggested is completion of Incom-
plete DNA repair or replication prior to mitosls (Girdham
and Glover, 1991},

it is of interest lo note that the three major DNA repair
pathways in yeast are all equipped with at least one mem-
ber of this subfamily: RAD16 In NER of the inaclive HMLu
locus, l.e., opposite froam the function of ERCC6 (Terleth
et al,, 1990); RADS4 in recombination repair (Saeki et al.,
1981; Budd and Mortimer, 1882); and RADS In postreplica-
lion repalr (Johnsen et atl., 1992), Our results demonstrate
\hat preferential repalr of active genes also involves a
member of this heficase subfamily (ERCCE). Common de-
nominators of all proteins comprising this gene family
coutd be complex formation {as described for SNF2
[Laurent et al., 1991; Peterson and Herskowilz, 1892}),
complex delivery at the desired slte in DNA, and release
of DNA-bound proteins {as proposed for MOT1 [Davis &1
al., 1992]}, although other options can be envisaged as
well.

Hypothetical Models for ERCCE Function

The predicted amino acld sequence of ERCCS advocales
the protein o be a nuclear DNA helicase, with strong se-
quence homology to the subfamily described above. The
ability of the ERCCE ¢DNA to correct the repair defect of
CS-B fibroblasts and the severe mutations in CS1AN cells
provides evidence for a specific role of ERCC8&in preferen-
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tial repafr of aclive genes, Preferential repair has been
documsnted in mammals {Bohr et al., 1985; Mellon et &,
1986, 1987}, yeast (Terleth et al., 1989; Smerdon and
Thoma, 1990}, and E. coli (Mellon and Hanawalt, 1989).
The molecular mechanism of the process ilself is, never-
theless, completely unknown. A majer step foward defin-
ingthis NER subpathwayin E. coliIs the racent purification
of the Iranscription repair coupling factor (TRCF) (Selby
and Sancar, 1891). This polypeptide, Idenlified as the mfd
gena product (Selby et al., 1991), specilically enhances
repair of the template strand of an actively transcribed
gene In an in vilro repalr system, It is speculated Lhat the
protein recognizes a BNA polymarase complex that is
stalled at a DNA leslon and forms together with this com-
plex a high affinity binding site for other repair proteins
{the UvrABC complex) (Selby el al., 1991}. With respect to
the biochemlcal reaclion that the ERCG6 protein might
catalyze within the mammalian preferentiat repalr pro-
cess, we can envisage several modals, First, a transcrip-
tlon complex stalled at a lesion will probably sterically hia-
der access lo the damage by the NER machinery and
should somehow be displaced. A possibitity would be that
the presuemed helicase activity of ERCCEservestodissocl-
ate the RNA polymerase complex from the DNA, e.g., by
locally melting the nascent RNA-DNA hybrid reglen, or
thal the proteln forces the polymerase complex either past
the Injury or backward (see MOT1 [Davis et al., 1992}).
Extrapolating from this idea, It may be that an important
function of this subfamily of pulative helicases is to sldp
bound proteins from specitic DNA regions either in lhe
contex!of repair orin lranscription regutaticn, Dissoclation
of protein complaxes from nuclelc acids by helicases has
already besn suggested in the process of splicing (Ruby
and Abelson, 1891). Second, or In addition, the ERCCéE
helicase could, as part of a repair complex, be invalvedin
scanning the transcribed strand of active genes for a
stalled ANA polymerase, thus efficienty guiding the NER
machinery to lesions that thwart transcription (see TRCF
[Selby el al,, 1991}). Which of the presented or other possi-
ble hypotheses concerning ERGCS function corvesponds
to the actual role of the protein In the preferential repair
subpathway remains to be elucldated.

Experlmenlat Procedures

General Procedures

Purification of nuclele aclds, restiction enzyme digests, gel eleclro-
photasls, DNAligation, synthesis of radiolabeled probes using random
oligonucleotide primers, and filter hybridization were parfermed ac-
cording lo established procedures (Sambrook et al., 1989),

Isolation of cDNA Clones and Sequence Analysis

Unlgue ganomic fragmenls were used as a probe {o hybridize a Lgi11
Ruman testis cONAlibrary (Clonatech). cDNA fragments Isolaled were
subsequently used as probes 1o screen cONA librarias from human
testis, placenta (Ye et al,, 1987), braln (cortex), amygdala, ovary
{Clonatech}, adenovirus-lransformed relina cells, or pre-B cell line
Natm-6 {provided by Dr. A. Bernards), and a cONA library provided by
Dr. H. Okayama. Sequence analys's was performed on denatured
double-stranded plasmid by the dideoxy chaln terminatlon method
[Sanger et al,, 1977) using T7 DNA polymerase {Pharmacia}. Se-
quences were determined ¢n bolh slrands eilher by construction of
plasmids contalning progrossive unidirectiona! delstions with the
Erass-a-Base System (Promega) or by sequence-specific primers, Se-



56

quences have been compared wilh the pretein and nucleotids data
bases using TFASTA and BLAST (Ailschud et al., 1996).

Plasmids

Construction ol the cDNA expression plasmid was dene as follows (see
Figure 1) HTL1B and HTL1C (nuclectides 1462-3746 and & 2760
4714}, conlalning several internal EcoRl sites, were Isolated from the
% vector {cloning sile EcoRl) via PCA and Joined al the unigue Bglll
silo {nucleotide 2991). Tha 3.2 kb cDNA thus oblalned was cloned into
the Sall site of pTZ19R conlaining a more 5 but overtappIng fragmant
(HTLAJ(0.BE}) of 700 Bp, with 205 bp overlap In the lotlowing orfenta-
ion: EcoRI[--700 bp fragment 5 to 3-EcoRI-Sall), Transformation into
E. coli sirain DH5uf" resuited In a plasmid that had recombined the
two ERCCE fragments somewhere In the 205 bp ovarlapping reglon,
Tha ERCCE sequence ¢f this plasmid was verified, and ¢ne mistake
orlginating from the PCR was removed by exchanging the Nsi frag.
mantconlalningthe ercorwithihe original Nsil fragment. The tetal ORF
was then oblained by ligaton of the mes1 §' [ragment to the PIIMI
site al positlon 1361, This almost full-tongth cDNA molecule was then
ligated it a modified pSVL aukaryollc expression vector {Pharmacta;
M. van Duln, unpublished daia), yielding pSLMEG&{+).

Cell Lines, Translecltion Experlments, UV Salection,

and UV Survival

The CHO cell lines used ware wild-typa AAS, mulants UV4Y, UV135,
Uvgl, and VB11 lrem CG-4, CG-5, CG-8, and CQ-7, respectively
(Zdzlenicka et at,, 1988; Busch o1 ak,, 198%), and two new and unpub.
lished mutanis from group & provided by Dr, D, Busch, The Immoral-
lzed human libroblasts are SV40-A'dam {wild 1ype}, CW1i2 (XP-C from
XP7CA), CW3 (XP-E from XP2RO) (Wood et al,, 1987), XP2YOSY
{XP-F} (Yagi and Takebs, 1983), CS3BE.S3.G1 (CS-A) {Mayne et at,,
1986}, and CSIAN.53.G2 (C8-B) (Mayne et al,, 1988}, Primary fibro-
blasts used are XP1BI {(XP-G) (Keljzer ot al,, 197%), CSIBE (CS-A),
CS1AN (C5-B), and CSIBE (CS-B) {Lehimann, 1682), All CHO cells
and immortatized human fibrotlasts used were giown in 131 F10-
Dulbecco’s minimat essential medium supplemented with antibiotics
and 8%-10% felal calf serum (F 10-DMEM). Primary fibroblasis were
cultured In F10 supplemaented wilh anliblotles and 1095-15% letal calf
serom, Fransformed cells hatboring the E. coli neo dominant marker
gena (plasmid pSVY2neo) ware selected and cultured tn medium con-
taining G418 (concentration 300850 pg/ml, depending on tha csll
iine).

Transfecilon of CHO cells and Immorlalized fibroblasis was per-
formad using kpofectin (Bethesda Research Laboraterias), essentially
as described by the manufactures. Alfcells were ransiected at approxt-
mately 80% conftusace {on 60 mm petr dishes), with 2 pg of pS¥2neq
and 5 pg of pSLMEG{+). DNA (a total of 7 ug) and 14 pg of fipofectia
were separately added lo Opl-MEM (Bsthesda Research Labora-
torles); theteafter, 1ha two were mixed and lefl al room temperalure
for 156 min. Cells were washed with phosphate-bulfsred saline (P8S5)
belore additlen of the Opl-MEM-DNA-tinafectin mixture. CHO cells
viare Incubated for 6-7 hr; thereafter 10% [letal calf serum was added,
Medium was refreshed with F10-DMEM after approximately 16 hr.
Immortalized human fibroblasts ware Incubated for a stmilar perled,
but mediurm was subsequently refreshad with F10-DMEM. Cells were
trypsinized {and, depending on cell density, divided over more dishes)
and placed on selection mediurn 48 hy after transtection. Selection for
rapalr-proficlent transformants was starled afler the appearance of
G4i8-sesislant colonles, Cells were trypsinized, and UV selaction was
startad 16-20 hr after trypsinlzation for CHO cells. 2048 hr after tryp-
sinization for Immortalized human fibroblasts, cells were hradiated
threa times, CHO cells at 1 day Intervals and the SY40-Immertalized
fibreblasts at & day Intervals, The UV dose given (Phillps TUV low
pressure mercury tube, 15 W, 0.45 Jim¥fs; predominantly 254 nm)
varled with the cell line: 2 Jfm? {UV135); 4 Jim? {UV41, XP2YOSV); 6
JIm? (CWH12, C51AN.83.G2); 8 Jim? (CS3BE.S3.G 1), 8.4 J/Im? (UVEGH);
and 11 Jim? (VBi1).

For determination of UV sensitivity of G4 §8-resistant mass populations
{CS3BE.S3.G1 and CS1AN,§3.G2 transformants), G418-resistant plus
UV-resistant mass populations (61E64]), of isolated t)Y-resistant eolonles
(EBtANa and E§tANd), cells were plated at densilies varying from 2 X
10710 5 x 10° cells per 60 mm patr dish, depending on cell ling and UV
dosa. Colls wera rinsed with PBS and exposed to UV light aboul 1 day

afler plating. A sedes of dishes was {radiated for each cell fine, each
recalving a singfe UV dose (threa dishes per UV dose). Cloneswere lixed
and stained with Cocmassle brifiant blue 6-10 days after UV rradiation,
and retative cloning efficlencles were determined.

ANA Synthesls Recovery

The method used was as described by Mayne and Lehmann {1982},
with several mogifications. Celfs were seeded in 30 mm pelri dishes
In 1.6 ml of medium. Cne day after seeding, the medium was changed
far F10, supplementad with antiblotics, 156% fetal calf serumn, 20 miA
HEPES, and 0.025 uCifml {"'C)thymidine {50 mCi/mmol}, The cells
were grown for 16 hr, and than the medium was removed; cetls were
rinsed with PBS and UV Jrraciated {2t 254 am, fluence rate 0.7 Jms,
Ihres potel gishes for each fime point or UV dose). At varlous times
after UV rradiatlon, the medium was replaced by medivm centalning
8 pCimi [*Hjuriding (45 Cifmmol), and the cells were Incubated for 1
hr, Al the end of the labeling period, cells were washed once wilh
lce—cold PBS containing >1 mM uridine and once wilh ice-cold PBS.
Colis were scraped from the dishes and spalled onto GF/C Whatman
glass Fitters scaked In 10% lrichloroacetic acld. Thase wete then
washed once in $0% drichloroacatic acld and 96%% ethano!, dried, and
countedin aliguld scintiffation counter, ''C counts served as aninternal
centrol for the rumber of cells present.

Micraln[ection

ERGCE construct pSLMEB{+) was Injacted inlo nuclel of XP or CS
homepolykaryons as described by van Duln st al. {1989). Cells were
Incubated 24-48 hir ic allow expression of the Injecied ONA. To dster-
mingthainfluenca of the ERCCE gone on DNA repair, injectad XP celis
ware sublected ta UV-nduced repalr synthesls {unscheduled DNA
synthesls), which was measured by eutoradlography as described pre-
viously (Yermeulen el al., 1986} Injecled CS libroblasis ware UV irradi-
aled and subsequentiy Incubated with {*Hjurldine to measure recovery
from UV-induced ANA synthasls Inhibition.

DNA Amplitication and Mulatlon Determination

Total ANA (10 pg) was used for preparation of cDNA with EACCE-
specific primers. ANA was dissolved In 6 1 of water, heated for 3 min
at B5°C, and cooled on ice. Subsequenily, the ANA was added lo 16
plcontaining 50 pmol of 3'primer, 18 U of ANAguard{Boehringer), 12.5
U of aylan mystobiastosis virus reverse transcriptase {Boshringsr), 1
mM ghTPs, 50 mM KCI, 20 mM Tris HCI {pH 8.4 at 20°C}, 2.5 mM
tMgCl;, and 100 pg/ml bovine serum atbumin; incubalion was for 1 hr
al 37°C, Tha cDNA (4 ul ¢f the abova reaction mixture) was added 1o
96 it containing 10 pmol ol 5' primer, 0.2 mM dNTPs, 50 mM KCi, 20
mhs Tris HCI (pH 8.4 at 20°C), 2.6 mM MgCl;, 100 pg/m! BSA, and 2.5
U of Taq pelymerase (Bethesda Research Laboratoeries); the mixiure
was ovarlayed wilh oit. In some experiments, Taq pelymerase was
added only after the samples reached the denaturing temperature of
94°C (hot starl). Amplification was done In 35 cycles: § (or 2} cycles
of 5 min deraluration at 94°C, 5 min annealing (temperaturo de-
pending on primer comblnation used), and 5 min exienslon al 72°C,
followad by 34 (or 33) cycles of 2 min at 94°C, 2 min annealing, and
3 min at 72°C. Chromosomat DNA was arnplified as above, staning
frem 200 ng, in 25 cycles, Asymmalric PCR was porformed on 1 ul of
PCR produey, using the condilions meationad above {35 cyclas), with
aprimerratio of 1:100{0.5 pmel of one and 60 pmotof the other primer),
It avallable, internal primers were used. Products were extracted once
with phenol-chlereform-Iseamylalcohol and once with chforoform,
separated from cligonuclieotides and dNTPs on a Centricon-100 ¢¢l-
ump (Amicon}, and dried under vacuum in a SpeedVac concentrator
{Mew Brunswick Sclentific), Pellels were dissolved in 15 pd, 7 4l of
which was used for each sequencing reaction.
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Transcription-coupted repair (TCR) Is a universal sub-
pathway of the nucleotide excision repair (NER) system
that is limited t{o the transerlbed strand of active
structural genes, It accomplishes the preferential elim-
ination of {ranscription-blocking DNA lesions and per-
mits rapid resumpiion of the vital process of
transcription. A defect in TCR is responsible for the
rare hereditary disorder Cockayne syndrome {CS).
Recently we found that mutations in the ERCCES repair
gene, encading a putative helicase, inderly the repair
defect of C8 complementation group B. Here we report
the eloning and characterization of the Seccharomyeces
cerevisiaue homolog of CSB/ERCCS, which we designate
RAD26. A rad26 disrupiion mutant appears viable and
grows normally, indicating that the gene does not have
an essential function. In analegy with CS, preferential
repair of UV-induced cyclobutane pyrimidine dimers
in the transcribed strand of the active RBP2 gene is
severely impaired. Surprisingly, in conirast to the
human C8 mutant, yeast RAD26 disruption does not
induce any UV-, cisPt- or- X.ray sensitivity, explaining
why it was not isolated as a mutant before. Recovery
of growth after UV exposure was somewhat delayed
in rad26, These findings suggest that TCR in lower
eukaryotes Is not very important for cell survival and
that the global genome repair pathway of NER s the
major determinant of cellutar resistance to genotoxicity,
Key words; Cockayne syndrome/ERCCOIRAD 26 /irancrip-
tion-coupled repair

Introduction

Nucleotide excision repaivr (NER}) is one of the major
pathways by which DNA damage is removed from the
genome. This system is able 1o recognize and repair a
remarkably broad spectrum of structurally unrelated
lestons in a multistep reaction, first efucidated for the
UvrABC repair system in Escherichia coli {for compre-
hensive reviews see Sancar and Sancar, 1988; Van Houten,

1990}, A complex of UvrA and UvrB is able {o bind to
DNA and presumably translocates along the helix. Upon
encountering a lesion such as a UV-induced cyclobutanc
pyrimidine dimer (CPD), a conformational change is
induced in the DNA by the stable attachment of UvrB.
UvrC binds to this UyrB—DNA pre-incision complex
after which an incision is introduced in the damaged
strand at the eighth phosphodiesier bond 5! and the fourth
or fifth phosphodiester bord 3 of the damaged nucleotide.
UvrD/helicase IF 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 of 29 bp (Huang et al.,
1992). A sophisticated sub-pathway of NER, transcription-
coupled repair, quickly targets the repair machinery to
genes that are actively teanscribed by RNA polymerase 11
(Bohr, 1991; Leadon and Lawrence, [991). 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 af., 1987). Transcription-
coupled repair of CPD was found to be conserved from
E.celi to yeast and mammalian cells (Mellon er al., 1987,
Mellon and Hanawaly, 1989; Smerdon and Thoma, 1990).
The identification of factors that play arole in transcription-
coupled repair is the key to the elucidation of the mechan-
ism of this conserved pathway. In E.coli it has been
resolved to a considerable detail. A transcription repair
coupling factor {TRCF) was isolated that is necessary and
sufficient for transcription-coupled repair in a defined
in vitro system (Selby et af., 1991). TRCF, encoded by
the mfdl 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 affinily for the damage
recognition subunit UvrA (Selby and Sancar, 1993).

The phenotypic effects of a transeription-coupled repair
deficiency in humans are illustrated by the hereditary
disorder Cockayne syndrome (CS}). CS patients display
photosensitivity, impaired physical, sexunl 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
tack the (ranscription-coupled repair of aclive genes
(Venema et al., 1990; Van Hoffen ¢t af., 1993), Comple-
mentation anatysis has revealed that at jeast two genes
are involved in the classical form of CS (Tanaka et al.,
1981; Lehmann, 1982). Recently we found mutations in
the ERCC6 gene to be responsible for the repair defect of
C8 complementation group B cells (Troelstra et af., 1992).
Thus, CSB/ERCCE 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 thal is selectively
disturbed in transceiption-coupled repair (Prakash e al.,
1993). Here we describe the isolation of the CSB/ERCCH
homolog of S.cerevisiae, designated RAD26, and the
characterization of the corresponding disruption mutant,
that shows a similar defect in transcription-coupled repair
to that identified in CS. Surprisingly, the rad26 mutaat
displays no increased sensitivity to UV light, cisplatin
and X-irradiation, indicating a minor contribution of
transeription-coupfed repair to survival of yeast cells after
genotoxic treatment,

Results

Cloning of the S.cerevisiae homolog of CSB/
ERCCE
Southern Zoo blot analysis using genomic DNA from
various species, including S.cerevisiae, with the human
CSB/ERCCE ¢DNA as a probe suggested that this gene is
conserved from higher 1o lower eukaryotes {data not
shown)., On this basis we decided to attempt cloning
of the S.cerevisine CSB/ERCC6 homolog using cross-
hybridization to the human ¢DNA probe. We ulilized the
junction fragment strategy, which is based on the rationale
that homology over extended regions is likely to be
meaningful. To detect such regions the CSB/ERCCH ¢cDNA
was divided into three flanking but non-overtapping seg-
ments corresponding 1o the N-terminal, middie and C-
terminal parts of the protein (Figure 1A). These probes
were hybridized under Jow stringency conditions 1o ident-
ical Southern blots of S.cerevisiae genomic DNA. Auto-
radiographic exposure of the membrane was extended up
to 5 weeks to revenl the weakly hybridizing fragments.
Figure IC indicates that the probe of the middle part
hybridizes to a 3.6 kb EcoRI and a 4.5 kb PssI fragment
(tanes 3 and 9). The latter fragment was also weakly
recognized by the N-terminal probe (lanc 7), suggesting
homelogy within one S.cerevisiae fragmenl to both the
N-terminus and the helicase region of CSB/ERCCGH. The
C-terminal probe did not hybridize to any particular
fragment (tanes 5 and 11). These findings stiggest that the
middle part as well as the N-terminus are sufficiently
conserved o recognize a common fragment and that
conservation of the C-terminus may be insufficient.
While screening a S.cerevisiae genomic phage library
using human CSB/ERCC6 cDNA probes, we discovered
using the BLAST computer algorithm (Altschub et al.,
1960), 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 CSB/ERCCS protein, This fragment was
localized at the 5' end of a [779 bp DNA fragment
containing the promoter and the coding region of yeast
QH2:cytochrome-c oxidoreductase subunit 1T {Oudshoorn
¢t al., 1987). The homology was restricted to the 177 bp

DNA fragment since the QH2 gene and flanking sequences
showed no similarity to CSB/ERCCS. Both ends of the
fragment contained San3A 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 ligated upstream of the QH2 gene.
The homologous fragment was isolated from genomic
S.cerevisiae DNA via PCR and the resulting 131 bp PCR
product was used as a probe to hybridize to an EMBL3
phage library containing S.cerevisiae genomic DNA. The
DNA inserts of six different phages were isolated and
characterized, From hybridizations with the human S5/
ERCC6 cDNA we deduced that homology was confined
10 a 5.2 kb Sail—Hindlll fragment, present in four of the
isolated phages (Figure [B). To examine whether this
fragment was derived from the region recognized in the
yeast genome by the human CSB/ERCCE cDNA, fragments
of the S.cerevisfae genomic insert {Figure 1B} were
hybridized to the same blots used for the hybridization
with the human probes. The results shown in Figure 1C
reveal that the 5’ and middle part of the cloned yeast
sequence hybridize to the same Psst fragment as visualized
by the human CSB/ERCCE 5' and middle probe (lanes 7
and 8 and 9 and 10). Also a clear correspondence is noted
for the 3.6 kb FcoRl fragment (lanes 3 and 4), We
conclude that the middle portion of the cloned yeast
sequence is identical to the main segment cross-hybridizing
with human CSB/ERCC6E ¢DNA.

Sequence analysis

Sequencing of the 5.2 kb Sall—HindIIl fragment (Figure
1B) revealed an open reading frame (ORF) of 3258 bp,
encoding a protein of 1085 amino acids (Figure 2).
Twa additional ORFs were identified, One represents the
PETI9I gene, whose sequence has a stop cedon 348 bp
upstream of the 3258 bp ORF and shows no homology
to CSB/ERCCSH, One hundred bp downstream of the 3258
bp ORF, the step cedon of an as yet unidentified ORF of
at least 1596 bp is located encoded by the opposite
strand, Southern blot analysis of a S.cerevisiae pulse field
electrophoresis gel revealed that the 3258 bp ORF is
localized on chromosome X. The predicted amino acid
sequence conlains several interesting putative domains:
an acidic amino acid stretch (amino acids 193-228) found
in several nuclear proteins that associate with chromatin
or histones {Ptashae, 1988), a sequence matching well
with a bipartite nuclear location signal (amino acids 252~
273; Robbins et al.,, 1991) and seven conserved metifs
identified in many DNA and RNA helicases {amino acids
317-766; Gorbalenya and Koonin, 1993), Alignment with
the hurnan CSB/ERCCS protein (Figure 2) shows that the
middle part of the protein, containing the putative helicase
domains, is highty conserved (7195 similarity). The total
helicase region is very homelogous to comparable parts
of functionally different proteins that belong to the rapidly
expanding SNF2 sub-family of helicases (Troelsira ef af.,
1992; Gorbalenya and Koonin, 1993). However, the degree
of homofogy in this part of the ycast and the human CSB/
ERCC6 protein is much higher than the average homology
of the C8B/ERCCS or yeast sequence with other members
of the helicase sub-family (Table I}. Both the N- and C-
terminal parts show less, but stili significant, similarity
(53% and 64%, respectively, gaps not included). The



65

aa i KLs LS an 1493
A QSIA NN v vyl 8N |
ORF N C human
probes 5
M
3!
B
HB S BP P E B H HPE
I il | I == | H!
P
&a § HLS aa 10685 1kb

A T4 HK M ¥y

ORF N N C yeast

probes
5'
M
3}
1 2 3 4 6 B 7 8 810 1112
kb
probe
digest £coRl

Flg. 1. Detection of cross-hybridizing ERCCS fragments in S.cerevisioe genomic DNA. {(A) Schematic representation of the three PCR-generated
probes of the human ERCCE ¢cDNA used for Southem blot analysis. The probes 59, M and 3' encompass the sequence for respectively the N-
terminus {amino acids 1-362}, the middle part (amino acids 398-977) and the C-terminus (amino acids 998-1493). A, acidic amine acid stretch; G,
glycing rich streich; NLS, putative nuclear location signal; 8, putative sedne phospherylation site; I— V1, helicase motifs; N, presumed nucteotide
binding foid. (B) Map of genomic region of RAD26, Restriction map of the 5.2 kb Safi—Hindtk S.cerevisiae DNA fragment,contzining the complete
coding region of RAD26, The fitled bar indicates the location of the 177 bp fragment used for the isolation: of the genomic region. The indicated
probes §°, M and 3 are restriction fragments that contain the sequences encading the N-terminus (amine acids 1-402), middle part (amino acids
403-756) and C-lemminus (amino 2cids $71-1085) of RAD26. The predicted functional domains in the gene product are as in (A). H, Hirdtll; B,
Bglll; 8, Safl; B, Psili B, EcoRL {C) Specific genomic restriciion fragments hybridize to the human CSB/ERCCS probes as well as to similar probes
of the jsolated yeast gene. Three fdentical Southern blots of S.cerevisine genomic DNA, digested with EcoRI {lanes 1-6) or Psil {lanes 7-12), were
hybridized to three nen-overlapping human (SB/ERCCE cDNA probes (indicated in A) under nen-homologous hybridization conditions. Following
expostre of the blot to Fuji-RX film for 5 weeks a1 —80°C with an intensilying screen, the blot was stripped and rehybridized with probes of simitar
parts of the isotated yeast RAD2G gene {indicated in BY, followed by avtoradiography for 16 h. The 6.0 kb Psil fragment in lancs 9 and 10
represents a partial digestion. Lanes a, human ERCCE probe; lanes b, S.cerevisiae ERCC6 probe,
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Fig. 2. RADI6 shows a high depree of amine acid homology 10 CSB/ERCCE, most prominent ia the helicase region, A high degree of conservation
of amine acids exists between CSB/ERCCS and RAD26. The MULTATULIN pragram (Corper,1988) was used to align the predicied protein
sequences of CSB/ERCCS and RAD26 {indicated by H-ERCCE and Y-ERCC6 respectively). Edentical amino acids are indicated by black boxes;
shaded boxes represent amino acids of similar character, grouped as Q, N, E, D; G, §, A, B T; ¥, I, L, M; H, R, K; W, Y, F. The Genbank accession

number of RAD26 is X81635.

predicted protein sequence is 407 amino acids shorter than
the human CSB/ERCCE 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-terminal putative nuclear location signat and
potential nucleotide-binding fold, However, the acidic
amine acid stretch, the putative nuctear location signal in
the N-terminus and the helicase motifs are preserved at
similar positions in both genes (Figure 2). The strong
averall conservation of amino acids and putative functional
domains suggests that the isolated yeast gene encodes the
S.cerevisine homotog of CSB/ERCCS,

Transcription-coupled repair in the yeast csh/ercct
disruption mutant

The involvement of the presumed S.cerevisize CSB/
ERCC6 homolog in repair was studied to obtain functional

evidence for its identity, To this purpose, a disruption
mutant was penerated by exchanging the N-terminal half
of the endogenous gene in the hapleid strain W303 for
the HIS3 gene. This muation had no notable influence on
the growth rate or morphology, indicating that the gene,
as is the case in C8, 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 DBI033 cells, which was dependent
on RNA polymerase II activity. The RAD™ yeast strain
W303 used in this study showed a very similar bias in
repair 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 more efficiently in the mutant
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Fig. 3. Transcription-coupled repair of RPBE2 Is impaired in rad26 null mutant. Genomic DNA was Isolated from cells that were UY imadiated

{70 3/m*) and allowed 1o repair for the indieated time. Following digestion by Prid and Pyutl, the DNA was mock-treated or treated with T4 endo
V, indicated by — or +, respeciively, Samples were electrophoresed on a denaturing gel and Southemn blot analysis was performed using probes that
hybridize to the transcribed strand (T$), the non-transcribed strand (NTS) or both strands {DS) of RPB2. (A} Autoradiogram showing removal of
CPD from the RPB2 Pyl —Prult fragment. The amount of radioactivily of the 5.2 kb DNA fragment in each lan¢ was quantified, the percentages of
repair were calculated for each time pofnt using the Poisson expression, and are graphically presented in (B). Curves represent the average = SEM
of two independent UV imadiation experiments, for which APB2 repair was determined vsing six or four Southern blets respectively. B, TS W303

O, NTS W30 O, TS rad26, O, NTS rad26.

compared 1o 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 that
the gene is the functional homolog of CSB/ERCCS and
propose to designate it RAD26 consistent with the nomen-
clature of the yeast RAD3 epistasis group genes.

Genome overall repair in rad26 disruption mutant
The absence of an active transcription-coupled repair
pathway in humans does not lead to a substantiat decrease
in overall repair activity, as was shown previously for C8
cells (Mayne ef 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 that there is a small but reproducible decrease in
rate of CPD removal in mutant cells. The magnitude of
this effect is compatible with the reduced CPD removal
in the RPB2 gene. The removal of 6/ photoproducts
accurs at an equal rate in both cell types. This is expected
because repair of these lesions by the global geneme
repair pathway is already so fast (Mullenders et al., 1993),
that the transcription-coupled repair process, if operational
for this type of damage, is overruled.

Effect of defective transeription-coupled repair on
survival In yeast

Human CS-B cells as well as the rodent celf line UV6E,
all carrying a mutation in ERCCS, are highly sensitive to
UV irradiation (Troelstra et af, 1992). Since the yeast
genome is much more compact than the mammalian
genome, a relatively larger part is transeriptionally 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 parenial strain W303
(Figure 5A), In addition, red26 mutant cells showed no
sensitivity to the genotoxic agent cisplatin, which mainly
introduces inter- and intrastrand crosslinks that are repaired
via NER and other pathways (data not shown). Recently,
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Fig. 4, Rad26 null mutant cells possess a wild type overall repair
capacity. Exponeatially growing cells were UV irradiated with 70 Fim?
and allowed (o repalr for the indicated perieds of time, Genomic DNA
was isolated and assayed for the presence of cyclobutane pyrmidine
dimers (CPD) and 6/4 phetoproducts (6/4 PP) using specific antibodies
as deseribed (Roza er al., 1988). Curves representing CPD removal
show the average of an ELISA and slot blot analysls,while remaval of
64 PP was determined via slot blot analysis, B, CPD W303; (0, CPD
rad26; @ 6MPP W303; O, 8PP rad2s.

Leadon and Cooper (1993) described a mild sensitivity of
CS-A and CS-B cells 1o X-ray iradiation. Exposure to
X-rays induces single and double breaks in the DNA,
which are generally removed by ligase and recombination
repair (Price, £993). However, Figure 5B clearly shows
that rad?6 cells display no significant X-ray sensitivity,
Although the {ranscription-coupled repair pathway, as
well as the factors involved, are preserved in yeast
and martmalian cells, the contribution to survival after
genotoxic treatment {3 clealy different,

Although no effect on colony forming ability after
exposure lo UV is observed, we examined whether disrup-
tion of RAD26 affects the recovery of growth after GV
treatment, Figure 6 shows that resumption of growth was
delayed in rad26 cells following irradiation with 70 J/im?
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Fig. 5. Impairment of transcriplion-coupled repair does not lead to
increased UV or X-ray sensitivity. (A} Exponentially growing W303
{3 or rad26 (O} cells were imadiated with 1he indicated doses of 254
nm LY, incubated on complete medium (YEPD) agar at 28°C, and
colonies were counted after 3-5 days. Values represent the average of
two independent experiments, each performed in duplicate, For
comparson, survival of the radlé [(A), deduced from Bang 1 al.,
1992, and rad? (<), Higgins i al,, 1983] NER mutants after UV
irradiation are also indicated. (B) For X-ray survival a similar
procedure was followed to that described in {A), bul cells were
irradiated with various doses of X-zays at a dose rate of 3¢ Gy/min.
The survival of the X-ray sensilive rad52 mutant (A) is also indicated
for comparison {data taken from Game and Mortimer, 1974).

of UV. When the celis are unirradiated, no effect on
growth rate is seen, indicating that the altered recovery
of growth is not due to the mutation itself but onky
becomes manifest after UV irradiation. The altered ability
to recover guickly from a genotoxic treatment could be
indicalive of a biological importance of RAD26 and
transcription-coupled repair for yeast cells, as discussed
below.

Discussion

Sequence conservation and significance of
funstional domains in ERCCE

An imtportant 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.cerevisine homolog of C88/
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Fig. 6. Rad26 cells show a slower recovery of growth following UV
jrradiation. Expenentially growing W303 and rad26 cells were
unirtadiated or irradiated with 70 ¥m? of 254 rm UV, Cells were
dilited in YEPD medium and aflowed to grow at 28°C. Growth was
monitered by measuring the ODygy at the indicated time-points, B,
W03, untmadiated; O, rad?26, uniadiated; @, W2303, 70 ¥m?; and
O, rad26, 74 Ym?,

Table I, Percentages of homology between CSB/ERCC6 and RADZ6

tdentical (%) Similar (%)
N-terminal region 3t 53
Helicase region 57 71
Average of helicase sub-family 3t hX)
C-terminal region 38 64
Total coding region 44 64

For the calculation of the degree of homology the following regions
were considered: N-terminal region: CSB/ERCCE, amino acids 1-493;
RAD26, amino acids [-283; helicase region: CSB/ERCC6, amino
acids 494-1008; RAD26, amine acids 284-824; C-terminal region;
CSWERCCE, amino acids 1009-1493; RAD2S, amine acids 825
1035, Sirnilar amino acids are defined as in Figure 3, The average
aming acid conservation of the SNF2 helicase sub-family was
calculated for the following proteins: RADS, RAD1S, RADS4, €58/
ERCC6, SWIZ/SNF2, BRM, MOTIL, LDS, funl0 and STHI (Troalstra
et al.,, 1992 and references therein). Gaps that had to be introduced for
proper alignment were not included.

ERCCG, designated RAD26. While this manuscript was in
preparation a sequence with significant homology to CSB/
ERCC6 was identified in the framework of the yeast’
genome sequencing project (Huang ef al., 1994), Compar-
ison revealed that it is identical with the sequence of
RAD26, The conservation of the acidic amino acid strelch,
the putative nuclear location signal and in particular the
region containing the helicase motifs point 1o a furctional
significance of these presumcd domains. The complete
helicase region is pseserved to a considerable extent in
prateins that beleng to the SNF2 helicase sub-family
(Troelstra et al., 1992; Gorbalenya and Koonin, 1993).
However, the degree of homology of this segment in the
human and yeast CSB/ERCCG6 amino acid sequence is
much higher (7§ 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 Dresapiiita melanog-
aster and human braluna gene product (Tamkun et al.,
1992; Muchardt and Yaniv, 1593). The SNF2 sub-family
comprises at least 17 gene products of different origin,



including transcription regulators and proteins involved in
one of the three major multistep repair processes (Troelstra
et al., 1992 and references therein). There are indications
that at least some of these presumed helicases are part of
large protein complexes (Caims e al., 1994; Peterson
et al,, 1994) and are involved in alterations of chrematin
struciure (Hirschhern et al,, 1992; Winston and Carlson,
1992}, An interaction with histones would be consistent
with the presence of the acidic amino acid stretch in the
CSB/ERCCH sequence. Remarkably, some other members
of the helicase sub-family, such as SNF2/SWI2 (Yoshimoto
and Yamashima, 1991), brahma (Tamkun e af., 1992),
CHD-1 (Delmas et al,, 1993) and lodestar {(Girdham
and Glover, 1991) also contain small acidic amino acid
stretches N-terminal of the helicase region, suggesting
that these residues might contribute to the activity of this
domain. Untit now, ne DNA unwinding activity has
been shown for any member of the helicase sub-family.
However, a DNA-stimulated ATPase activity has been
reported for SNF2/SWI2, which is impaired by mutations
of the nucleotide-binding fold in the helicase motif I
{Laurenl et al., 1993). Notably, the £.coli TRCF protein,
involved like CSB/ERCC6 and RAD26 in transcription-
coupled repair, displays a weak ATPase but no helicase
activity, although all postulated helicase motifs are present
(Selby and Sancar, 1993). An atiraclive hypothesis is that
& cryptic helicase activity is involved, which is wtilized
to dissociate DNA-bound protein complexes from the
tlemplate by tocal denatusation of the two strands.

The phenotype of the rad26 disruption mutant:
functional implications

To reveal the biological role of RAD26 a disruption
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 dissuption is not lethal to yeast cells. This
is in agreement with the mutations of CSB/ERCCS found
in CS (Troelstra et al, 1992). Moreover, this finding
excludes a model in which RAD26, and by inference
CSB/ERCCS, has an essential role in transcription and as
a secondary function provides the coupling with repair,
In conirast, several of the recently identified proteins of
BTF2Z/TFIIH, and its yeast counterpart faclors, have a
functional overlap in transcription and repair and have
essential roles in both of these pracesses (Feaver ef al.,
1993; Schaeffer ef «l,, 1993, 1994). Nevertheless, an
auxiliary function of RAD26 or CSB/ERCCS in transcrip-
tion is still possible, This could readity explain the typical
clinical features of CS patieats that cannot be rationalized
by an impaired NER, but instead more likely coincide
with a defect in transcription (Vermeulen et af., 1994),

Second, the rad26 mutant is impaired in transcription-
coupled repair and thus forms a valid yeast model for
the human repair disorder Cockayne's syndrome. An
interesting observation made here is the persistence of
significant repair of the TS in the absence of a functienat
RADZ6 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 jastance, it can be envisaged that the replication
machinery dissociates the blocked RNA polymerase from
the DNA, as was cbserved in vive in Ecoli (French,
1992}, In this case a strongly reduced rate of repair of the
TS would be expected in statfonary phase rad26 cells,
Aliernatively, the main function of the RAD26-CSB/
ERCC6 proteins may not be the actual removal of RNA
polymerase but merely 1o sccelerate 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 (Kassavetis and Geiduschek,
1993 and references thergin), The elongation factor TFIIS
(SI1E) has been shown to stimulate this anti-terminating
activity (Reines et al, 198%; lzban and Luse, 1992).
Transcript shortening probably forms the basis of transcrip-
tion-coupled repair (Hanawalt, 1992; Hanawalt and
Mellen, 1993). CSB/ERCCS could coordinate the retrac-
tion process, so the lesion can be repaired before transcdp-
tion resumes. Alternatively, CSB/ERCC6 could mediate
the attcaction of repair proteins to the site of the lesion
{as was suggested for TRCF), In any of these scenarios
the complementary NER sub-pathway, ie. the overall
genome repair process, could take over the repair of the
TS in the abseace of RAD26. H so, cne would expect
double mulants of RAD26 and RAD7 or RAD 6, the latter
two being defective in repair of non-transcribed strands
(Verhage er 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 ef al., 1992), is the absence of
significant UV sensitivity of the rad26 mutant. Survival
following exposure to cisplatin or X-imadiation was also
not influenced by disruption of RAD26, When transcrip-
tion-coupled repair was fiest discovered for the amplified
DHFR gene inrodent cells (Bohr et al., 1985}, it provided a
plausible explanation for the rodenthuman 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 te human
cells, which possess a much higher repair activity (Mellon
et al., 1987). Extrapolation of this functional significance
of wranscription-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 pathway in preventing cell killing and
nunagenesis is different in multicellular and unicellutar
organisms. 1n agreement with this, the E.coli mfd mutant
also shows only a very mild UV sensitivity but displays
a highly clevated mutation induction of the transcribed
strand (Olfer ¢f al., 1992). In the absence of any effect
on survival the raisen d’ére of transeription-coupled
repair could be to permit a rapid resumption of growih
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 damage-induced
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cell gycle ammest. As a separate consequence it would
stimulate cell survival of multicelfular organisms with a
more complex genome. Following this reasoning, it is
even possible that the CSB/ERCC6-RAD26 protein acis
as a general displacement factor for RNA polymerase Il
when this is blocked for any reason. Obviously, the
absence of UV sensitivity explains why a CSB/ERCCE
analogous mulant has not been isolated in yeast before,
Al the same time this notion opens the possibility that
additional factors selectively involved in transcription-
coupled repair, such as 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 procadures

DNA puritication, restiction enzyme digestion, DNA ligation, PCR, gel
electrophoresis, Y2P-labeling of probes using random oligonucleotide
primers and filter hybridizations were performed according to standard
procedures {Sambrook et al., 1989), unless stated otherwise, Atkaline
DNA transfer 1o Zelaprobe (Bio-Rad, Richmond, Californiz) or Hybend
N* (Amersham) blotling me mbranes was performed as described by the
manufacturer. Sequence analysis was performed by dideoxy chain
tecmination using a combination of sub-clones, exonuclease 11 deletions
(Pharmacia) and synthetic primers,

Construction of the rad28 disruption rmutant

For gene distuption of RADZ26 the plasmid PTZSHE6Sc, which contains
the complete coding region on a 5.2 kb Safl—HindIll fragment, was
used {Figure LB}, The N-terminal 1.6 kb Bgill fragment was substituted
for a 1.8 kb BemHI—-HIS? fragment, leaving 0.5 kb homelogous DNA
5" and 3.0 kb 3° of the HISF insert. This construct was linearized znd
transformed to the hapleid yeast strain W303 (MATw, ho, adel, 1rpd,
leud, canl, hisd, wrad} generating strain MGSCI02, heceafter referred
10 as rad26, Disruption of the endogenous RAD26 through homologous
recombination was confimmed by Southem bdlot analysis using probes
that hybridize elther 5* or 3’ of the 5.2 kb Safl ~HiadI1l fragment,

Repair analysis of UV-induced CPD

Determination of transcription-coupled repsir of UV-induced CPD in
RPB2 was performed basically as degscribed by Bohr et al. (E935).
Exponentially growing cells {ODyoy = 1.2) were collected by cenlrifuga-
tion, diluted in cold PBS and UV-imadiated with 70 ¥m? at a rate of
3.5 ¥m¥s. Following centrifugation and resuspension in YEPD medium,
cells were incubated for various pedods of time at 28°C in the dark 1o
allow repair. Genomic DNA was iselated, purified on CsCl gradienis
and digested with Punl and Puiell to give a 5.2 kb RPB2 fragment. DNA
digests were divided in two equal parts am reated or mock-treated with
T4 endonuctease V. Following overnight ¢lecirophoresis on a depaturing
agarose gel with recircutating buffer, INA was transferred to Hybond
N*. Repair of RPB2 was visuatized by hybridizations with strand-
specific prebes. A PCR-generated RPB2 fragment was digested with
FeoRI and Xhol and the resulting 1 kb fragment was cloned in M13 in
both orientations. Siagle-sizanded M13 molecules were dsolated and
radiotabeled by primer extension of the MI13 hybridization primer
(Pharmacia). First, annealing of the primer was accomplished by incubat-
ing 500 ng of ssM13 with 2 pmol M13 hybridization primer in 10 mi
of 10 mM Teis—HCI {pH 7.5), 0. mM EDTA, 100 mM NaCi for 2 min
at 100°C and subsequently for 30 min a1 37°C. Ther 10 ml of 2 mM
Tris—HCI (pH 7.5), 2 mAM MgCly, 0.2 mM DTE, 400 oM (dGTP, dCTR,
dTTP}, 4 mM ATP, 0.4 mM [PPMATP (3000 Cifmmol} and 2 U
Klerow polymerase (Boehringer Mannheim) were added and the mixture
was incubated for 60 min at roem temperature. The unincorporated
fraction of [PPJdATP was removed using Scphadex G50 columns
(Pharmaca) and the probes were directly used for hybridizations. The
Mptabeled RPB2 PCR product was used as probe to detenmine repair
of bath strands, Follewing hybridization of the blot with the probe of
one strand, the radivactive signal was thoroughly removed by incubating
the btot S min at 106°C in 10 mM Tris—HCL, 1 mM EDTA, 1 SDS
and the blot was rehybridized with a probe directed to the opposite
siend or to both siands. The membranes were scanned using a

Phosphotimager {Molecular Dynamics). Repair of CPD was calculated
by comparing the amount of radioactivity in the mock-treated and T4
endonuclease-treated RPA2X fragment using 1he Poisson expression {Bohr
et al., 1985),

Analysis of genome overall repair was performed as described in
detail previously (Verhage eral., 1994), Removal of cyclobutane pyrimid-
ine dimers was detected using specific antibodies (Roza ¢t of., 1988) in
an ELISA or slot-blot analysis, while repair of 6/4 pholoproducts could
only be detected via slot-blotting.

Survival expeariments

For determination of survival after UV irradiation, exponentially growing
cells were collected by centrifugation and dituted in cold PBS. Small
aliquots were irradiated with 0-200 1/m? 254 am UV (Philips T UV 30
W) ata rate of | or 1.5 ¥/m¥s, Survival after exposure to cisplatin was
measured in cells collected, resuspended in cold water, exposed 1o 0-33
mg/m] cisplatin for 2 h at 28°C and washed twice. For determination of
survival after exposure 1o X-rays, cells were dradiated with 0-300 Gy
X-rays at a dose sate of ) Gy/min. Appropriate dilutions were plated
on complete medium (YEPD) agar and colonies were counted after
3-5 days of incubation at 28°C.
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The nuclestide excision repair (NER) pathway is thought to consist of two subpathways: {ranscription-
coupled repair, Hinited to the transcribed strand of aclive genes, and global genome repair for nontranscribed
DNA strands, Recently we cloned the RAD26 gene, the Saccharomyees cerevisine homolog of human CSB/ERCCS,
a gene involved in transeription-coupled repair and the disorder Cockayne syndronie, This paper desciibes the
analysis of yeast double mutanits selectively affected in each NER subpathway, Although rad26 dlsruption
mutants are defective in {ranscription-coupled repale, they are not UV sensltive, However, donble mutants of
RAD2G with the global genome repair delerminants RAD? and RADIS appeared more UV sensltive than the
single rad7 or rad16 mutanis but not as sensitive as completely NER-deficient mutants, These findings unmask
a role of RAD26 and transcription-coupled repair in UV survival, indicate thal transceiption.coupled repair
and global genome repair are partially overlapping, and provide evidence for a restdual NER modality iur the
double mulants, Analysis of dimer removal from the active RFB2 gene in the rad?{16 rad26 double mutants
revealed (i) & contribution of the global gerome repair factors Rad7p and Radi6p to repalr of the {ranscribed
strand, cenfirming the partial overlap between both NER subpathways, and (ii) residual repair specifically of
the transcribed strand. To investigate the Iranseription dependence of this repalr activity, strand-specific
repair of the inducible GAL7 gene was investigated. The template steand of this gene was repaired only under
induced conditions, poinling (o a rele for tcanscription in the resldual repair {n the double mutants and
supgesting that transcription-coupled repalr can o some extent operate independently from Rad26p. Our
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findings also indicate locus heterogeneity for the dependence of (ranscription-coupled repair on RAD2G,

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 (1, 8, 17; for reviews about NER, scc references 7 and
12). However, the pracess of differential repair, the difference
in rate of removal of cyclobutane pyrimidine dimers from dif-
ferent parts of the genome (for reviews, see references 9 and
32}, is not yet fully understood at the molecular tevel. Although
the actual process of dimer removal is likely to be performed
by the same repair ¢enzymes 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 subpathways of
NER: (i} a process called global genome repair that is essential
for removal of damage from nontranseribed DNA sequences
and (ii) a system known as transcription-coupled repair that is
involved in the spectfic fast and efficient repair of damage from
the transcribed strand of active genes, Transcription-coupled
repair has been found to oceur in mammalian cells (16), Esch-
erichia coli (15), and the yeast Seccharomyces cerevisiae (14, 27,
30y, and it causes preferential repair of the transeribed strand
over the nontranseribed strand and other inactive DNA,

Several genes have been shown 1o be specifically involved in
each of the subpathways in mammals and in S. cerevisine. In
kunans, the X7°C gene is implicated in global genome repair,

* Corresponding author, Mailing address: Depariment of Molecular
Genelics, Leiden Institute of Chemistry, Gorlaeus Laboratories, Lei-
den University, TG, Box 9502, 2300 RA Leiden, The Nethezlands,
Phone: 31 71 5274735, Fax: 31 71 3274337, Electronic mail address:
brouwer@CHEM. LeidenUniv.nl,

since cell lines with 2 mutalion in this gene repair only dimers
in transeribed strands of active genes (37). In 8. cerevisiae, rad7
or rad 16 disruption muiants are completely deficient in repair
of the siterl mating-type loci (2, 313 and the nontranscribed
strand of an active gene (38). Repair of the transcribed strand
is not affected in these mutants, suggesting that at least when
the template strand is transcribed, the fuaction of the global
repair proteins Rad7p and Rad16p (and in human cells XPC)
is restricted to repair of the nontranscribed strand.
Preferential repair of the transcribed strand over the non-
transcribed strand was showa to be dependent oa transeription
(14, 30y, indicating'a role for the transcription process in ¢ffi-
cient recopnition of damage in transcribed DNA, In £, coli, o
factor coupling the DNA repair machinery 10 transcription has
been found (25). TRCF (transcription-repair coupling factor,
the product of the mfel gene {24]) recognizes RNA polymerase
stalled at a lesion, and through affinity for UvrA, it directs the
repair enzymes to the damage; upon release of the polymerase-
RNA complex, the lesion is repaired (23). Transcription-cou-
pled repair has also been found to occur in higher eukaryotes,
and it has been shown that this process requires transcription
and additional proteins. One such protein is the CS8 gene
product, which complements the UV sensitivity and the defi-
ciency in recovery of RNA synthesis after UV irradiation in
Cockayne syndrome (CS) group B (C5-B) cells (33). CS-B cell
lines have been shown o lack efficient repair of active DNA
(35, 36), Implying a role for the complementing gene CSA in
transcription-coupled repair. We have cloned the yeast ho-
molog of CSB and dusignated this gene RAD26 (34). Distup-
tion of this genc indeed leads to a defect in transcription-
coupled repair of the RPB2 gene in yeast cells (34). Remarkably,
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TABLE 1. 5. corevisige strains used

Strain Genonype Reference
W303-1B  MATo ho canl-100 ade2-I npt-1 feu2- 21
3012 his3-11,15 wind-1
WAD3236  red16AURAY 38
MGSCS7  rad7AURAS 8
MGSCI102  rad26A:HIST kL)
MGSCIH yed7AnLEUS 38
MGSCI06  rod ML EU2 rad 26AHISY This study”

MGSCIO? radl6ALEU2 1ad26 0 HISS This study®
MGSCI08  rad AL EU2 rac 165 :URAJ rad26A:HIS3  This study”
MGSCI126 redi6ACLEOY Fhis study”
MGSC139 rad4ACLEUX This study”
MGSCI80 radMARLEU2 rad26A:HISS! This study”

“ The remuinder of the genotype is thay of WIN-I1B,
* Constructed as described in Materiats and Methods,

a raef26 disruption mutant is not more UV sensitive than a RAD™
strain, in contrast to human CS-B cell lines.

[t is possible that the defeet {n transcription-coupled repair
in a red26 mutant is partly compensated for by glabal genome
repair, explaining the absence of UV sensitivity in such a mu-
tant, To cxamine this possibility, survival after UV irradiation
of rad7 rad26 and rad 16 rad 26 double mutants was determined
and conspared with survival of various single motants, Analysis
of these mutants also allowed testing of the idea that NER is
accomplished by the additive contribution of transcription-
coupled repair and glebal genome repair. Removal of dimers
from both individual steands 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 betweea transcription-coupled and
global genome repair, have tmplications for the role of the
RAD26 gene in transcription-coupled repair in 5. cerevisine,
and may have implications fer the molecular defect in CS.

MATERIALS AND METHODS

Gengral procedures. All general procedures, including DNA parification, re-
striction enzyme digestion, cloning, FCR, and gel electropharesis, were per-
formed according to standard procedures (22). Plasmids were propagated in E.
cofi IM101 under appropriate antibiotic seleciion.

Yeast strains and media. The yeast strains used for this siudy are listed in
Table 1, All strains were kept on selective YNB {0677 yeast mitrogen base, 2%
glucose, 2% Bacto Agar) supplemented with the appropriate markers. Cells were
grown in complete medium (YEPDY) (19 yeast exteact, 255 Bacta Peptone, 250
plucase) at 28°C under vigotous shaking conditions, For induction of GAL7,
glucose was replaced by galactose (28). Induclion of GAL7 vn galactose-ton-
taining medium was confirmed by Northern (RNA}J blot apulysis.

Construction of disruglien malants, Yeast cells were ransformed by electro-
poration (2.250 Wem, 250 uF, 200 9), Cells were plated on YN with the
recessary amno acids and incubated at 28°C for 2 to 3 days. Successful disrups
1fon {21) was confirmed by Southern analysis,

Strain MGSCL02 (rad2652T153 [M]) wos 1ransformed with Dgll-tinearized
plasmid pRADTA:LEUZ (38} to obiain sirain MGSCI06 (rusd7 rd26).

Strains W303-4B and MGSCI02 {rad261::HIS3) were trandormed with Pyul-
lingarized plasmid plUIB3 {gift of D, D, Bang), which containg the LEU2 gene
inserted in place of the HindlEl fragment of RADI6 {2), 10 ubtain sirains
MGSCH6 (reef16) and MGSCI0T (o 16 rnd 26), respectively. These strains carry
Ilie same medla detetton as strafn WI03236 (38), but whh LEU2 as a selectable
marker instead of URAL

MGSCI0S (ad 75 LEU2 rad |6 A URAF (8]} was transfurmed with lingarized
pPTZSHEGScAHIS3 (34} o generate strain MOSCIOR (rud? radd 16 rad26).

WINI-LB and MOSCLOI {ned263:H153) were iransformed with Sael-Neol-
digested pBMIS0 (gift of L. Prukash {3}) to generate strains MGSCL39 (rad4)
and MGSC 140 (radl4 rad26}, respectively.

BV survival curves, Yeast cells were grown in YEPD to an opiical deasity of
0.6, diluted in water, and irradiated with the indicated UV duses, and difutions
were plated en YEPD. After 3 days of frcubution a1 28°C in the duark, colonies
were counted and survival was caleutated,

UV Irradiation and DNA isolatlon. Yeast cells difuted in chilled phosphate-

buffered saling were irradisted with 234-nm UV light (Philips T UV J0W) ata
rate of 3.5 )ym%s. Cells were collected by centrifugation, resuspended in growth
medium, and incubated for varicus limes in the dark at 28°C pricz 1o DNA
isolation {24), DNA was purified vn CsCi gradients (22).

Specific probes. Construction aed isolation of single-stranded M{J-derhved
probes recognizing the RPO2 gene were performed as desenbed before (38).

To construct strand-specific probes recognizing she GAL7 gene, oligonuclea-
tides 5*GGTTTTGCAATCGAGCCTGGTAG)Y and 3'GGCCAGATGGCCE
AGTATGS were synthesized and PCR was performed on yeast strain \W303-18
chiomosomal DNA with these primers (38 cyeles, apnealing temperature of
85%C), generaling a 1.6-kb fragment. This fragment was digesred with Accl, the
site was filled with Klenow enzyme to genetate a blunt end, and the fragment was
digested with Bg/LT. The resufting 1,1-b blunt-BgiT fragment was cloned in both
arientations in M13 digested with Hincll and SamHI (M 13mpl8 and M(3mp19).

Single-stranded DNA was isolated as described by Sambrook et al. {22) and
used for primer extension 1o generate 2P-labeled strand-spesific probes s des
scribed earlier {34, 38}

Gene-specific repair assay, Genomic PNA was cutwith restiction endonucle-
ases Pl and Pl generating a 5.2-5b RPA2 fragment (10) ang a 4. -4k GAL?
fragment. DNA samples were divided in two equal parts. One was incubated with
T4 enduonuclease V (isalated as desenbed in reference 18), the other was mock
treated, and both weze loaded on denaturing agarose gels as described by Bohr
el al. (4). After electrophoresis, the DNA was transferred 1o Hybond N+ {Am-
ersham) and Rybridized to drand-specific probes, After hybridization and ds1a
analysis, the probe was removed by alkaline washing. and subsequently the blet
was hybridized to another probe, In this way, it was possible 10 delermine dimer
removal from both sirands of the RPA2 fragment and the GAL? fragment on
cvery blot (four probes).

The amount of hybridized labeled probe n each band on the Southern blols
was quantified with a Betascope 403 blot analyzer (8etagen) and used to cilou-
late the amount of dimers per fragment according 1o (ke Polsson distibution s
described previously (4). After betng scanned in the blot analyzer, autoradio-
graphs were prepared from the Southern blots.

RESULTS

Survival of double mutants disturbed In transcription-cou-
pled as well as glebal genome repair, To investigate whether
the lack of UV sensitivity of a rad 26 mutant is due to compen-
sation of the NER defect by global genome repair, we studied
mutants that lack both R4D26 and factors essential for global
genome repair. Isogenic rad26, rad?7, rad 16, rad7 rad 20, radl6
rad26, and red? radl6 rad26 disruption mutanss were con-
structed from the repair-proficient (RAD™) strain W303-1B
(see Materials and Methods and Table 1). Isogenic sirains
totally deficient in NER were constructed by disruption of the
RADI4 gene (3). The survival of the strains after irradiation
with UV was measured,

From the results in Fig. 1, it is clear that although a single
rad26 mutant is not more UV sensitive than a RAD™ strain
{34, the rad7 rad26 and rad 16 rad26 double mutants are more
UV sensitive than single rad7 or rad 16 mutants. In contrast, the
survival of a rad!4 red26 double mutant is identical to that of
a completely NER-deficient rad!4 single mutant, indicating
thal no repair systems ether than NER are impaired by a rad 26
mutation, Since sad7, rad 16, and rad 4 mutants are in the same
(rad3) epistasis group, the greater UV sensitivily of rad7 rad26
and rad 16 rad26 mutants than of single rad7 or rad16 mutants
is due to the combination of defects in global genome and
transcription-coupled repair.

Strikingly, although an additive effect from disturbing both
transcription-coupled and global genome repair is ebserved,
the yad 7 rad26 and rad 16 rad 26 double mutants are clearly not
as UV sensitive as a completely NER-deficient rad/4 strain,
This result indicates that there must be residual repair activity
left in the deuble mutants,

Analysis of dimer removal from both strands of the RPB2
gene, To examine the nature of the remaining repair activity in
the donble mutants, we analyzed dimer removal from the in-
dividual strands of an active gene with the method described by
Bohr et al, (4). The results of the repair experiments using the
RPB2 gene are shown in Fig. 2.
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FIG. 1. UV sunvival of double mutants distuzbed in glebal genome and tran-
scription.coupled repalr. The survival of sirains W393-1B (RAD*), MGSCI02
(rad26), MGSCLO4 {radl7), W03236 (rad 16), MGSCL05 (rad7 rad16), MGSC106
(rad7 rad26), MGSC107? (rad 6 rad 26), MGSCLOS (rad 7 rad 16 rad 25), MGSC13%
(radi4}, and MGSC140 (rad o rai26) after UV irzadiation is depiced.

As we described before (34, 38), rad7 or radl6 single mu-
tants are defective in repalr of the noatranscribed strand of
RPB2, while RAD26 disruption leads to a strong decrease of
the preferential repair of the RPB2 transcribed strand (Fig.
2B).

Survival experiments suggested that global repair can con-
tribute 1o removal of dimers from the transcribed strand when
Rad26p is absent (sce above). This was tested more directly by
analyzing repair of RPB2 in the rad? rad26 and radié rad26
double mutants. Repair of the teanscribed strand in these dou-
ble mulants is less efficient than in the single rad26 mutant
(Fig. 2C), suggesting that RAD7 and RADIG contribute 1o
repair of the transcribed strand when transeription-coupled
repair is hampered. Since the rad7 rad26 and radl6 rad26
mutants are not as UV sensilive as rad 14 strains, they should
be able ta repair at least part of their DNA. Figures 2A and C
skow that the teanscribed steand and not the nontranscribed
strand of RPB2 is still repaired to a considerable extent in the
rad7 rud26 ahd radi6 rad 26 double mutants, suggesting that the
residual repair actvity in these mutanis is transcription cou-
pled.

Repair of the GAL7 gene under induced and repressed con-
ditions, To determine whether the residual repair activity in
the rad7 rad26 and rad 16 rad26 double mutanis is indeed de-
pendent on lrans¢ription, we analyzed strand-specific repair of
the GAL7 gene. This gene is repressed in medium containing
glucose, whereas it is strongly induced in medium containing
galactose (28), We studied repair of the GAL7 geae in a
Peul-Popll fragment that (s comparable in size to the RPH2
Peul-Prpdl fragment, epabling direct comparison of the rates
of dimer removal from the GAL7 and RPB2 gencs on the same
blot, thus providing an internal control to exclude possible
medium effects.

Figure 3A illustrales that in the RAD™ strain, lhe template
strand (the strund that is transcribed under induced condi-
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tions) is repaired faster than the nontranseribed strand when
the gene is induced and that this difference is almost absent
when the gene is repressed, which is consistent with earlier
observations by Leaden and Lawrence (14).

Repair of the rontranscribed strand of GAL7? is fully depen-
dent on RAD7 and RAD16 (Fig. 3B), as expected and in agree-
ment with the results obtained with RPA2. Also, the repair of
the template strand confirms the results obtained with RPB2:
under induced conditions with transcription-coupled repair ac-
live, RAD7 or RADI6 does not contribute to repair of this
strand (Fig. 3B). Under repressed conditions, however, global
genome repair does contribute to repair of the template
strand, since in the rad7 and rad 16 mutants, the repair of this
strand is strongly inhibited {Fig. 3B). Under these conditions,
there is still some residual repair of the template strand of the
GAL7 gene in the rad7 and rad 16 mutants. This may be attrib-
utable ta transcription-coupled repair as a result of some re-
sldual transcription, ¢speciatly since it appears that this repair
is dependent on RAD26 {sec below).

When the effect of RAD26 disruption on the repair of the
trapseribed strand of GAL7 was measured, a rather surprising
result was obtained (Fig. 3C). In contrast to RPB2, for which 2
strong reduction in the repair rate of the transcribed strand is
found {analyzed by using the same DNA on the same blot), the
repair of the temptate strand of GAL7 under induced condi-
tions is nearly the same as in R4D* cells. Apparently the
contribution of Rad26p to (ranscription-coupled repair can
vary for different loci and is much more apparent for the RPB2
gene than for GAL7 under induced conditions, Under re-
pressed conditions, both strands of the GAL7 gene are re-
paired at the same rate in the rad26 mutant (Fig. 3C), a result
that was expected since under the same conditions almost no
difference is observed between repair of both strands of GAL7
in RAD™ cells (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 global genome repair pathway is alse impaired (in
the rad7 rad 26 and radl6 rad26 double mutants), the nontran-
scribed strand of GAL7 is not repaired {Fig. 3D), as expected.
Notably, the template strand of GALY is still repaired under
induced conditions, but no dimers are removed from this
steand under repressed conditions (Fig. 3D2). This finding dem-
onstrates that repair of the GALZ template strand in the dou-
ble mutants is dependent on transcription and morcover sug-
gests that transcription per se can accomplish {ranseription-
coupled repair independent of Rad26p. The residunl repair of
the template sirand that was observed under repressed condi-
tions in the rad7 and radi6 mutants (Fig. 3B) requires a func-
tiopal RAD26 gene, implying that Rad26p contributes to tran-
seription-coupled repair of GAL7Z under repressed conditions.

‘Taken together, these results point to the existence of a
Rad26p-independent mode of wranscription-coupled repair
and 1o locus heterogeneity with regard to the influence of
Rud26p on transcription-coupled repair.

DISCUSSION

RAD26 and transcription-coupled repair. rad26 disruption
mutants are as UV resistant as R4D* strains. Possibly global
genome repair ean compensate for the toss of RAD26 by en-
suring repair of transcribed DNA (34). Here we show thal this
is indeed the case because there is a more than additive effect
of mutations in RAD26 combined with mutations in the RADY
and RAD/6 genes involved in global genome repair (38), im-
plying that global genome repair factors are responsisle for the
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FIG. 2. Residual repair of the transeribed strand of RFB2 in rod 7 rad26 and
rad 16 rad26 cells. (A) Representative Seuthern blots showing the removal of T4
endonuclease V {enda V)-sensitive sites from RPR2Z in WI0L-1B (RADY),
MGSCI02 (raci26), W303236 (rad 16}, and MGSCL07 {radf6 rad26). Time points
after UV irradiation are indicated; samples were mock treated () or treated
with T4 endonuclease V (+). TS, transcribed sirand; NTS, noalranscribed
strand, {B and C) Graphical presemtation of the percent repalr at the different
time points as calculared according to 1he Poissan disiribution; each point is the
average of six to nine experiments, and the average standard errer 15 752, (B)
Repair of both strands of RPB2 in RAD*, rad 28, rad7, and rad16 cetls confirms
our carlicr resutis (34, 38). (C) Repair of RPB2 in rod7 rad26 and rad 6 rad26
double mutznts. For companison, dala for repair of the {ranseribed strand in a
rad26 mutant are also depicted (dashed line), The degree of repalr of bolh
strands in the rad? red]6 red26 triple mutant s identical to the degree of repair
in the red7 rad26 and rad 16 rad26 double mutants.

lack of UV sensitivity of a redd26 mutant, Human CS-B 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 5. cerevisige than in higher eukaryotic
specles with a more complex genome. The contribution of
Rad26p to survival after UV exposure that is revealed in the
double mutants stresses the involvement of the RAD26 gene in
general transcription-coupled repalr and unmasks the contri-
bution of this process to cellular UV resistance, Thercfore,
these data strengthen the correspondence between RAD26 and
CSA.

Although the foregoing and previous findings unequivocally
establish the involvement of Rad26p in transcription-coupled
repair, double mutants lacking RAD26 and global genome re-
pair are significantly less UV sensitive than completely NER-
deficient matants. Furthermore, analysis of gene- and strand-
specific repair in the RPB2 and GAL?7 genes reveals that these
muiants are, to a variable extent, still capable of repairing the
transcribed strand only. The experiments with the inducible
GAL?7 gene strongly sugpest that this repair Is transcription
dependent. It has already been demonstrated that strand-spe-
cific repair of RPB2 and GAL7 requires functional RNA poly-
merase IT (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 teanscription. We conclude that part of the tran-
seription-coupled repair is Rad26p independent. Incomplete
inactivation of transcription-coupled repair also explains the
slight but reproducible preferential repair of the transeribed
strand over the nontranseribed strand of the RPB2 gene in the
rad26 mulant (34) (Fig. 2B).

The effect of R4AD26 disruption on repair of the template
strand of GAL7 under conditions such that the transeription
rate is high {28) is very small or absent {Fig. 3C), in contrast to
the clear and significant cffect on transcription-coupled repair
of RPB2 (Fig. 2B) and the PHOS PHO3 locus {unpublished
results). Apparently, Rad26p-independent transcription-cou-
pled repair is more efficient for induced GALZ than for the
RFPB2 gene. Since detetion of RAD26 has some effect on GAL7
repair under repressed conditions (Fig. 3B and D}, it might be
possible that the high efficiency of RAD26-independent tran-
scription-coupled repair in GAL? is related to a high transerip-
tion rate of the GALZ gene under induced conditions. Al-
though without further ecxperimentation this hypothesis
remains merely speculative, it is interesting that a similar ob-
servation has been reported for E. coli: mfd mutants (lacking
TRCF [24]} are slill able to preferentially repair the tran-
scribed strand of the lecZ gene in viva when this gene is
induced with isopropylthiogatactopyranoside {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. GALT is repaired only under induced conditions in rad? rad26 and red 6 rad26 motants. Repair of the GAL7 gene was caleulated according to the Poisson
distribulion for each time poini; the data are from thres o four experimenis, and the average slandard ¢rror is 6¢%. TS, transceibed (template) strand; NTS,
nonteanseribed (nentemplate) strand; ind, induced conditions (galactose); repr, repressed conditions (glucose). {A) Repair of GALZ in RAD* cells. {3} Repalr of GALT
in and? and rad16 cells. For comparison, data for the transcribed strand upder induced conditions in RAD™ cells are also depicred (dashed line). {C) Repair of GA4L7
in sod28 cells, For comparisan, data for Ike transeribed strand under induced conditions in RAD™ cells are also deplcted {dashed tine). (D) Repair of GALZ in rad?
rrd2G and zad 16 rad26 cells, For comparison, data for the transceibed steand of RAD* ¢lls under induted conditions are also depicted {dashed line). No gifference
in repair of the constilulively expressed RPB2 gene was observed for 1he same strain on medium conlainng glucose compared with medium with gataciose, Therefore,
all difecences observed in repair of GAL7 in cells grown in both media are specifically due bo the induced and repressed states of the GAL7 gzne in these cells and

not due to general repair differences as a consequence of the different media

pledt repair suggests that Rad26p has an auxiliary function
important for the efficiency of transeription-coupled repair but
is not essential for this process. 1t is therefore not fikely that
Rad26p is the yeast counterpart of the E. eoli TRCF, a protein
that couples repair 1o transcription by specifically targeting
repair enzymes to lesions that obstruct RNA polymerase (25).
If Rad26p is a transcription-repair coupling factor, then either
such a coupling factor is not essential in yeast cells or a pralein
other than Rad2ép can independently perform transeription-
repair 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 €SB lead to abolishment of
transeription-coupled repaic (11, 35). Transcription-repair
coupling may have different molecular backgrounds in pro-
karyotes and eukaryotes (9). The necessity for a TRCF as
found in E. coli (25} might in eukaryetes be obviated by the
intimate association of several NER enzymes with basal tran-
scription factors (6, 23, 29), If backtracking of a blocked RNA
polymerase is a prerequisite fer eukaryatic teanscription-cou-
pled repair (5), Rad26p is not essential for this process, The

recent notion that CS may be caused by defects in the tean-
scription process, indirectly leading to defects in transcription-
coupled repair (11), should also be considered, Transcriptional
defects in rad26 cells could account for the defect in transcrip-
tion-coupled repair that we observe, However, we did not
detect defects in growth rates (34) or transcription of RPB2
and GAL7 in our rad26 mutants {unpublished data), although
subtle transeriptional defects cannot be excteded,

Global genome repair, RAD7 and RADI6 are essential for
glabal genome repair in yeast celfs, Silenced DNA and the
nontranseribed strands of the RPB2 and GAL7 genes are not
repalred in rad7 and rad 16 mutants, but the transcribed strand
is repaired with the same efficiency as in repair-proficient cels.
However, inactivating global geneme repair leads to a repair
defect for the template strand of GAL7 when transcription is
nearly absent (Fig. 3B}, proving that global genome repair is
capable of functioning en a strand tkat is a template far tran-
seription-cougled repair under induced conditions. The dimin-
ished repair rate of the trunscribed strand in rad? rad26 and
radl6 rad26 double mutanis compared with rad26 single mu-
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tants probably also reflects a contribution of RAD7 and RADIS
to repair of the transcribed strand. Therefore, the term globat
genome repair is really warranted for this system, which was
previously implicated only in repair of nontranscribed DNA
(38).

How the proteins involved in global genome repair act at the
molecular level is still unknewn. One could envisage that the
chromatin context of the DNA damage in eukaryotes necessi-
tates such factors to make the damaged DNA »a substrate for
the actual incision enzymes. Interestingly, Radl6p shares func-
tional domains with Swi2p/Snf2p (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 Rad1ép seem dispensable for a reconstituted
NER reaction on naked plasmid DNA (8}, corroborating a rele
for these proteins in vivo on DNA packed into chromatin,
However, aur rad?7 and rad 16 mutants are completely defective
for NER in a cclil-free system that is also deveid of transerip-
tional activity (39).

The reconstitution of in vitro NER reactions (1, 8, 17) is
highly informative with regard to the biochemistry of NER.
Nevertheless, our results underscore the importance of analyz-
ing dimer removal in vivo to be able to appreciate the com-
plexity of NER and identify companents that play a role in the
arganization of NER, Since the incision and subsequenl steps
of NER are probably not different for the two strands (1, 8, 17},
we hypothesize that dimers can be removed cnly 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
Radlép, teads to complete inactivation of NER in vivo, as a
mutation in one of the core components of NER does.

In summary, we show in this report that transcription-cou-
pled repair and global genome repair are partially overlapping
subpathways of NER, we demeonstrate a role for the R4D26
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 Cifterio, Suzanne Rademakers, Roselinde van Os, Angelos
Constantinou |, Jean-Marc Egly”, Dirk Bootsma, and Jan H.J. Hoeijmakers.

MGC department of Cell Biclogy and Genetics, Erasmus University Retterdam, P.Q. Box 1738,
3000 DR, Rotterdam, The Netherlands, ‘Department of Genetics and Microbiology, University
Medical Center, & Avenue de Champel, 1211 Geneva 4, Switzerland, ¥ GMBC, Université Louis
Pasteur, 1 Rue Laurent Fries, BP163, 67404, llirich Cédex, C.U. de Strasbourg, France.

The Cockayne syndrome B protein {CSB) is, together with CSA, required for
transcription-coupled DNA repair (TCR} in man. This subpathway of nucleotide excision
repalr {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 vive. In contrast, these microinjections had no notable effect on
transcription of unirradiated cells, indicating that CSB and CSA are not essential for this
process in vive. Immunofluoresce focalises CSB in the nucleus, while in metaphase cells
the protein colocalises with the microtubules of the mitotic spindle. The central role of CSB
in the coupling betwean transcription and DNA repair suggests that CSB is interacting with
other proteins involved in these two processes. Here we analysed whether C8B is
associated with such factors in repair- and transcription-competent Manley-type whole cefl
extracts. Size fractionations indicate that CSB resides in a large {> 700 Kda)} molecular
weight complex, whereas CSA is part of a distinct (420 Kda) complex. Column
fractionations of Hela extracts excluded copurification of CSB with a number of basal
transcription and repair proteins. Functional HA-, His,-double tagged CSB permitted
isolation of the CSB complex under physiological conditions, but no association was found
of CSB with several candidate repair and transcription proteins, among which CSA, XPG,
TFIH, TFHF and RNA pol Il. 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 focal unwinding
step, preceding a dual single-strand incision,
one at each side of the lesion. Subsequently

an oligonucleotide containing the damaged
basels} is excised and via gap-filling DNA
synthesis and ligation the Integrity of the
DNA is restored ({reviewed in (21, 83}.
Although in principle NER acts on the entire
genome, several findings indicate that thare
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
accessibility 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 |l transcribed genes are
repaired, at least for a number of lesions,
with a higher efftciency 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 repalr of the
transcribed strand during transcription-
coupled repair (14, 37). However,
mutations in the human and yeast genes
that encode TFHH 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 CSA or
the CSB (ERCCE) gene (20, 47), and the
cloned genes corraect 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 CSB, RAD26,
rasults 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 efongating RNA
polymerase Il 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/CSB could be to enhance this repair by
stimulating retraction of the RNA
polymerase, thus providing access for the
repair complex, andfor by attracting repair
proteins to the site of the lesion. The

presence of the SWI2/SNF2-like
‘helicase/ATPase’ 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 abhnormalities 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 CSA and CSB fulfii an
auxiliary, non-essential rofe 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 i 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}, CSTAN-
Sv {CS-B), CS3BE-Sv {CS-A), CW12 (XP-A),
XPCS1BA-Svy {XP-B), XP4PA-Sv (XP-C), HD2
{XP-D), XP2YO-8v (XP-F), XP3BR-Sv [XP-G)
and TTD1BR-Sv {TFD-A). The fibroblasts were
cultured in a 1:1 mixture of Ham's F10 and
DMEM, supplemented with antibiotics and 8-
10% fetal calfs serum. Whole cell extracts
{WCE)} were prepared according to Manlay (27}
as modified by Wood (27), dialysed against
buffer A containing 26 miM HEPES/KOH pH 7.8,
100 mM KCI, 12 miM MgCl,, 1 Mm EDTA, 2
mM DTT and 10 or 17% {v/v} glycerol, and
stared at -80°C. The protein concentration of
these WCE was 15-20 mg/ml.

Antibodies and immuncblot procedures.
Anti-CSB antibodies were raised against
the C-terminal 158 aminc acids of CSB, A 640
bp FcoRl fragment of pSLMEG(+) {47) was
overproduced as a protA fusion product {using
vector pRIT2T, Pharmacia) in the £. colf 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 £.
colfi DHBa using the GST fusion overexpression
system  (Pharmacia). In  the competition
experiment, 25 pg of the GST fusion protein
was mixed with 200 ut of sonicated DH5e cell
extract and incubated with 10 il 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 antserum at
4°C, High affinity anti-CSB antibodies waere
eluted from the blot strips using a KSCN buffer
{0.1 M KPi pH 7.0, 3 M KSCN, 1 mg/ml BSA}
and desalted using G50 columns. Monoclonal
anti-HA antibodies were isolated from the
hybridoma cell line 12CAB and purified as
describad {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
SupsrTag enzymes (HT Biotechnology Ltd), the
sense primer B'GCTAGAATTCTAATGCTGGGGT
TTITGTCC3' and the antisense primer
5'CCAAGAATTCTCATCCTCCTTCATCACTS,
which were based on the published CSA
sequence (20} and contained FcoRI restriction
sites {underlined). The C-terminal half of CSA (a
670 bp BarmH|EcoRI fragment encoding amino
acids 176-396) was overproduced as a GST
fusion product (using vector pGEXZT,
Pharmacia} in DHGa 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 Immunaoblot strips containing the GST-CSA
fusion protein, followed by slution with acidic
glycine buffer (0.1 M glycine Ph 1.0, 0.6M
NaCl, 0.6 mg/mi BSA) and immediate
neutraflisation in 10x KPi buffer. The polyclonal
anti-ERCC1 {686}, anti-XPG (33) and menoclonal
anti-p89/XPB {37) antibodies are described
before.

To be able to visualise large molecular
weight proteins such as CSB (168 kDa} on
irmmunoblot, a slightly modified blotting
procedure was developed. Following
electrophoresis on B% SDS-PAGE, the gel was
incubated for 5-10 min in biotting buffer
without methanol {256 Mm Tris-HClI pH 8.3, 0.2
M glycine}. Proteins were transferred to PVDF
or nitrocellulose membrane by blotting for 2-3
hours at 4°C in blothuffer with the addition of
SDS to 0.019%. Aspecific sites were blocked by
incubating the membrange in low-fat smilk
containing 0.1% Tween-20 and 0.02% sodium
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azide for 1 hour, To visualise CSB, the blot was
incubated overnight with crude {dilution 1:500}
or aftinity-purified {1:400} anti-CSB serum,
followaed by nitroblue tetrazolivm/5-bromo-4-
chloro-3-indolyl  phosphate  (NBT/BCIP} or
chemijuminescence detection, depending on the
secondary antibody used. For smaller proteins,
the standard procedure for immunoblotting was
followed.

Immunofluorescence.

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 PBS* (PBS, 0.15%
glycine, 0.6% BSA)} and incubated with aftinity
purified anti-CSB {1:5 dilution} for 1.5 hours in
a moist chamber. After washing in PBS*Y, slides
were incubated with fluorescein isothiocyanate
{FITC}-conjugated goat-anti-rabbit antiserum at
a 1:80 dilution for 1.5 hours. Slides were
washed and embsadded in vectashield mounting
medium (Brunschwig) that contained 4'-6-
diamino-2-phenylindote (DAPIl). DAP!-stained
DNA and FITC-labeled CSB was visualised using
fluorescance microscopy.

Microneedle infection of antisera and analysis of
repair and transcription laevels,

Microinjection of immunesera into
cultured fibroblasts was performed as described
previously {57). The anti-CS5A and antl-CS8
antisera were microinjected into the cytoplasm
of wild-type (C5R0) or XP-C [XP21RO}
fibroblasts, After microinjection, 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 antiserain XP-C fibroblasts
{represented by UV-induced unscheduled DNA
synthesis} was determined by UV-irradiation of
the cells (264 nmy; 16 J/m%, pulse-labelling for
2 hours using [*HIthymidine {30 pCifml, s.a, 50
Ci/mmol}, fixaticn and autoradicgraphy. Grains
ahove the nuclei of injected {polykaryon) and
noninjected {monokaryon) cells were counted
and compared. Levels of RNA synthesis after
microinjection in wild-type cells were analysed
by pulse-labelling with [PHluridine (10 pCifml;
s.a, b0 Ci/frnmol) 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 tha cells were UV-
irradiated {264 nm; 10 J/m,) and 24 hours later
the RNA was pulse-labelled as described above.

Size fragtionations.

Hela or CS1AN-Sv WCE {1 mg) were
loaded on a Superdex-200 column (SMART
system, Pharmacia} that was first calibrated
using the mofecular markers thyroglobulin (669
Kda), ferritin (440 Kda), catalase {240 Kda)} and
atbumin (67 Kda). Chromatography was
performed in buffer A to allow direct
comparison between size fractionations, in vitro
activity assays and ({colimmunodepletions.
Fractions were collected and tested on
immunoblots, DNAse pretreatment of the Hela
WCE was performed by Incubating 1 mg WCE
with 10 g (10 pg/ul) DNAse for 10 minutes at
37°C. Complete digestion of all DNA was
verified by agarose gel electrophoresis,

Column fractionations.

Fractions of the TFH puritication scheme
were obtalned as previously described (185}, In
short, Heba WCE was loaded on a Heparin-
Uitrogel 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 KCI, Phosphocellulose column
chromatography was performed as described
{40) by loading HeLa WCE on a Phospho-
cellulose columnin buffer A, supplemented with
Kcl to 0.15 M. The bound proteins were eluted
in buffer A containing 1.0 M Kcl. Fractions were
analysed on immunoblot as described above,

Generation of tagged CSB constructs,
N-terminal hemagglutinin (HA} and C-
terminat histidine {His;) tagged CSB constructs
were genearated to facilitate immunoprecipitation
and allow isolation of CSB-associating proteins.
The N-terminal HA-epitope was introduced via
PCR using the CS8 CDNA {in pSLMES!{ +1, {47},
the sense primer b CATCGAGCTCATGTACCC
ATACGATGTTCCAGATTACGCTAGCCCAAAT
GAGGGAATCCCC 3" ({encoding a Sact
restriction site {underlined}, start codon, HA-
epitope {double underlined}, and CSB CDNA bp
4-21) and the antisense primer EC179-2 &°
CTCTGGCCTCATGTCTGACTCCCA 3 (CSA
CDBNA bp 1062-1085). The generated PCR
products were cloned in the pCRIl vector
{invitrogen} and checked for possible sequence
errors introduced by PCR. A 741 bp Sacl
fragment containing the HA-tagged N-terminus
of CSB was isolated from correct clones and
exchanged with the corresponding Sacl
fragment in the CSB CONA from pSLMES(+}).
In a similar way, a stretch of six histidines
was Hnked to the C-terminat end of CSB. For
PCR amplification the sense primer EC179-6 5’



GTGAAACAAGAGTGAGGCCAA GG 3' (CSB
¢DNA bp 37056-3729} and the antisense primer
5 CTGGGGCCCTTAGTGATGGTGATGGTGGRTG
ACGACCTTCGATGCAGTATTCTGGCTTGAGS'
{encoding CS8 cDNA bp 4460-4477, a factor
Xa cleavage site, the His; stretch (double
underlined}, ochre stop codon and an Apal
restriction site (underlined) were used. The His,-
tagged CSB C-terminus was isolated as a 264
bp Apal fragment and exchanged with the
corresponding region in pSLMEG(+},

DNA transfections and UV-survival,

CS1AN-Sv fibroblasts were transfected
with pSLMES(-) {anti-sense £S5B8), pSLMES{+)
{sense CSB) or pSLM2tEE (HA-CSB-Hisg,
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?
UV-C (254 nm}, UV-selected mass poputations
of CS1AN-Sv+pSLMEB{+) and CSTAN-
Sv+pSLM2tE6 and non UV-selected mass
populations of CS1TAN-Sv, CS1AN-
Sv 4+ pSLMEG{-} and VH10-Sv cells were further
characterised by UV survival, For this, cells
were plated {2x10% per 3 cm dish, 2-4 dishes
per dose} and exposed to 0, 2, 4 or 7 Jim? UV
1 day after plating. Survival was determined
after 4-6 days incubation at 37°C by *H-
Thymidine pulse labelling as described
elsewhere {42},

In vitro translation and immunoprecipitations.
In vitro translated CSB and CSA protein
was synthesised using the TNT™ T7 Coupled
Reticulocyte Lysate System {Promega) as
described by the manufacturer, in a total
volume of 60 g4, The CSB cDNA was encoded
by the 4.7 kb Sall fragment of pSLMEG{+),
which was subcloned into pBluescript KS*,
while the CSA cDNA was cloned in pcDNA3
(Invitrogen)} as a 1.2 kb EcoRl fragmaent,
Immunoprecipitation of in vitro translated
CSB protein was achieved by incubating CSB
protein with crude anti-CSB serurn for 1 h at
4°C in NETT buffer (100 mM NaCl, 5 mM
EDTA, 60 Mm Tris-HC1 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 SDS-PAGE after
addition of sample buffer and bolling. Immuno
precipitation of endogenous €SB or CSA from
HelLa whole-cell extracts was achieved by first
incubating crude anti-CSB serum with protA
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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 A) and
a further incubation of the anti-CSB coated
protA beads with 1 mg Hel.a WCE for 5 hours
at 4°C. The CSB-depleted Hela extract was
recovered from the beads by spinning and
analysed on immunoblot, togsther with the
proteins bound to the beads, immuno-
precipitation of HA-C8B-Hisg using the Mab anti-
HA was done by incubating the Mab 12CAbB
overnight at 4°C with the WCE of the CS1AN-
Sv cells transfected with the double-tagged CSB
construct, followed by addition of protain-G
Sepharose heads (Pharmacial and further
incubation for 6 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
parformed as dascribed in detail before (64}, by
mixing 100 ug of {depletad) cell-free extract
with  a mixture of AAF-modified and
nondamaged plasmids (56}, Repair activity, i.e.
incorporation of [a-*?PIdATP into the damaged
plasmid, was visualised by autoradiography.

In vitro transcription activity was assayed
as described before {15), by incubating 100 ug
{depleted) cell-free extract with an Ad2MLP
promoter containing template, tegether with the
required nucleotides. The 309 nt [a-*?PICTP
labelled run-off transcripts were visualised using
autoradiography.

RESULTS.

Characterisation of polyclonal anti-CSB and
anti-CSA antibodies.

The crude anti-CSB serum stained
several proteins in immunoblot analysis of a
Hel.a whole cell extract (WCE)}, among
which a 168 Kda protein that corresponds
to the expected size of CSB {47} and to the
size of the /n vitro translated CSB protein
{Fig 1 lanes 1 and 5). The 168 Kda protein
fikely represents CSB, singe its staining
could be specifically competed for by pre-
incubating the crude antiserum with a GST-
CSB fusion protein {Fig 1 lane 2}, while the
band is missing in a WCE derived from
CS1AN-Sv cells that tack the C-terminal
part {aa 337-1493) of the CSB protein,
containing the determinant against which
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Figure 1. Characterisation of anti-CSB and anti-
CSA antibodies.

A. Specificity of the aniti-CSB serum.
Immunoblots of Hel.a or CS1AN-Sv (CS-B} WCE
were incubated with: crude anti-CS8 serum
flane 1 and 3), crude anti-CSB serum
preincubated with GST-CSB fusion protein (lane
21, and affinity-purified anti-CSB serum (lane 4).
Immunoblot procedures were adapted to
visuafise CSB as explained in Material and
Methods, The molectar weight of prestained
marker proteins is indicated. B. The anti-CSB
antiserum Immunoprecipitates  the jin  vitro
transiated CSE protein. In vitro translated CSB
flane 5} weas Incubated with either crude anti-
CS8B serum flane 6) or preimmune serum (lane
7) in NETT buffer and binding to protA beads
was analysed on SDS-PAGE. C. Specificity of
the anti-CSA antiserum. An immurnoblot of 2 ng
of the GST-CSA fusfon protein {lane 8}, and 10
ug of Hela (lane 8} or CS3BE (lane 10) WCE
was incubated with affinity-purified anti-CSA
antiserum. On the same gel in vitro translated
CSA protein was analysed (lane 11). Note that
the serum cross-reacts with other cellular
proteins. . CSB Is specifically absent in CS-8
WCE, but not in other repair-deficient extracts.
Equal amounts (10 ugl of the indicated WCE
were analysed on immunoblot for the presence
of CSB. The B0 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 /n vitro translated

CSB protein (fig 1 lane 6-7}). 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 1D).

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 WCE
among which one of 44 Kda (lane 9}, This
band is absent in an extract of CS3BE (CS-
A} celis {lane 10), in which a large part of
CSA may be deleted {E.C. Friedberg, pers.
comm.}, while the size matches with the /n
vitro translated CSA protein (lane 11),
indicating that the 44 kDa protein is CSA,

Intracellular localisation of CSB.

The presence of a consensus
sequence for a nuclear location signal in
CSB and its central role in transcription-
coupled DNA repair predict that CSB is
located in the nucleus. This was confirmed
by immunofluorescence studies (fig 2).
Although the gene is very lowly expressed
{48}, specific CSB staining was observed in
the nuclei, but not the cytoplasm, of Hela
cells {fig 2A}. Notably, the metaphase cell
in figure 2A indicates that CSB, while
normally present in the nucleus, is not
associated with the c¢ondensed
chromosomes. Instead, in the majority of
metaphase cells CSB 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 phaseds of
mitosis no colocalisation of CSB with
chromatin was found (fig 2B), This is in
contrast to the anaphase/telophase-specitic
association with chromatin  of the
XPC/HHR23B complex {50}. The C51AN-Sv
cells show no staining of CSB at all,
confirming the immuncblot results shown
above, and indicating that the increased
staining of the spindle apparatus in some
metaphase cslis is specific for CSB {fig ZA},
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Figure 2. The CSB proteln is localised in the
nucleus,

A. The affinity-purified anti-CSB antibody was
used to stain the endogenous CSB proteln in
Hela or CS-B (CS1AN-Sv) celis, The left panel
displays the DAPl-stained chromosomal DNA,
White the right panel depicts CSB staining,
visualised by FITC-conjugated secondary
antibodies. B, CSB does not colocalise with
chromatin during various stages of mitosis.
Indicated are prophase, metaphase, anaphase
and telophase (from left to right).

Effect of microinjection of anti-CSB and
anti-CSA antibodies /n vivo.

To gain more insight into the function
of CSA and CSB /n vive, we microinjected
the specific antisera into culured
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 [*Hlthymidine incorporation,
whereas transcription levels are quantitated
by puise-labelling with [*Hluridine {57, 81}.
Labelling was visualised by i situv
autoradiography and aquantified 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 (52). 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 refatively 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 {61}. This provides a
likely explanation for the wild-type UDS
levels in CS cells, For this reason we
microinjected the antisera into XP-C
fibrobhlasts, that are defective in global
genome repalr 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 |l
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
infjected XP-C cells to 156-22% of the levels
in uninjected cells,

A hallmark of C8 cells is the failure to
recover RNA synthesis after UV-irradiation,
which may be the consequence of the
defectin TCR {29, 47). Figure 3 shows that
microinjection of the anti-CSA and anti-CSB
{but not 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.

I a very similar way, both antisera
were injected into wild-type fibroblasts to
assay inhibitlon of overall RNA synthesis.
However, no significant difference was
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Injected % resfduat % recovery of % transcription
antisarum UDS XP-C*  RNA synthesis®

nane 100 100 100
preimmuna 100 95 -
ant-CSA {1881) 47 . 109
anti-CSA (1882) 40 65 104
anti-C3B (242) 22 . 105
anti-CSB (243) 16 61 99

Figure 3. Microinjection of anti-CSB and ant-
CSA antisera inhibits TCR and racovery of RNA
synthesis post-UV, but not transcription, /n
vive,

Independently raised anti-CSB and antiCSA
antisera were microinjected into XP-C (XP2 1RO}
fibroblasts to assay the effect on TCR
(visualised by unscheduled DNA synthesis}{A),

or in wild-type {CBRQ) fibroblasts to determine
the effect on transcription levels (C). The latter
was also done in wild-type cells, that were UV-
frradiated 8 hours after microinfection, to
analyse recovery of RNA synthesis (B). A-C.
Micrographs of anti-CSB antiserum infected cells
findicated by an arrow) and uninfected
{surrounding mononuclear] cells. D,
Quantification of the microinjection resulfts,
Percentages are calculated by comparing
injected versus uninjected cells on the same
slide, with a typical standard error of the mean
of 5%. 2100% corresponds to 19 grains, which
represents 10% of the UDS observed in wild-
type cells that were treated simultaneously in a
similar way. b Recavery of RNA synthesis is
defined by the ratio of transeription levels in
UV-irradiated wild-type cells  relative to
unirradiated celfs. 100% corresponds to a
recovery of 70% after 24 hours in wild-type
cells, CSTAN-8v (CS-8J cells that were included
in the experiment {insert in B, displayed a
recovery of 13%, ralative to wild-type values. ©
-: 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 €SB CDNA,
under transcriptional control of the strong
SV40 promoter, does not lead to apparent
overproduction of CSB protein {compare fig
6B with fig 1A). 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
(58). These findings are compatible with
the idea that CSB is part of a complex as
well. Previously it has heen shown for the
ERCC1/XPF {565} and XRCC1/DNA ligase Hl
(8} complexes, that mutations in one
sttbunit causs 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 1D



indicates roughly equal levels of CSB in all
groups, suggesting that these factors are
not complexed with CSB in a similar manner
as ERCC1/XPF ({fig 1D). Moreover, the
amount of CSA is also not reduced in a C5-
B WCE (fig 4).

Size fractionation of Hela whole cell
extract.

Themono-specific anti-CSB antiserum
was utilised to investigate whether CSB is
complexed with other proteins or exists as
a free molecule within the cell. The native
state of CSB was determined by size
fractionation of HeLa WCE, fully competent
in repair and transcription, followed by
immunoblot analysis {fig 4). Gel filtration
was performed under physlological
conditions, identical to those in which in
vitro repair and transcription assays are
conducted. Although denatured CSB has a
molecular weight of 188 Kda, it
chromatographed in an estimated native
size of more than 700 Kda, A similar native
size of CSB was also found on Sephacryl §-
300 and 5-600 columns (data not shown).
The native elution profile of other protein
complexes, such as ERCC1/XPF {280 kDa)
and XPB (TFIIH} {500 kDa}, and alse
HHR23A {70 kDa) and HHR23B {140 kDa}
{data not shown}, were as found before
{60, bb), making aggregation of proteins in
the extract unlikely. These results could
indicate that CSB is associated with other
proteins in Hel.a cells,

Surprisingly, CSA eluted at a native
molecular weight of 420 kDa, which is
quite different from the one of CSB. Since
the two elution peaks overlap, it remained
possible that part of CSA is compiexed with
CSB. However, in the CS1AN extract
{lacking CSB} the same native size of CSA
was found (Fig 4B}, strongly supporting the
idea that CSB does not reside in the CSA
complex.

To investigate the stability of the
CSB complex and to obtain information on
its composition we performed size
fractionation under different salt conditions.
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Figure 4. CSB resides in a very large molecular
weight complex, that does not include GSA.
A. Various whole cell extracts were size
fractionated on a Superdex-200 column, loaded
in the Manley-type buffer A, comtaining 0.1 M
Kel.  Elution  fractions were tested by
immunoblotting using the indicated antisera.
The nalive sizes of molecular weight marker
proteins, as well as the estimated sizes of the
proteins tested are indicated. The WCE notated
CS8-B + 2tCSB is derived from CSTAN-Sv fibro-
blasts transfected with HA- and Hiss;-tagged
CS8B (see also figure 6]. B, The native size of
CSA Is unchanged by severe CS-8B truncation.
Flution fractions of the Superdex-200 column,
loaded with either Hela or CSTAN-Sv (CS-8)
WCE were analysed using the anti-CSA serum.
The CSB gene in CSTAN-Sv cells contains a
premature stop mutation, leading to truncation
of amino acid 337 to 1493 of the CSB protein
{47). C. The native size of CS8 is dependent on
salt concemtration and DNAse pretreatment.
Egual amounts of Hela WCE were loaded on
the Superdex-200 column in buffer A containing
respectively 0.1, 0.5 and 1.0 M KCi, or first
treated with DNAse and then loaded on the
column., Fractions were tested on immunoblot
using affinity-purified  anti-CSB  antiserum.
Elution of the molecular weight marker proteins
was hardly affected by the aftered salt
conditions.

When the salt concentration was increased
from 0.1 to 0.5 and 1.0 M KCI, the native
size of the CSB complex decreased from
»>700 kbDa to 500 and 450 kDa
respectively {fig 4C}), which is still
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considerably larger than the single CSB
protein. MNotably, no free CSB protein is
detected at high sailt, making it unlikely that
miultimerisation of CSB causes the large
native size at 0,1 M salt. A pretreatment of
the Heba WCE with DNAse resulted in a
native size of CSB of about 550 kDa {fig
4C), implying that at low salt conditions the
CSB complex may stili contain some DNA,
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
CSB. For this we assavyed fractions of the
TFIl purification scheme that has been used
to isolate basal transcription factors of RNA
polymerase Hl {RNA pol I} {15}, This scheme
has proven to be valuable in the purification
of large protein complexes such as TFIIH
and RNA pol ll. On the first column of the
TFH  purification scheme, Heparin
Sepharose, CSB efuted at 1.0 M KCI {fig
BA). This already excluded copurification of
€SB with TFIIA, TFIB, TFIID, TFIIH, and the
ERCC1/XPF complex (15, 55}. In addition,
the XPA and XPG proteins elute in the
Heparin 0.4 M and subsequently in the
DEAE 0.2 and 0.36 M KCI fraction
respectively, as tested by immunoblot {Fig
BA} and correction of in vitro and in vivo
repair  defect (A.J, van Vuuren, W.
Varmeulen unpubi. obs.;. When these
fractions were tested for the presence of
CSA, we found elution in the Heparin 0.4 M
fraction {and a trace at 0.22 M), followed
by elution in the DEAE 0.35 M KC| fraction,
clearly distinct from the CSB elution (fig
bA). interestingly, the Heparin 1.0 M
fraction also contains TFItF and RNA pot |}
{15}, both of which are factors involved in
transcription elongation (2), as well as the
XPC/HHRZ23B complex {50}, However, RNA
pol il and CSB fractionate differently on a
DEAE-B5PW column, that was loaded with a
Heparin Q.6M fraction that also contains
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Figure 5. CSB does not copurlly with the
majority of the tested repair and transcription
proteins,

A. Elution fractions of the TFI purification
scheme were tested on immunoblot for the
presence of CSB, CSA and XPG. The presence
of TFIIH, ERCC1, XPA, XPG and XPC correcting
activities was tested on immunoblot and
confirmed by mieroinjection and in  vitro
complementation (55, &7}, A. Eker, W,
Vermeulen, pers. conwn.). The purification of
TFIIF, RMA polymerase Il and other transcription
proteins was deseribed previously (158}, B. Hela
WCE was fractionated on a phosphocellulose
column by loading in buffer A containing 0.15
M KCI, and eluting in buffer A supplernented
with KCL to 1.0 M. Elution fractions were
tested on immunoblot for the presence of CSA
and CSB, while the fractionation of the other
proteins was described earlier (40),

some CSB {data not shown). In addition,
RNA pol {f, TFIIF and XPC/HHR23B do not
coimmeunoprecipitate with CSB {see below),
making a stable association unlikely.
Secondly, phosphocellilose 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 {CFl} contains
RPA and PCNA, while the bound fraction
{CFIl} contains all other proteins required for
NER in vitro (40). Remarkably, CSB is
present exclusively in CFll, while CSA is
present in CFl {Fig. 5B), This again indicates
that €SA and CSB are not stably
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associated. More specifically, CSB elutes
between 0.4 and 0.6 M KCI {fraction Fili
{1}}, again excluding copurification with
RPA, PCNA, XPG, XPA, and ERCC1/XPF
(data not shown).

in  c¢onclusion, there is no
copurification of CSB with CSA nor with
the investigated repair and basal
transcription proteins. However, the gel
filtration studies described above imply that
the composition of the CSB complex
changes upon increasing the salt
concentration. Thus, the absence of
copurifying protsins 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-, Hiss-double tagged CSB.

To further investigate protein-protein
interactions and to allow isolation of CSB-
associating proteins under physiological
conditions, we generated CSB constructs
containing a N-terminal hemagglutinin
antigen {HA) epitope as well as a C-tarminal
histidine (His,) tag (see Material and
Methods} and used monoclonal anti-HA
antibodies for immunoprecipitation.

To verify that the addition of tags did
not interfere with CSB function, we
transfected CS1AN-Sv cells with the double
tagged CSB construct, Clearly, the cells
transfected with the HA-CSB-His; construct
showed a correction of UV-sensitivity to
wild-type level, identical to the nontagged
version {fig 6A). Also, the native size of
tagged CSRB in a cell-free extract of these
transfected cells is again very large {> 700
ka) {fig 4A)}, indicating that the tagged
protein is assembled in the CSB complex in
a similar way as the nontagged version.
Using the N-terminal HA-epitope we could
completely immunoprecipitate the CSB
protein by binding to protein-G beads that
were coated with monoclonal HA antibody
(Fig ©6B). Since this was done under
identical buffer conditions as the Superdex-
200 chromatography ahbove, we assume

e
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Figure 8. Function and immunoprecipitation of

tagged CSB.
A. Tagging of CSB does not interfere with its
ceffular  function. CS-B  fibroblasts were

transfected with the Indicated construets, and
the UV-sensitivity of mass populations was
determined by UV-irradiation and pulse labelling
with *H-TdR. 0: CS1AN-Sv {CS-B), &: CS1AN-
Sv + antisense CSB, 0! CSTAN-Sv + sense
C8B, ©: CSIAN-Sv + HA-CSB-His; (21CS8!,
B: VH10-Sv {wild-type]. B. None of the tested
candidate proteins coimmunoprecipitates with
tagged CSB. HA-, Hisg-double tagged CSB was
immunaprecipitated in buffer A from a WCE of
IV -resistant CSTAN-Sv transformants using
anti-HA antibody-coated protG beads. The
WCE, non-bound (n.b.} and bound (b.} proteins
were analysed on immunoblots with antisera
specific for the indicated factors. Anti-XPB
antibadies were used as representative for the
TFiIIH  complex; antisera against other
componems gave similar results (not shown).
The RAP30 subunit of TFIF gave the same
result as the RAP74 subunit [shown here). The
asterisk indicates IgG bands, C. CSB nor XPG
colmmunoprecipitates with CSA. The
endogenous CSA protein from Hela WCE was
immuneprecipitated in buffer A using crude anti-
CSA antiserum coupled to protA beads. The
WCE, non-bound (n.b.) and bound (b.} proteins
were tested aon immunoblot using the indicated
antisera.

that the entire CSB 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 6B).
Clearly, CSA did not coimmunoprecipitate
with CSB nor did XPC, HHR23B, XPG,
several subunits of TFItH, RNA pol I nor
both subunits of TFHF. 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 ths HA-
epitope is linked to the N-terminus of CSB,
it is unfikely that binding of the antibody
disrupts the interaction of CSB with the
proteins analysed,

To independently investigate whether
CSA and CSB are associated with each
other, the CSA protein was immuno-
precipitated from Hela celi-free extracts
using the anti-CSA antiserum (Fig. 6C}.
Also now, CSB was not coimmunoprecipi-
tated. In addition, the XPG protein, that
copurifies with CSA in the TFIl purification
scheme, was not coimmunoprecipitated
with CSA, indicating that also CSA 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 molscular
weight complex {> 700 kDa), but it is not
stably associated with detectable amounts
of TFIA, TFIIB, TFID, TFiF, TFIIH, RNA pol
Il, PCNA, RPA, XPA, XPB and XPD {TFIiH),
XPC/HHR23B, ERCC1/XPF, XPG or CSA.

Effect of CSB-immunodepletion on /it vitro
repair and transcription.

To test at the functional level whether
CSB and the CSB-associated proteins are
required for repair and transcription /n vitro,
we conducted immunodepletion
experiments, The crude anti-CSB serum
completely immunoprecipi-tated the in vitro
translated 168 kDa CSB protein {fig' 1B), as
well as the endogenous CSB protein from
an active Hela WCE (fig 7). Clearly,
depletion of CSB, performed under fow
stringency conditions, had no significant
effect on /n vitro repair or transcription
activities (fig 7). This finding confirms the
absence of basal transcription and repair
factors in the CSB complex, shown above,
and implies that the CSB complex is not
essential for these activities /in vitro.

csB P
uv

repair
309Nl = transcription

Figure 7. Complete CSB-immunodepletion has
no significant effect on /M vitre repalr and
transcription.

A repalr-proficient Hela WCE was
immunodepleted using crude. anti-CSB serum,
that was coupled to protA beads, under low
stringent (buffer A) conditions. Complete CS8
depletion from the extract, and binding to the
heads was verified by immunoblotting of 10 ug
of {non-jdepleted extract (top panell. Exactiy
equal amounts (100 ugl) of non-depleted and
depleted Hela extract were tested in the in vitro
repair  (middle panell, and in in  vitro
transcription fbottom panel} assays. Immuno-
depletion using the preimmune serum did not
precipitate the CSB protein and consequentfy,
this had no effect on the in vitro repair activity
fnot shown)/.

DISCUSSION

Complex cellular pathways can only
be understood in detaill when all
participating components have heen
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 core of the NER
reaction /n vitro, using damaged naked DNA
as substrates {1, 31). Similarly, the
combined efforts of numerous laboratories
has culminated in the /n vitro reconstitution
of the basal RNA polymerase |l transeription



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 I complex
encounters a lesion in the transcribed
strand. The only case in which the
transcription-coupled repair reaction s
elucidated in considerable detail is in the
prokaryote Escherichia cofi {39). Using an
elegant jn vitro assay, a factor was purified
that was required and sufficlent to mediate
TCR. This transcription-repair-coupling-
factor (TRCF} was shown to be able to bind
and displace a stalled RNA polymerase {38).
Since TRCF 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},
while the composition of the transcription
elongation complex is still flargely unknown,
Previously, cellular studies have suggested
a central role for the Cockayne syndrome A
and B proteins in transcription-coupled
repair (62, 58). Moreover, the elinical
halimarks displayed by CS 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
invo[vir;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
studias is the fact that the specific protein
is studied outside of fts natural context.
Particularly, when the protein /n wvive
resides in a large complex with muitiple
interaction domains, it may exhibit artificial
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association bhehaviour 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 potentiai
complications can arise when proteins are
overproduced during a two-hybrid screenin
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 CS8 protein. These

extracts are frequently used as starting
material for  purification of protein
{complexes} and are active In /n 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 CSB
resides in a farge molecular weight complex
inn the nucleus, in an attempt to identify the
activity of the CSB complex under the same
{Manley-} buffer conditions, we found no
effact of complete CSBimmunodepletion on
repair or on basal transcription, indicating
that the CSB complex does not contribute
significantly to these activities /n wvitro.
However, microinjection of antisera clearly
indicated a contribution of CSB {and CSA)
to transcription-coupled repair in vivo,
Moreover, the microinjection experiments
showed that CSA and CSB are not required
tor basal transcription /n vive. 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-coupledrepairthe
stalled RNA polymerase H complex
presumably forms the signa! that ultimately
leads to the attraction of the repair
machinery to the site of the lesion. In man
the CSA and CSB 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 CSA and
CSB have a different native size while the
native size of CSA is not affected by severe
CSB truncation, CSA and CSB fractionate
differently at fow salt concentrations on
both the Heparin and the pheosphocellulose
column. When immunoprecipitating CSA or
CEB 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 celis did not reveal
substantiat differances in the interaction of
CSB with other NER components {unpubl.
res.), but it is not excluded that minor
changes occur. Indeed, binding of in vitro
transtated 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 TFIH 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 il, resulting in promoter
clearance {16, 22, 26). Several subunits of
THFIH, and possibly the entire TFHH
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 TFHH display
comparable clinical features, it has been
suggested that the €54 and CSB mutations
interfere with the transcription mode of
TFHH (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 TFHH
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. Winkier, 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 coimmune-
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
transfated XPG protein to unlabelled, in
vitro translated CSB was observed {24). In
contrast, the analysis in cell-free extracts
presented here does not indicate any
{stable} association between XPG and CSB:
i} XPG fractionates differently on a Heparin
column [Fig BA), i) XPG does not
coimmunoprecipitate with CSB using the
anti-HA monoclonai antibody (Fig 8B) 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 8A) indicated co-fractionation of CSB
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 Il 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 6B}.

In conclusion, we have shown that in
Manfey-type whole cell extracts CSB exists
in a very large molecular weight complex,
which is distinct from the one of CSA,
Analysis of column fractionations and CSB-
immunoprecipi-tations of tagged CSB
excluded a number of candidate proteins to
be associated to CSB 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 CSB complex.
The in vivo microinjection experiments
suggest a raquirement for CSB in TCR but
not in basal transcription. Nonetheless the
CSB complex could modulate the efficiency
of transcription /in vive in a subtle manner,
as suggested by the clinical features of CS
patients, and as a secondary function
mediate in TCR. In such manner, CSB may
be associated to transcription efongation
factors, such as Sli, elongin/SIll or ELL (3,
38, 40}. Further identification of the CSB-
associating proteins has to await the
purification of components of the CSB
complex which is greatly facilitated by the
generation of transformants stably
expressing functional double-tagged CSB
protein.
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Summary

Organisms have devefoped 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, replication errors, or DNA
fesions 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 csll is nucleotide
excision repair {NER), that is capable of removing a large variety of damages from the genome
by replacing a small piece of DNA that contains the damaged nucleotide(s} by a new
undamaged copy. The importance of a functional NER in man is llustrated by the UV-sensitive,
genetic disorders xeroderma pigmentosum {XP), Cockayne syndrome (CS} and tricho-
thiodystrophy {TTD). Patients suffering from these disorders display various comrmon features,
such as skin abnormalities and increased photosensitivity. Rernarkably, only XP 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 cccur 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 transfated 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, €SA4 and CSB, 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 FRCCE are responsible for Cockayne syndrome group B {appendix |). The ERCCE
[Fxcision 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
ERCCE 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 cellutar 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 CSB, designated RAD26, and
generated a rad 26 disruption mutant (appendix I}. We were able to show that aiso the yeast
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homolog of CSB is required for TCR, 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 rad7 and rad 186, the latter two being required for repair of
nontranscribed DNA, it became possible to dissect the different repair levels within one active
gene {appendix I}, 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
transcribad strand, The possible identity of this residual repair moiety is discussed in chapter
2.

Due to its central role in TCR and its possible involvemeant in transcription itself, the CSB
protein is expected to interact, at least transiently, with other repair and transcription proteins.
In addition, since mutations in CSA lead to a similar defect in man, CSB could also interact with
CSA. Appendix |V discusses biochemical experiments that were performed to identify such
CSB-associated proteins, Antibodies were raised against human CSB, and ware shown to inhibit
TCR in vive when microneedie injected into cultured cells. CSB interactions were assayed under
near-physiological conditions, i.e. in whole cell extracts that were prepared according to Manlay
and which are active in /n 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 antibodias. We found indications that CS8 resides in a very large
molecular weight protein complex, but which does not include CSA. 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 addraesses 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. Finaliy,
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

£k levend organisme heeft een stelsel van DNA herstel mechanismen ontwikkefd 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 molecuul, van replicatie fouten, of van DNA schades, die geintroduceerd 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. Dit kan ernstige gevolgen hebben, zoals
voortijdige celdood, of juist tegengesteld, ongecontroleerde celgroei hetgeen kan ontaarden in
de vorming van een tumor. Een van de meest belangrijke DNA herstel mechanismen is het
nuclectide excisie herstel {(NER}, dat in staat is om velerlei verschillende DNA schades te
verwifderen. Dit gebeurt door een klein stukje DNA met de schade te vervangen door een
onbaschadigde cople. Het belang van een functioneel NER wordt geillustreerd door de UV-
gevoelige, erfeliike ziekten xeroderma pigmentosum {XP), Cockayne syndroom (CS) en
thrichothiodystrophie (TTD). Patiénten die aan deze syndromen leiden hebben enkele
symptomen gemeen, zoals huid abnormaliteiten en een verhoogde gevoeligheid voor zonlicht.
Opvaliend is dat alleen XP patlenten een verhoogde kans op huidkanker vertonen. Daarentegen
lijken bij CS en TTD patiénten 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 gevenden 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 deel van het DNA, Het bleek dat dit transcriptie
gekoppeld DNA herstel {TCR) alleen optreedt voor de getranscribesrde 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 TCRin verscheidene organismen en de factoren die hierbij een essentiéle
rol spefen. 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 sneflle transcriptie
gekoppelde alsmede het langzame globale genoom herstel zijn aangedaan. Daarentegen zijn CS
cellen specifiek deficiént in TCR. Dit betekent dat de produkten van de twee genen, die
aangedaan zijn in Cockayne syndroom, het CSA en CSB gen, direkt betrokken zijn bij de
koppeling tussen transcriptie en DNA herstel, Het onderzoek dat beschreven is in dit proefschrift
had tot doel om ophsldering te verkrijgen omtrent de rol van het Cockayne syndroom B {CSB)
etwit in transcriptie gekoppeld DNA herstel en andere processen in de cel.

De eerste stap was de bevinding dat mutaties in het eerder geisoleerde ERCCE gen
varantwoordslijk zijn voor het defect in Cockayne syndroom groep B {appendix 1), Het ERCC6
{Excisie Reparatie Cross Complementerend} gen was oorspronkelijk gefsoleerd doordat het de
gevoeligheid voor UV licht van een hamster mutant kon corrigeren, Nadat het FRCCE gen
vervolgens in cellen van alle bekende XP en CS mutant groepen werd ingebracht, werd
specifieke correctie van CS groep B gevonden, waarna het gen herncemd is als CSB.
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) homoioog van €SB hebben
gefsofeerd, die RAD26 genoemd is. Door middel van genetische manipulatie is een rad26
disruptie mutant gemaakt, en uit anpalyse daarvan bleek dat ook de gist homoloog van CSB
nodig is voor TCR, In tegenstelling tot de humane equivalent leidde disruptie van RAD26 niet
tot een verhoogde gevoeligheid voor DNA beschadigende agentia. Door dubbelmutanten te
maken van rad26 met rad7 en rad16, twee factoren die nodig zijn voor het herstel van niat-
getranscribeerd DNA, werd het mogelijk om de bijdrage van iranscriptie gekoppeld en niet-
transcriptie-geassocieerd DNA herste! aan de reparatie van één actief gen te bepalen (appendix
I}, Hieruit bleek dat deze twee mechanismen desis overlappen, wat waarschijnlijk de
bovengencemds 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 bediscussieard
in hoofdstuk 2.

Aangezien CSB een centrale rol inneemt in transcriptie gekoppeld DNA herstel en
mogelijk ook in transcriptie zelf, is het waarschijnlijk dat het CS8B eiwit interacties aangaat met
andere transcriptie of DNA herstel factoren, CSB zou daarnaast ook geassocieerd kunnen zijn
met CSA, aangezien mutaties in CSA en CSB tot eenzelfde DNA herste] defect leiden. In
appendix IV worden biochemische experimenten besproken die tot doel hadden zulke CSB
bindende factoren te identificeren. Antilichamen werden opgewekt tegen tegen het humane CSB
eiwlt en deze bleken TCR te kunnen blokkeren na micronaald injectie in gekweekte cellen. Deze
microinjecties hadden opvallend genoeg geen effect op de transcriptie activiteit van de
geinjecteerde cellen, waaruit blijkt dat CSA en CSB geen essentiele bijdrage aan dit proces
leveren, Interacties tussen CSB en andere eiwitten werden geanalyseerd onder pseudo-
fysiologische condities, In eiwit extracten die erg actief zijn in /n 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 antilichamen. Er werden
aanwijzingen verkregen dat CSB onderdeel! is van een groot eiwitcomplex, waar CSA geen deel
van uit maakt, Een stabiele interactie van CSB met een aantal andere kandidaat eiwitten werd
evenmin gevonden in deze eiwit extracten. Dit sluit echter niet sluit dat een tijdelijke associatie
onder de juiste omstandigheden kan plaatsvinden. Een verdere zuivering van het CSB-complex
zal hopelijk leiden tot de identificering van de CSB-associdrende 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
warden mogelijke functies van CSB bediscussieerd, alsmede vervoigexperimenten, die
voortvloeien uit het wark 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 groep in Rotterdam heeft afs voordesl dat er een enorme ‘back-
up’ aan mensen, kennis en materiaal is, waardoor het een stuk eenvoudiger wordt om
onderzoek te doen. Gelukkig is het AlO’s, die in Rotterdam promoveren, toegestaan om die
mensen met name te noemen, wat ik hieronder graag wil doen. Omdat iedsreen toch dit
nawoord als eerste gaat napluizen op zijn of haar naam, heb ik die maar in een titeltje gezet.
Mocht ik iemand vergeten zijnh, bedenk dan maar dat het echt geen opzet is geweest!

Promotoren Prof. Dick Bootsma en Prof, Jan H.J. Hoeifmakers, en commissieleden

Jullie wil ik beide erg bedanken voor de kansen en de vrijheid die ik in de afgelopen jaren
gekregen heb om het onderzoek te doen wat geresulteerd heeft in dit boekje. Zoals jullie samen
de DNA repair groep leiden, is een navolghaar voorbeeld voor velen. Beste Dick, het citaat aan
het begin van dit boekje is zeker op jou van toepassing, bedankt voor het vertrouwen en de
voortdurende belangstelling die je in het CSB onderzoek getoond hebt. Beste Jan, ik sta nog
steeds enorm versteld van je immense geheugen en (algemene} kennis. Ik zal met warme
gevaoelens terugdenken aan het bijkletsen over het heug en meug binnen de wetenschap. Ik heb
het enorm naar mijn zin gehad en ban er erg trots op tot ‘the Rotterdam group of Jan
Hoeijmakers with his 200 Ph.D. students’ (Noordwijkerhout meeting 1996} te hebben mogen
behoren. Prof. Piet van de Puite, Prof. Bert van Zeeland en Dr. ivo Touw wil ik hartelijk
bedanken voor het lezen van dit boekje en hun commentaar. lvo, jouw correctie’s vanuit de
positie als "leek’ {jouw term) zijn van zeer grote waarde geweest. Bedankt voor je tijd, enne ...
sorry dat ik je analist meeneem naar Engeland.

Christine, Sigrid, Roselinde en Betty

Jullis hebhen in mijn AlO-jaren een grote bijdrage aan het CSB werk geleverd, waarvoor
ik jullie ontzettend wil bedanken. Christine, voor het leggen van de fundering door het isoleren
van het humane CSB/ERCCS gen en voor het mee opstarten van mijn AlO onderzoek; Sigrid,
voor het volledig karakteriseren van het gist CSB gen {(RAD26), je hebt me veel werk it handen
genomen!; Roselinde, voor allerlei dingen waaronder het "taggen’ van het CSB eiwit, je ziet wat
er inmiddels allemaal gedaan mee wordt!; en Betty, voor het afmaken van de laatste proeven
en het voortzetten van het CSB project. Betty, noi siamo convinti che tu sia il mio perfetto
sostituto in gquesto progetto. Penso che fra qualche anno noi sapremo veramente gual & la
funzione di questa grossa proteina. Ricordati che tu mi puoi sempre chiamare o secrivere ogni
qual volta tu abbia bisogno di aiuto. lk vind het echt jammer om nu te gaan, nu er zoveel
spannende dingen te doen zijn. Heel veel succesl

De Genetica AlQ’s {Anneke, Bas, Betty, Jan, Jeroen, Mies en Wouter}
Ik wit vooral jullie alle succes wensen in de komende jaren als AIQ, maar ook in de jaren
die daarna op je te wachten staan. Vooral de avonden van de AlO Rebellenclub waren erg leuk

en 0ok nog eens nuttig: hou volt

De rest van Genetica en Celbiologie
De repair groep is in de tijd dat ik erbij heb gezeten uitgebreid van 17 tot zo'n 30

personen. Naast de voorspelbare nadelen, was het er vaak erg leuk om weer nieuwe mensen
om je heen te hebben. Jan {JdW) en Wim, ik had me geen fijnere kamergenoten kunnen wensen
om bij te kletsen over bijen en babtes. Wim, we hebben sen sterk vergelijkbare kijk op bepaalde
facetten van het leven, en daarom was onze tournee Amerika "95 ook zo'n leuke tijd {waren we
toch maar langer gebleven!). Ik heb er trots op dat je vandaag mijn paranimf wilt zijn, lets kiep
in tuts! Bert, jammer dat jouw stuk er net niet meer in kon, Succes met de vervolgproeven met
de muizen. De (ex-}rest van de repair groep: Anja en Esther (voor de roddeis), André {voor eiwit
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