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Chapter 1

Introduction






1. General introduction

DNA is the carrier of genetic information in living organisms. The information stored
in the nucleotide sequence of DNA is transmitted to the offspring by generating identical
copies of the parental DNA molecules. Damage in DNA can cause loss of genetic
information. Nevertheless, the DNA is continuously subject to alterations, and its instability
is likely one of the major factors in mutagenesis, The structure of DNA can be modified
spontanecusly by hydrolysis, oxidation, or by environmental factors such as ultra-violet (UV)
light, X-rays, or numerous chemical agents. Replication of unrepaired DNA can cause
genetic changes, which may affect proper functioning of proteins encoded by that DNA. As
a result celinlar malfunction, onset of carcinogenesis, inborn defects, or even cell death can
occur. In addition, DNA damage can interfere with other essential metabolizing processes,
like recombination or transcription, with deleterious consequences for the cell.

In order to maintain the integrity of DNA, all organisms have evolved a complex
network of mechanisms to prevent or repair DNA damage, The different pathways known
are able to handle distinct classes of DNA damage.

L. Direct repair of the damaged base: Two examples of this mode of repair are the light-
dependent enzyme photolyase (Phr), which monomerizes specifically cyclobutane pyrimidine
dimers, a lesion induced by UV radiation, and the methyltransferase reaction, in which the
methyl group of a methylated guanine is transferred to OS-methylguanine-DNA-
methyltransferase.

2. Base excision repair: Spontancous DNA lesions which are caused by oxidation and
hydrolysis, or lesions induced by X-rays and alkylating agents, are examples of lesions that
are removed by base excision repair (BER). The damaged base is excised by a glycosylase,
cleaving the N-giycosylic bond between the damaged base and its sugar group. The
remaining sugar-phosphate is hydrolysed by an abasic endonuclease activity. The main
pathway of BER replaces a single nucleotide and requires a deoxyribophosphodiesterase to
remove the 5 terminal deoxyribophosphate residue, a DNA polymerase for gap-filling, and
a DNA ligase for sealing the newly synthesized nucleotide to the pre-existing strand. An
alternative, but minor, BER pathway exists, in which a repair patch of two to five
nucleotides is displaced and DNA synthesis occurs using the non-damaged strand as template,
like in nucleotide excision repair (Dianov and Lindahl, 1994),

3. Nucleotide excision repair: This mechanism recognizes a wide variety of structurally
unrelated DNA lesions, including various UV-induced photoproducts, cyclobutane pyrimidine
dimers {CPD) and pyrimidine (6-4) pyrimidone photoproducts (6-4 photoproducts), bulky
chemical adducts, and certain types of crosslinks. These lesions destabilize severely the
helical structure of the DNA. Globally, five steps are involved in the nucleotide excision



repair (NER) process: recognition of the DNA damage, incision of the damaged strand on
both sites of the lesion, removal of the damage-containing oligonucleotide, gap-filling by
DNA synthesis, and finally ligation of the remaining nick (Friedberg, 1985; Hoeijmakers,
1993a; Hoeijmakers, 1993b). For a subset of lesions, like CPDs, cisplatin intrastrand cross-
links, and benzo[alpyrene adducts, two subpathways are recognized in NER: the rapid
transcription-coupled repair (TCR) of expressed genes, directed to the transcribed strand and
repair at a slower rate of the genome overall, which is designated here as 'global’ genome
repair (GGR) (Bohr, 1991; Hanawalt and Mellon, 1993). However, the extent of
discrimination between transcriptionatly active and inactive regions varies between species.
Transcription-coupied repair is more pronounced in rodent cells than in human, since the
small amount of CPD removal in rodent cells is almost completely targeted to the transcribed
strand of active genes.

4. Post-replication daugther strand gap repair: When the replication machinery is blocked
by a DNA lesion in the template, replication can restart 3° of the injury, depending on
whether the lesion occurs in leading or lagging strand. To overcome a blocking lesion in the
leading strand, replication initiation from a downstream origin can occur. Alternatively,
franslesion synthesis at the expence of increased mutagenesis can solve the problem. in
E.coli, the single-stranded gaps, that are left in the newly synthesized DNA strand, are
repaired by recombinational strand exchange, using the daughter strand as a template,
allowing complete replication of the DNA. In mammalian cells, this mechanism has not yet
been elucidated.

5. Mismatch repair: Another post-replication correction mechanism is the mismatch repair
pathway. Replication errors occur, due to occasional insertion of a mismatched base, or
stippage of the DNA replication machinery, in regions of simple di- or trinucleotide repeat
sequences, In F.coli, the MuwS protein binds the mismatched site, then a dimer of
MutL/MutH cleaves the non-methylated DNA strand, which is newly synthesized. The DNA
containing the mismatch is degraded by a single strand-specific exonuclease, followed by
gap-filling using DNA polymerase HI and joining by DNA ligase. Mismatch repair is
conserved from bacteria to man; MutS and MutH homologues have been identified in human
cells (Fishel et al., 1993; Leach et al., 1993; Parsons ¢t al,, 1993), A remarkabie observation
was the localisation of the human MwS gene fo chromosome 2, in the same region where
the locus responsible for hereditary nonpolyposis colorectal cancer (HNPCC) has been
mapped. These tumour cells show marked instability of simple DNA repeat sequences, like
mismatch-deficient mutants in F.coli and yeast. The strongest evidence that the mutation
responsible for ANPCC affects mismatch repair, is obtained by the fact that extracts of
tumour cells are deficient in this type of repair (Lindahl, 1994},

6. Recombinational repair: Double strand breaks and interstrand crosslinks, induced by X-
rays and several crosslinking agents, are severe types of damage, since repair requires both
DNA strands and the presence of homologous duplex DNAs. The mechanism is intensively
studied in E. coli, Each end of the double sirand break is degraded by an exonuclease, which
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leaves single-stranded ends, RecA protein binds to these free ends and initiates strand
exchange with the homologous duplex DNA molecule, forming two adjacent recombination
Jjunctions. The rernaining gaps are filled by DNA polymerase. Then both recombination joints
are resolved, yielding two intact duplexes. Many other enzymes are required for
recombinational repair, including RecBCD, RecE, RecF, RecG, RecQ, RuvA, RuvB, and
RuvC, but these will not be discussed here (for review, sce West, 1992},

This introduction focusses on the nucleotide excision repair (NER) pathway. First
evidence that NER plays a significant role in human health was provided in the late sixties
by Cleaver, who described a defective NER pathway in patients with the human hereditary
discase xeroderma pigmentosum {XP) (Cleaver, 1968). XP patients show hypersensitivity to
ultraviolet light and have a predisposition to develop skin cancer in sun-exposed areas of the
skin, Unravelling of the molecular mechanism of NER requires information about the genes
involved, and the functions of the encoded proteins in this repair process. NER-deficient
mutants in various organisms have played an essential role in the elucidation of the NER
mechanism, Presumably, insights in the NER process shed light upon skin cancer induction
in general. In the last twenty years, an increased incidence of various types of skin cancer
has been observed in fair-skinned people. A major reason might be exposure of the skin to
solar UV-light by sunbathing, especially in the developed countries. Reduction of the ozone
layer may also enhance the risk of skin cancer, since more harmful ultraviolet-B radiation

will reach the earth’s surface.

2. Nucleotide excision repair

2.1 Excision repair in Escherichia coli

The NER pathway has been characterized in most detail in Escherichia coli {van Houten,
1990; Visse, 1994). The key NER proteins are UvrA, UwB, UvrC, UvrD, DNA polymerase
I, DNA ligase, and two auxiliary factors: photolyase (Phr) and Mifd, the product of the
mutation frequency decline gene (also called transcription repair couplings factor, TRCE).
The first step in the repair process is dimerisation of UvrA molecules in the presence of
ATP, followed by the association of one UviB motecule forming a damage recognition
complex (Lin et al., 1992}. The UvrA,B complex binds to DNA and scans for lesions by a
weak helicase activity (Grossman and Yeung, 1990}, A wide spectrum of structurally
unrelated DNA lesions, ranging from thymine glycols to bulky adducts as well as inter- and
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intrastrand crosslinks, are recognized by this UvrA,B complex. Therefore, it is believed that
the recognition is based on detection of a distortion in the DNA helix, rather than on direct
sensing of the actual damage. After recognition of the lesion, UvrB is linked to DNA
(preincision complex), whereas UviA, is released {Orren and Sancar, 1989), UvrC binds to
the preincision complex and induces a dual incision in the damaged strand. The incision 5°
of the injury is catalyzed by UvrC, while the 3’ incision is made by UvrB (Lin and Sancar,
1992; Sancar and Tang, 1993). A 12-13 mer oligonucleotide containing the adduct together
with UvrC are released by the action of the UvrD helicase. DNA polymerase I fills the
single-stranded gap and releases UviB from the DNA (Orren et al,, 1992), Finally, the newly
synthesized DNA is joined to the pre-existing strand by DNA ligase 1. The scheme depicted
in Figure ! represents the NER reaction in vitro, using naked DNA as a substrate and the
purified proteins as mentioned above.

The basic rate of repair can be modulaied and regulated by auxiliary factors. The
regulatory SOS mechanism mediated by the LexA and RecA gene products promotes the
expression of a number of NER genes when the cell is confronted with DNA damage,
Another example of a NER modulator is Phr, which specifically stimulates the repair of
CPDs by UvrABC endonuclease. Probably the binding of Phr to the CPD results in a2 more
efficient recognition of this lesion (Sancar and Smith, 1989).

s

ATP ADP+Pi
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Figure 1, A model mechanism for nucleotide excision repair in Escherichia coli.



Strand-specific repair of active genes has been discovered in E. coff both in vive and in
vitro, after identification of such a preferential repair in mammalian cells (Bohr, 1991;
Mellon and Hanawalt, 1989; Selby and Sancar, 1991}, Strand-specific repair achieves fast
and complete elimination of lesions that cause a block in transcription, implying a priority
for repair of the expressed fraction of the genome compared to non-transcribed regions.
Strand-specific repair in E.coli requires at least an additional factor for communication
between the RNA polymerase and nucleotide excision repair. Recently, this transcription-
repair coupling factor (TRCF) has been identified as the product of the mfd gene (mutation
Jrequency decline) (Selby et al., 1991). When RINA polymerase is stalled at the lesion, it will
be released from the template by Mfd. The proposed model is that the Mfd protein remains
bound to DNA and recruits UvrA,B to accomplish fast repair of the transcribed strand (Setby
and Sancar, 1993).

It is obvious that NER in E.coli is a complex process, which requires many repair
proteins. In eukaryotes, chromatin structure and dynamics, genome complexity, or cell cycle
regulation, might further complicate the NER pathway. As a first step on the evolutionary
fadder from E.cofi and man, NER in yeast will be discussed below. The budding yeast
Saccharomyces cerevisiae has served as a model organism, because of its relatively low
genome complexity in comparison to higher eukaryotes.

2.2 Excision repair in yeast

An extensive collection of repair-deficient yeast mutants has been identified due to the
versatile genetic system of Saccharomyces cerevisiae. Three epistasis groups, defective in
DNA repair, have been characterized in yeast: RAD3, RAD6 and RADS52 (Friedberg, 1988).
Each group is called after one of their representants. The RAD6 group is required for post-
replication repair and is involved in damage-induced mutagenesis, whereas the RADS2 group
is implicated in recombinational processes. The RAD3 group represents nucleotide excision
repair. In the RAD3 epistasis group at least thirteen complementation groups (listed in Table
1) have been identified so far (Hoeijmakers, 1993a; Prakash et al., 1993), In the distantly
related fission yeast Schizosaccharoniyces pombe also a large set of repair genes have been
identified, many of which were found to be homologous to members of the RAD3 epistasis
group of the budding yeast Saccharomyces cerevisiae (McCready et al., 1993). These
homologous genes suggest a conservation of the repair pathway at least in yeast.

Radl, 2, 3, 4, 10, 14, and rad25 mutants are highly sensitive to UV-light and completely
deficient in NER. These gene products are indispensable for the incision step, Other mutants,
including rad7, 16, 23, 24, rad26, sstl, and mmsi9, are moderately or even not sensitive
to UV-light. These mutants are only partiatly defective in NER, suggesting that the encoded
proteins serve as accessory factors or act in a specific subpathway of repair, for instance in
preferential repair of transcribed genes.

NER in E.coli and yeast share all the basic features: recognition, dual incision, removal
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of the damage-containing patch, DNA synthesis and ligation. In both cases, a wide spectrum
of unrelated fesions is substrate for the repair mechanism. Purthermore, the two subpathways
of repair, transcription-coupled and global genome repair, are present, Although the NER
mechanism is conserved during evolution, E.coli NER genes appear not to have served as
ancestors for the Eukal'jFﬁliC repair genes, since repair in yeast and E, coli is exerted by non-
homelogous proteins, The properties of the different yeast repair proteins are discussed in
relation to the five basic steps in NER and briefly summarized in Table 1.

RADI14 is a hydrophilic protein containing a zinc-finger domain, It binds preferentiaily
6-4 photoproducts in UV-damaged DNA, but also other types of lesions (Guzder et al.,
1993). On the basis of these binding properties, it is likely that RAD14 is required for the
damage recognition step. However, the existence of additional proteins, that recognize DNA
damage, cannot be excluded.

Incision in yeast requires at least two endonuclease activities, carried out by RAD2 and
by the RADI/RAD10 complex. Expression of the RAD2 gene is induced by UV-irradiation
andt the protein shows a single strand-specific DNA nuclease activity, independent of the
lesion (Habraken et al., 1993). The RAD1/RAD10 complex (Bailly et al., 1992; Bardwell
et al., 1992) shows low endonuclease activity on both single-stranded and on supercoiled
double-stranded DNA (Sung et al., 1993; Tomkinson et al., 1994),

Presumably, the DNA around the injury must be locally unwounded to make it accessible
for the repair proteins, which are involved in incision. Candidates for this role are RAD3 and
RAD2S, since both are helicases. RAD3 has a 5= 3’ helicase activity on both double-
stranded DNA and DNA-RNA hybrids, but RAD3 is not able to uawind RNA duplexes
(Sung et al., 1987; Bailly et al., 1991; Naegeli et al., 1992b). The direction of the helicase
activity of RAD25 is the reverse of RAD3 (Park et al., 1992). In addition, these helicases
might be involved in recognition of the damage, when the helicases scan the DNA for
lesions, like the UvrA,B complex in E.coli. Inhibition of the movement of DNA polymerases
or helicases, which transiocate along the DNA, might be important for efficient recognition
of the damage, For instance, the helicase activity of RAD3 is strongly reduced by DNA
damage and alterations in the strand to which RAD?3 is bound {Naegeli et al., 1992a). When
RAD3 remains bound at or near the lesion, it may enhance recognition by other repair
proteins. However, the possibility cannot be excluded, that these helicases are involved in
the strand displacement of the damage-containing patch, like UvrD in E.coli.

As in E.coli, two NER subpathways exist in §.cerevisiae: transcription-coupled repair
and global genome repair. Rad7 and radl6 mutants are deficient in repair of non-transcribed
DNA, whereas transcribed strands of active genes are repaired at a rate similar to wildtype
cells (Terleth et al., 1990; Verhage et al., 1994). The sequence of RAD16 predicts a helicase
domain, which demonstrates remarkable sequence homology to a subfamily of putative
helicases (Bang et al., 1992; Mannhaupt et al., 1992). Generally, helicases can affect opening
of the DNA helix. I case of RADI16, it is believed that this protein serves to make the DNA
accessible for the repair proteins (Winston and Carlson, 1992). RAD7 interacts with SIR3,
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a protein that is probably involved in the packaging of DNA into (transcriptionally silent
chromatin (Paetkau et al., 1994). The function of RAD7 might be remodelling of the
chromatin structure, to allow NER proteins to remove DNA lesions from these non-
transcribed regions of the genome.

In contrast to rad7 and radI6 mutants, the red26 mutant is defective in transcription-
coupled repair and not in global repair. The RAD26 gene has been characterized only
recently, based on sequence homology to its human counterpart CSB (Huang et al., 1994).
The rad26 mutant is not sensitive to UV-light or X-rays, explaining why it was not identified
as a repair-deficient mutant before (van Gool et al., 1994). RAD26 has also helicase motifs
of the same putative helicase subfamily as RADI16. The proteins of this subfamily exhibit
various functions in repair- and transcription regulation: for example RADS54
{recombinational repair), RADS5 ({(post-replication repair), RAD26 and human. CSB
(transcription-coupled repair), and SNF2 and MOT1 (transcription reguiators) (Clark et al.,
1992: Johnson et al., 1992; Laurent et al., 1992; Schild et al,, 1992; Troelstra et al., 1992),

SSL1, TFB1, RAD3, and RAD?2S are part of the transcription initiation factor b (Feaver
et al., 1993) and will be discussed in the context of the homologous human transcription
factor TFIIH. Several ssi/ and #fb! mutants display UV-sensitivity, which suggests that these
mutants are also members of the RAD3 epistasis group (Yoon et al., 1992; Wang et al,,
1994b). It appears that NER requires proteins which have additional functions in other DNA
metabolizing processes in the cell. A dual function of RAD3 and RAD25 has been predicted
previously, as ’null’ mutations in these genes were not viable (Higgins et al., 1983;
Naumovski and Friedberg, 1983; Park ¢t al., 1992). Another example of a dual role is
presented by RAD! and RADIO; both are involved in NER and mitotic recombination
(Schiestt and Prakash, 1988; Schiest and Prakash, 1990). Littie is known about the function
of proteins encoded by RAD4, RAD23, RAD24 and MMS19.

The next question to be answered is to what extent NER in yeast can be related to repair
in higher eukaryotes, like mammals. The nuclear organisation in mammals is different from
yeast, this is due to a larger number of chromosomes and the presence of introns in the
DNA. Presumably, the diversity of tissues in higher organisms can affect the rate of repair.
Two classes of mammalian mutants have been identified: rodent cell mutants and naturaily
occurring human disorders, in which patients show a genetic defect in NER. Both classes will
be discussed in the following paragraphs.

2.3 Mammalian excision repair

2.3.1 DNA repair-deficient rodent mutants

A large number of NER mutants has been obtained from cultured rodent cell lines.

15



[y

=t

Table I: NER genes in yeast and their properties (the RAD3 epistasis group}

Gene Homologs Function/Activity Further characteristics

human S.pombe NER Additional
RAD]I ERCC4* radl6  incision recombination, complexed with RAD10, endonuciease activity
RADZ2 XPG radl3  incision expression induced by DNA damage, ss-DNA

endonuclease activity

RADZ XPD radl5  helix unwinding transcription 5’3" helicase, subunit of factor b
RAD4 XPC ss DNA binding?
RAD7 repair of non-transcribed DNA gene expression induced by DNA damage
RADIO ERCCI swil0  incision recombination complexed with RAD1, endonuclease activity
RADI4 XPA damage recognition preferential binding to damaged DNA
RADIG repair of non-transcribed DNA RADI16-subfamily of putative DNA helicases
RAD23  HHRZ23A,B ubiguitin-like N-terminal domain
RAD25" XPB ERCC3*  helix unwinding transcription 3'=5" helicase activity, factor b association
RADZ26 5B transcription-coupled repair RADI16-subfamily of putative DNA helicases
SSLI pd4 transcription subunit of factor b, mutaat is UV*
TFBI p62 transcription suburit of factor b, mutant is UV*

* rad]6 is also designated as swi9: * RAD25 is also designated as SSL2

4 RADI has sequence homology with ERCC4 ( L. Thompson, personal communication)



Eleven different complementation groups have been classified by complementation analysis
based on cell fusion experiments (Busch et al., 1989; Riboni et al., 1992; Collins, 1993).
Representatives of the groups 1-5 and 11 are highly sensitive to DNA-damaging factors, like
UV-irradiation, and deficient in one of the early steps of NER. Groups 6-10 show only a
moderate UV-sensitivity. Cross-sensitivity to chemical agents, that produce bulky DNA
adducts, is a feature of all complementation groups. Mutants of rodent groups 1 and 4 are
unique, since they display an extreme sensitivity to mitomycin C (MMC), a crosslinking
agent (Busch et al., 1989). Recently, it was found that not all representants of these groups
are highly sensitive to MMC. Several mutants of group 1 do not exhibit such an extreme
MMC-sensitivity, whereas the UV sensitivity is retained, and one representative of group 4
(UV140) has been isofated with a moderate response to UV and MMC (Busch, manuscript
in preparation).

Six human NER genes have been cloned by transfection of the human genomic DNA into
the rodent repair mutants. A practical reason for this approach is that transfection to rodent
cells is much easier than to human cells. The correcting genes are designated excision repair
cross complementing genes (ERCC), ERCCI (Westerveld et al., 1984), ERCC2 (Flejter et
al., 1992), ERCC3 (Weeda et al,, 1990b), ERCC4 (Thompson et al., 1994) ERCCS
(O’Donovan and Wood, 1993; Scherly et al., 1993) and ERCC6 (Troelstra et al., 1992).
With the exception of ERCCI and ERCC4, these cloned genes are also involved in human
NER disorders. Their functions and mode of action will therefore be discussed along with
the human syndromes.

2.3.2 Human mucleotide excision repair disorders

Theee rare, inherited human disorders are known, where a defective NER mechanism
is involved. These are xeroderma pigmentosum (XP), Cockayne’s syndrome (CS}, and a
photosensitive form of trichothiodystrophy (TTD}) also designated as PIBIDS. Of all TTD
patients approximately 50% exhibit photosensitivity. Patients suffering from the DNA repair
disorder XP show marked sun(UV)sensitivity, pigmentation abnormalities, and a strong
predisposition to skin cancer restricted to sun-exposed areas of the skin. Several XP patients
exhibit also accelerated neurological degeneration (Cleaver and Kraemer, 1994}, Both CS and
TTD patients display a broad range of clinical features distinct of XP: including a relatively
mild UV-sensitivity, mental retardation, dysmyelination of the neurons, poor physical and
sexual development and dental caries (Johnson and Squires, 1992; Nance and Berry, 1992).
In addition, TTD patients show several specific hallmarks such as brittle hair and nails, due
to a reduced synthesis of a class of cystine-rich matrix proteins, and ichthyosis (scaling of
the skin), and do not exhibit an increased risk for developing skin tumours (Lehmann, 1987,
Peserico et al., 1992}, However, many parallels have recently been observed between CS and
TTD. For instance, CS patients show thin hair and ichthyosis, which was found to be a
pronounced feature of TTD (Nance and Berry, 1992). TTD patients may exhibit
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neurodysmyelination, bird-like facies, cataract and dental caries, which are typicat CS
symptoms (Peserico et al., 1992; McCuaig ef al., 1993). These observations suggest that both
CS and TTD are part of one broader clinical spectrum. Many of these clinical features of CS
and TTD, besides UV-sensitivity, are remarkable since these symptoms are hard to explain
on the basis of a deficiency in NER,

Genetic heterogeneity in these human repair disorders is extensive. At least eleven
complementation groups have been identified and the characteristics of them are listed in
Table 2. Seven excision-deficient groups exist in XP, designated XP-A to XP-G (Vermeulen
et al., 1991). An eighth XP-group (called XP-variant) is not defective in NER, but impaired
in daughter-strand repair (Lehmann et al., 1975). Two groups have been observed in CS
{CS-A and CS-B). In TTD, three complementation groups have been characterized, one is
called TTD-A (Stefanini et al., 1993), and two other groups coincide with XP-D and XP-B
(Stefanini et al., 1992, and Chapter 5). Finally, several individuals show combined features
of XP and CS. These patients fall into XP group B, D, and G (Johnson and Squires, 1992;
Vermeulen et al., 1993; Vermeulen et al., 1994), suggesting that the disorders XP and CS
might be related or that both diseases are part of a much broader clinical phenotype. The XP
groups A-G are defective in NER, although to a variable extent. Most XP groups are
deficient in both subpathways of NER: in transcription-coupled - as well as global genome
repair, Both CS-A and CS-B are only deficient in preferential repair of the transcribed strand
of active genes (Venema et al., 1990a), The reverse is found in XP group C, in which the
repair defect is limited to the global genome pathway (Venema et al., 1990b and 1991). The
high incidence of skin cancer associated with XP-C and the absence of this risk in CS
suggests that the efficiency to remove lesions from the genome might be the main
determinant for the induction of skin tumours. Several XP and CS complementation groups
display considerable overlap with Chinese hamster mutants, The ERCC2 gene corrects the
UV-sensitivity of XP-D fibroblasts (Flejter et al., 1992), while ERCC3 compensates the
repair defect of XP-B cells (Weeda et al., 1990b). Recently, ERCCS5 has been found to be
responsible for XP-G (Scherly et al., 1993}, and finally ERCCE corrects the repair defect of
CS-B (Troelstra et al., 1992). This extensive overlap stresses the value of the rodent mutants
for understanding the molecular basis of NER defects in man; repair-deficient rodent cells
can be very useful to isolate genes, in which mutations are not compatible with life or proper
embryonic development in humans, For instance, FRCC! is not affected in any of the known
human complementation groups of XP, CS or TTD(PIBIDS) (van Duin et al., 1989b, and
unpubtished results).

As already indicated in Table 1, nearly all the cloned mammalian NER genes have a
yeast counterpart, This strong evelutionary conservation between yeast and man suggests that
no principal differences exist between low and higher eukaryotes. Different versions of the
same genes in the evolutionary diverse organisms Saccharoniyces cerevisige or
Schizosaccharomyces pomibe might help to isolate the mammalian homologs by
characterization of conserved domains. By such an evolutionary walking two human RADG
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Table 2: Characteristics of the human NER-deficient complementation groups

Group Clinical characteristics Repair properties Remarks
skin neurological relative uv* residual UDS
cancer abpormalities  incidence

XP-A + + 4 high +++ <5%

XP-B +/- +++/+ very rare o/ <10%/30-40% combined XP/CS and TTD patients
Xp-C + - high + 15-30% defective in global genome repair
XP-D +/- ++/+/- intermediate ++ i+ 15-50% XP, combined XP/CS and TTD patients
XP-E +i- - rare x >50%

XP-F +/- - rare + 15-30% slow repair but prolonged

XP-G +/- ++/+ rare ++ <10% XP and combined XP/CS patients

CS-A - ++ rare + 100% defective in transcription-coupled repair
CS-B - ++ high + 100% defective in transcription-coupled repair
TTD-A - + very rare + ~10% typical TTD patient, not the same as XP-B

or XP-D




homologs (HHR6A and HHRGB) have been cloned using S.pombe and Drosophila
melanogaster as intermediates (Koken et al., 1991a; Koken et al., 1991b). The RAD6 gene
plays a role in postreplication repair, damage-induced mutagenesis, and sporulation, As an
example in NER: sequence conservation permitted the isolation of haywire, the Drosophila
counterpart of XPB. It appears that NER genes of yeast and higher eukaryotes have the same
ancestor.

The DNA repair capacity is most severely reduced in fibroblasts of XP groups A, B, and
G. XP group A represents one quarter of all the XP cases and displays the severe clinical
phenotype with both skin tumours and symptoms of accelerated neurological degeneration
(Cleaver and Kracmer, 1989). The severe phenotype in patients cannot be related to a severe
type of mutation, such as a large deletion, in XPA. For instance, the characterization of one
of the mutations, which has been found in several Japanese XP-A patients, has shown that
only a single base substitution in the 3 splice accepior site of the third intron causes mRNA
instability (Satokata et al., 1990). In the rare group B, four patients have been documented,
Three of these XP-B patients display simultaneously features of XP and CS, whereas one
individual manifests the clinical characteristics of TTD (Robbins et al,, 1974; Vermeulen et
al., 1994 and Chapter 5). Complementation group C represents also a quarter of the total
numher of XP patients. XP-C patients have a high risk for skin cancer, such as in XP group
A, but they rarely display neurological abnormalities. (Cleaver and Kraemer, 1989).
Complementation group D is the most heterogeneous, including XP patients with neurological
problems, rare cases with combined XP/CS features, and individuals with TTD (PIBIDS)
(Vermeulen et al., 1991; Johnson and Squires, 1992; Stefanini et al., 1992). Most individuals
showing the photosensitive form of TTD belong to XP group D. Patients assigned to XP-E
display a mild clinical phenotype of XP, which correlates with the high residual repair
synthesis (50 - 60% in comparison to normal individuals) measured in fibroblasts of these
patients. XP group F mainly consists of Japanese patients with relatively mild symptoms,
Although repair in XP-F cells is rather slow, it can reach completion since it continues for
a longer time (Zelle et al., 1980), Finally, three XP-G patients demonstrate the combined
XP/CS phenotype (Vermeulen et al., 1993). The patient, representing the complementation
group TTD-A, shows typical TTD symptoms such as hair-shaft abnormalities with reduced
sulfur content, ichthyosis, and short stature. Apart from sun sensitivity, no clinical features
associated with XP patients have been found. Pigmentary changes or skin tumours have not
been observed.

All the XP fibroblasts show a NER deficiency to a various extent. In these cells
cyclobutang pyrimidine dimers can be removed by introduction of a CPD-specific
endonuclease from bacteriophage T4 or Micrococus Iutens. When the incision is made by
these exogenous enzymes, the job of repair can be finished, resulting in nearly normal levels
of CPD repair {Tanaka et al., 1977; De Jonge et al., 1985). Therefore, it is suggested that
NER defects in XP cells are related {o early steps of the reaction: recognition or incision.
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2.3.3 Functions of nucleotide excision repair proteins

Recognition of the DNA damage. The XPA protein has been purified from NER-
proficient HeLa cells (Robins et al., 1991). The protein contains a DNA-binding zinc-finger
domain (Miyamoto et al., 1992) and has high affinity to bind DNA, damaged by UV or by
cisplatin (Jones and Wood, 1993}, Its yeast homolog is RAD14, which preferentially binds
6-4 photoproducts in UV-damaged DNA {Guzder et al., 1993). This implicates a possible
role for XPA in recognition of the lesions, which is one of the early steps in nucleotide
excision repair. The main properties of the human NER genes and their encoded products
are summarized in Table 3 and illustrated in Figure 2.

Another candidate to recognize DNA adducts is XPE. A polypeptide of 125 kDa was
purified based on its affinity for UV-damaged oligonucleotides, and an associated 41 kDa
protein was found in these preparations. A subset of XP-E patients lack a DNA binding
activity (Chu and Chang, 1988), and microinjection of the purified protein (complex) into
these XP-E fibroblasts restores DNA repair synthesis to normal levels (Keeney et al., 1994).
This suggests that the protein (complex) is responsible for correction of the repair defect in
XP group E, However, mutations in XP-E patients still have to be identified, which is
possible because both genes encoding the 125 kDa and 41 kDa subunits have been cloned
{Takao et al., 1993; Keeney et al., 1994). No indications for the function of the encoded
proteins nor any homology to known yeast genes could be found in the sequences. The mild
repair defect in XP-E cells, even when the binding activity is completely lacking, suggests
that the DNA damage binding protein has a role as stimulatory or accessory factor, Both
XPA and XPE proteins show a much higher affinity for (6-4) photoproducts than for CPDs,
which could be an explanation for the more efficient, about 10-fold, repair of (6-4) lesions
in humans (Szymkowski et al., 1993).

DNA unwinding. Both XPB and XPD exhibit helicase activities; each in opposite
direction, XPB 3’5" and XPD 5’3" (Schaeffer et al., 1994), fike their yeast counterparts
RAD25 and RAD3. The possible functions of these helicases in the NER process have
already been discussed (see paragraph 2.2). In XPB both the helicase domains and the
putative DN A-binding motif are needed as indicated by site-specific mutagenesis (Ma et al,,
1994}, The discovery that XPB and XPD are subunits of the basal transcription factor TFIIH
is highly important, because it links two distinct processes; DNA repair and basal
ranscription {Schaeffer et al., 1993; Schaeffer et al.,, 1994), TFIIH is required for
transcription initiation (discussed in detail later) of penes transcribed by RNA polymerase I,
suggesting that the complex has a vital function in the cell. Muiation analysis of several TTD
patients deficient in the XPD gene revealed also an additional function for XPD, besides its
role in NER. When excision repair activity is abolished >80%, the growth kinetics remain
normal in these cell strains (Broughton et al., 1994). This result is in complete agreement
with mutations found in the yeast R4AD3 gene, especially in the ATP-binding domain, in
which both helicase and repair activities were fully impaired, but not the viability of the cells
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Table 3: Main properties of human NER genes

Group

Cloned gene”

Function

Further characteristics

XP-A

XP-B
Xp-C
XpP-D
XP-E

XP-G

CS-A
CS-B
TTD-A

XPA

XPB/ERCC3
XPC
XPD/ERCC2

XPG/ERCCS

CSB/ERCCS

ERCCY

HHRZ234,B

recognition of lesions

transcription and repair
¢global genome repair
transcription and repair
recognition of lesions?
5" incision and mitotic
recombination?

incision 3" of the lesion

transcription-coupled repair
transcription-coupled repair
transcription and repair

5° incision and mitotic
recombination?

genome overall repair?

binds preferentially damaged DNA., different from
rodent group 1-7

3’ 5 helicase, subunit of TFIIH

complexed with HHR23RB, binds strongly ss-DNA
5" 3" helicase, subunit of TFITH

binds damaged DNA?

complexed with ERCC1, 4 and 11, both ERCC# and
ERCCII are candidates for deficiency in XP-F

conserved domains with FEN1, a structure-specific ss-
DNA endonuclease

helicase domains of RAD16 subfamily

complexed with ERCC4, 11 and XPF

ubiquitin-like N-terminal domain, HHR23B complexed
with XPC

* The old ERCC~designation indicates the complementation groups of rodent mutants where the gene is defective



(Sung et al., 1988). These findings indicate that the helicase activity of RAD3 and probably
also of XPD are not essential for their vital function in celis.

Incision on both sites of the lesion. XPG shows limited but significant homology with the
yeast RAD? protein (Scherly et al., 1993) and with the human FENI protein (Harrington and
Lieber, 1994). Although FEN! is smaller than XPG, it shares all the domains conserved
between XPG and RAD2, FENI is a structure-specific endonuclease and cleaves a DNA
substrate with a 5’ single stranded flap {Harrington and Lieber, 1994). In addition, RAD2
has single-stranded DNA cleaving properties. XPG demonstrates endonuclease activity on a
Y-shaped DNA structure, which contains a duplex region and single-stranded tails. XPG
cleaves specifically the DNA strand with a 5° single-stranded tail and the incision is made
at the branch point a few bases into the duplex region (O’Donovan et al., 1994), These
results suggest that XPG is responsible for the 3° incision in the human NER pathway. The
conservation between XPG, FEN1 and yeast RAD2 implicates the existence of a subfamily
of endonucleases specific for branched DNA.

Strong evidence exists for a human protein complex carrying ERCC1, and the
complementing activities of XP-F and the rodent complementation groups 4 and 11 (Chapter
2, and Biggerstaff et al., 1993). The ERCCI complex might be responsible for incision of
the damaged DNA, and will be discussed in detai in paragraph 2.3.5.

DNA synthesis and ligation. The final events in the NER reaction are refilling of the gap
by DNA synthesis and ligation to the pre-existing DNA strand. RP-A (hSSB), which binds
the non-damaged single-strand DNA template, proliferating ceil nuclear antigen (PCNA},
polymerase § and/or polymerase ¢, all previously discovered as replication proteins, are also
required for the repair synthesis reaction in vitro (Coverley et al., 1991; Shivji et al,, 1992).
Furthermore, in vivo, PCNA can be detected in repair sites and in replication sites. (Fackson
et al., 1994), DNA ligase | is responsible for the final closure of the remaining gap after
DNA repair synthesis.

NER genes with a so far unknown function. The XPC gene has been cloned, but since
the predicted amino acid sequence did not reveal any known enzymatic domains, no clues
could be obtained for the role of XPC in repair {Legerski and Peterson, 1992). The XPC
protein is found to be tightly associated with HHR23B, one of the two human homologs of
the yeast RAD23 protein (Masutani et al., 1994). The complex binds preferentially ss-DNA
and this binding specificity probably resides in XPC, since no DNA-binding activity could
be measured using HHR23A or HHR23B alone {van der Spek, unpubl. results) The predicted
role of the complex is likely to be restricted to the subpathway of global genome repair
{Venema et al., 1990), It is not known whether other repair factors, in addition to the
XPC/HHR23B complex, are specifically involved in the slower repair of lesions in the non-
transcribed part of the genome. However, a fully inactivated RAD4 gene, which is the
presumed yeast homolog of XPC based on the sequences of both genes, results in a defect
in both subpathways {Legerski and Peterson, 1992). In yeast, fuactional homelogs of XPC
ntight be RAD7 or RAD 16, because the corresponding mutants are only affected in the repair

23



Damage recognition

Lesion marcation

Dual incision

Release of damaged patch

Gapfilling by DNA synthesis

Figure 2, Modet for human nucleotide excision repair.

of non-transcribed DNA (Verhage et al., 1994). It is possible that this reflects a principle
difference between the NER processes in yeast and man, which may be related to genome
organisation of both organisims.

Mutations in CSB affect the mechanism of strand-specific repair. The protein contains
the putative helicase domains, characteristic of the RAD16 subfamily (Troeistra et al., 1992),
CSB might be the factor that specifically couples NER and transcription, like the Mfd protein
in E.coli. However, CSB is not found to be associated with any of the weli-known
transcription factors so far, and there is no sequence homology with Mfd (Bootsma and
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Hoeijmakers, 1993).
2.3.4 DNA repair in vitro

Information about the genes and the gene products involved in NER in mammatian celis
is accumuilating very rapidly. Two fruitful assays to detect repair of DNA damage are
microneedle injection and cefl-fusion. Complementation analysis have been performed using
cell-fusion experiments, resulting in the identification of at feast 10 different human- and 11
rodent complementation groups involved in NER. Proteins, antibodies, and DNA can easily
be introduced into fibroblasts by microinicction, The effect on the repair capacity of the cells
is measured by UV-induced unscheduled DNA synthesis (UDS) (Vermeulen et al., 1993).
Both repair assays reflect the entire NER process in vivo. Therefore, these procedures are
not very useful to study the biochemistry of excision repair. A powerful in vitro DNA repair
assay as developed by Wood ¢t al. (1988) and independently by Sibghat-Ullah et al. (1989)
might help to investigate the components involved, and to dissect the NER reaction into
discrefe steps.

The in vitro DNA repair assay is based on defined damaged DNA substrates and celi-free
extracts of rodent or human cell lines. These cell-free extracts have already been used in in
vitro transcription experiments, suggesting that proteins {complexes) still remain active in this
type of extract (Manley et al., 1983). In the reaction mixture, the repair enzymes incise the
damaged DNA on both sites of the lesion and the damage-containing patch is removed. The
remaining gap is fifled by DNA polymerase while [*P]-labelled nucleotides are incorporated
in the newly synthesized patch. As an internal control non-damaged DNA of a different size
is included in each reaction. Then DNAs are isolated and linearized by restriction enzyme
digestion prior to gel electrophoresis and autoradiography. The repair synthesis is ATP-
dependent and requires Mg?t and K*. Extracts of cells representing the different XP
complementation groups are repair-deficient in this in vitro assay. Two mixed extracts from
distinct complementation groups correct the repair activity to normal levels, indicating that
the assay can mimic the in vive cell fusion complementation experiments.

The in vitro assay removes not only UV-induced damage like CPDs and 6-4
photoproducts, but also psoralen and cisplatin adducts. However, the efficiency of repair is
not equal for all types of lesions. The repair of 6-4 photoproducts is 10-fold faster than CPD
repair (Szymkowski et al., 1993). This relates to the situation in vive in which the less
abundant UV-induced 6-4 photoproducts are removed far more rapidly and completely from
the genome than the main UV-induced CPD lesions. A problem is observed using UV-
irradiated DNA as substrate, since, in addition to CPDs and 6-4 photoproducts, pyrimidine
hydrates are induced as minor lesions. These pyrimidine hydrates are efficiently recognized
by a NER-independent endonuclease activity present in all extracts of mammalian cell types.
As expected, nicks in the DNA induce an aspecific incorporation of labelled nucleotides;
therefore, it is important that the DNA has its circular closed form before adding to the

25



reaction mixture. The DNA substrate can be cleaned from these pyrimidine hydrates by
treatment with E.coli Nth protein (Chapter 2, and Wood et al., 1988). Another method to
damage the DNA, without such a nuclease problem, is treatment with the chemical agents
N-acetoxy-2-acetyl-aminofluorene (AAF), which induces almost specific N-(guanine-8-yl)
adducts (Chapter 2). In vitro, AAF lesions are repaired with an efficiency comparable to 6-4
photoproducts {Szymkowski et al., 1993). The in vitro repair mechanism can easily be
manipulated by adding antibodies or purified factors. The repair assay represents bona fide
nucleotide excision repair, although there are some limitations. For instance, the fact that
approximately 1% of the damaged DNA molecules undergo a repair event, and only global-
and no transcription-coupled repair can be detected in this in vitro procedure.

The in vitro repair assay has been used for several approaches: festing purified repair
factors for their repair capacity, the identification of some replication proteins to be involved
in repair, and elucidation of the size of the damage-containing patch. In such a correction
assay purified repair proteins from repair-proficient extracts were found to increase the repair
synthesis to normal levels in extracts of XP group A (Robins et al., 1991), XP group G
(O’Donovan and Wood, 1993), and in XP group C. Purification of the XPC/HHR23B
complex permitted the cDNA cloning of both components (Masutani et al., 1994). In this
case the in vitre assay was modified using UV-irradiated SV40 minichromosomes, a more
chromatin like structure as substrate instead of naked DNA. RP-A (hSSB), proliferating cell
nuciear antigen (PCNA), and the polymerases § and ¢, previously isolated as part of the
replication pathway, turned out fo be essential for repair in vitro (Coverley et al., 1991;
Shivji et al,, 1992), illustrating an overlap between these distinct processes: replication and
repair. An excision assay with four defined CPDs in one DNA molecule clearly demonstrates
that mammalian NER induces a dual incision in the damaged strand, like in E.coli. The
incision is made 4-6 base pairs 3" and 21-23 nucleotides 5° of the lesion. An 27-30 mer
oligonucleotide, containing the damage, is excised (Huang et al., 1992), which is larger than
the 12-13 mer found in E.coli.

The experimental work described in this thesis is centred around this in vifro repair
assay. Firstly, it was used in complementation analysis of extracts of different rodent
complementation groups, resulting in the discovery that ERCC1 is part of a functional protein
complex together with ERCC4, ERCC11, and XPF, and characterization of this complex
{Chapters 2-3), Secondly, the assay appeared to be crucial for the unexpected discoverly that
at least three NER proteins are subunits of the transcription initiation factor TFITH. These
NER proteins, XPB, XPD and TTDA, function in both transcription and repair, suggesting
that the entire TFIIH complex plays a role in these two DNA metabolizing processes
{Chapters 4-6).

2.3.5 ERCC1 resides in a protein complex

The first human NER gene was cloned in 1984 (Westerveld et al., 1984), The gene,
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designated ERCCI corrected the repair defect of rodent complementation group 1 after
genomic transfection. The gene was isolated and characterized; the encaded protein showed
sequence homology with the §.cerevisine RAD10 and the S.pombe swilO proteins. The C-
terminal part of ERCC1 has homology with a UvrA segment and with the C-terminus of the
UvtC protein (van Duin et al., 1988). So far, ERCC/ is the only NER gene, having
homology with E.coli repair genes, but the UvrA/C homology of ERCCI was not found in
the 8. cerevisiae counterpart. The C-terminal part of ERCCI is essential for repair, in contrast
to the N-terminus, since transfection of a c¢cDNA with an N-terminal deletion of
approximately 1/3 of ERCCI, still shows correction of the repair defect in rodent
complementation group 1, ERCC1 is not associated with 2 defect in any of the known human
disorders, since direct transfer of ERCCI ¢DNA to cells of all XP, CS or TTD
complementation groups failed to restore the repair defect (van Duin et al., 1988,
Verimeulen, unpublished results).

In yeast, RADI0 forms a tight complex with RADI1. This complex is required in both
NER and mitotic recombination (Schiestl and Prakash, 1988; Schiesil and Prakash, 1990),
suggesting that also ERCCl might play an additional role in recombination. The
RAD1/RADI0 complex displays endonuclease activity on both single-stranded and
supercoited double-stranded DNA (Sung et al., 1993; Tomkinson et al,, 1994). Recently,
evidence has been observed that the complex is a structure-specific nuclease (Bardwell et al.,
1994},

The first indication that ERCC1 also resides in a protein complex was deduced from
complementation studies using the in vitro DNA repair assay. Unexpectedly, mixtures of cell-
free extracts of the rodent complementation groups 1, 4, 11, or the human XP group F, show
no restoration of the repair activity to normal levels. These data are in contrast to cell
hybridization experiments in vivo, in which repair activity was observed when two mutants
of distinct complementation groups were fused. However, cell-free extracts of rodent groups
2, 3, 5, and human XP-A are able to complement the NER deficiency of all other
complementation groups (Chapter 2, and Biggerstaff et al., 1993). The absence of correction
is not due to trivial problems of the in vitre repair assay, because other complementation
groups do increase the repair synthesis of extracts of rodent groups 1, 4, 11, and human XP-
F to normal levels. Lack of correction has been observed using extracts of several
independent mutants of rodent groups 1 and 4, so allele-specific behaviour is unlikely, This
observed pattern of non-complententation of NER defects in vitre between a specific subset
of complementation groups suggests that the corresponding proteins affect each other, This
may occur when these proteins form a stable complex, of which the components cannot be
exchanged under these in vifro conditions. On the basis of this complementation analysis of
rodent groups I, 4, 11, and human XP-F, one may conclude that the /n vitro DNA repair
assay cannot replace cell fusion experiments to identify new NER-deficient complementation
groups.,

Further evidence for a protein complex concerning ERCCI, 4, 11, and XPF has been
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obtained from inmunodepletion studies. Anti-ERCC1 antibodies deplete a repair-proficient
Hela extract not only of the ERCCI repair capacity, but alse of the repair-correcting
activities of ERCC4, ERCC11, and XPF. ERCC1 protein is significantly reduced in extracts
of rodent groups 4, 11, and human XP-F compared to extracts of other XP groups or wild-
type cells (Chapter 3, Biggerstaff et al., 1993, and R.I>. Wood, personal conununication},
This indicates that complex formation is needed for the stability of its subunits.

Transfection experiments have already ruled out a direct involvement of ERCCI in the
NER deficiency of XP group F (van Duin et al., 1988 and Vermeulen, unpubl. results). In
addition to ERCC1, only FRCC4 has been cloned as the complementation group 4 correcting
gene (Thompson et al,, 1994). Unfortunately, sequence data have not yet been published.
Partial data have revealed homology to the yeast RADI gene (Thompson, personal
communmnication). Therefore, both ERCC4 and FRCCI I remain candidates for the gene, which
is affected in XP-F cells.

Despite extensive studies {Chapter 3) the composition of the protein complex has not
been completely elucidated. A tentative subunit of 120 kDa was immunoprecipitated
specifically from *S-fabelled Hel.a extract and not from a labelled XP-F extract by anti-
ERCCI antiserum. This mammalian subunit might be the human homolog of the yeast RAD1
protein, based on the size of both proteins; 120 kDa for the subunit, compared to 126 kDa
for RAD!. The yeast radl and radl0 mutants are defective both in NER and mitofic
recombination (Schiestl and Prakash, 1988; Schiestt and Prakash, 1990). Rodent ERCC! and
ERCC4 mutants demonstrate also a remarkable similarity. Generally, these rodent mutants
display hypersensitivity to cross-kinking agents, and these lesions are thought to be repaired
by a recombinational event. Rodent group 11 and human XP-F celis do not show such an
extreme sensitivity to MMC, which is maybe due 1o subtle mutations in these genes. In non-
denaturing gels the protein complex has a molecular mass of ~250 kDa, which is much
farger than the ~ 120 kDa previously found in glycerol gradient sedimentation {Chapter 2,
Biggerstaff et al., 1993). The larger size of the protein complex found by gel-electrophoresis
would better accommodate the presence of ERCC1, a protein with a predicted weight of 33
kDa, a 120 kDa subunit, which is an ERCC4 candidate, and at least one unidentified protein
in the complex.

Purification of the ERCC1 complex to homogeneity could not be achieved so far using
classical chromatography columns. One complication to purify the ERCC1 complex is the
low expression level (van Duin et al., 1989a). The ERCC1 complex shows partiaily co-
elution with the transcription initiation factor TFIIH over four chromatography columns, but
this co-elution is incidental, since no co-depletion of ERCC1 and TFHH was found by anti-
ERCC1 antiserum or anti-p62 antiserum, a subunit of TFIIH, In addition, immunodepletion
of a repair-proficient extract using anti-ERCC1 antiserum does not remove the repair capacity
to correct rodent groups 2 and 3 extracts (Chapter 2), while both correcting proteins reside
in TFITH (Chapters 4 and 5). Although an interaction between ERCC1 and XPA was recently
described (Li et al., 1994a; Park and Sancar, 1994) association studies failed to disclose a
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stable interaction between both proteins, but transient affinities during the NER process
cannot be excluded. Presumable, another approach via a tagged ERCCI1 protein might be
necessary to purify the ERCC1 complex,

It is expected that the ERCC1 complex is the human homolog of the yeast RAD1I/RADI10
complex, based on the homology of ERCC1 and ERCC4 with RADIO and RADI
respectively. The ERCCI complex might have an additional function in recombination, like
the yeast counterpart. Very recent data showed that the yeast RADI/RADI10 compiex cleaves
in vitro a splayed-army DNA structure, at the border of the single-stranded and double-
stranded area, only in the strand with a single 3’ end (Bardwell et al., 1994). When this is
also true in vivo, the RADI/RADI1O complex is likely to be responsible for the 5° incision
in NER. By analogy to yeast, the ERCC1 complex is predicted to exhibit incision activity,
which would be in line with the additional function of the ERCC1 complex in recombination,
since both processes imply a DNA incision step in their reaction mechanisms. However, the
incision activity of the ERCC1! complex still has o be confirmed. Recently, XPG was found
to display endonuclease activity on similar splayed-arm DNA structures with 5° single-
stranded tails, implicating that XPG is required for the 3’ incision (O’Donovan ef al., 1994).

No human disorder has been observed yet to be due to an ERCCI-deficiency. Perhaps
the additional involvement of ERCC1 in recombination is responsible for clinical symptoms
in patients that are not directly associated with NER. Presumably, a mouse model can give
more indications of an ERCC!-deficiency in man. Mice have been generated in which both
ERCCI alleles were inactivated (MicWhir et al,, 1993, and Weeda, unpublished results), The
homozygous ERCCl-deficient mice (-/-) show retarded growth in comparison to the
heterozygote (+/-) or the wild-type (+/+) litter mates, and die at an age of 4 to 10 weeks.
In addition to growth deficiency, liver and kidney abnormalities have been observed in (-/-)
mice. Homozygous mice are underrepresented, suggesting that these mice might have a
decreased viability, Embryonic fibroblasts of homozygotes display both UV-sensitivity and
hypersensitivity to the cross-linking agent MMC, confirming the expected NER-deficiency.

If a human disorder due to an ERCCl-deficiency exists, and if the phenotype is related
to these homozygous mice, patients may die very young due to liver problems before they
can be clinically recognized as having a defect in NER. Pigmentation abnormalities or UV-
sensitivity are often not noted in very young XP patients. Alternatively, a defect in ERCCI
niight not be viable in man, since no expected segregation of ERCC1i-deficient alleles has
been observed in mice. More subtle mutations in ERCCI, rather than a complete inactivation
of the gene, will hopefully result in a longer lifetime of the (-/-) mice. This will allow to
study the role of ERCCI in carcinogenesis, since skin tumour induction by carcinogenic
agents usually requires several months. A series of mouse models lacking different excision
repair genes will be generated in the future, which is important to study the clinical aspects
of a NER-deficiency in more detail.
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3. DNA repair: link to the process of transcription

3.1 Transcription initiation hy RNA polymerase 11

One of the basal initiation factors, TFIIH, is required for transcription initiation and is
involved in nucleotide excision repair. Therefore, the process of transcription initiation by
RNA polymerase II {pol IT) will be discussed briefly. In eukaryotes, transcription of protein-
encoding genes is carried out by RNA pol II. Two classes of transcription factors are
observed: general initiation factors, essential for initiation of a basal level of transcription
from many core promoters, and regulatory factors, mediating the action of activators,
silencers, and enhancers.

Transcription initiation by RNA pol 1T requires at least six basal transcription initiation
factors, The assembly of these transcription factors on the promoter has been extensively
studied in vitro (Conaway and Conaway, 1993). Promoters recognized by pol If often have
a TATA-box, which is located ~30 bp upstream of the transcription start site, and an
initiation motif at position +1. As an initial step the TATA box-binding protein (TBP), a
subunit of TFIID, binds to the promoter. However, a subset of promoters lacking this TATA
element is also recognized by the protein, In addition to TBP, TFIID contains several TBP-
associated factors (TAFs), which are probably mediating transcriptional activation.
Subsequently, TFITA binds TBP, thereby stabilizing the TFIID-DNA interaction and acting
as a binding site for TFITB, TFIIF appears to associate with RNA pol I and delivers it to
the pre-initiation complex.

Eukaryotic pot II is composed of 10 different subunits. The largest subunit of pol II
contains an unusual C-terminal domain (CTD) comprised of multiple repeats of the heptamer
consensus sequence Tyr-Ser-Pro-Thr-Ser-Pro-Ser. This CTD is specific for eukaryotic pol
T enzymes. The length of the heptapeptide repeats correlates with the genomic complexity
of the organism; it occurs 26-27 times in yeast, 42-44 times in Drosophila, and 52 times in
mouse and man {Young, 1991). As a result of this high content of serine and threonine
residues, the CTD can be extensively phosphorylated. The function of CTD phosphorylation
has been analyzed: the nonphosphorylated (ITA) form of the polymerase stably associates with
the preinitiation complex, whereas the phosphorylated (IIO) form is isolated from actively
elongating complexes. The conversion of TIA to ITO occurs prior to the formation of the first
phosphodiester bond (Laybourn and Dahmus, 1990). Phosphorylation of the CTD might be
the trigger for transition from the initiation- to the elongation phase.

The association of the basal factors TFIIE and TFIIH completes the assembly of the pre-
initiation complex (Zawel and Reinberg, 1993). An ATP-dependent step is required during
the initiation step of transcription (Sawadogo and Sentenac, 1990). So far, TFIIH is the only
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factor displaying known catalytic activities. Its activity phosphorylates the large subunit of
RNA pol II. In addition, TFITH shows DNA-dependent ATPase and helicase activities (Lu
et al,, 1992; Schaeffer et al., 1993). Most of the transcription initiation factors are
multisubuatit protein complexes, and these factors have been characterized by purification,
after which the corresponding genes could be isolated.

Transcription in vitro from the adenovirus major late promoter (AdML) requires all the
described general initiation factors, but only a subset of basal factors is necessary for
transcription of the immunoglobulin heavy chain (IgH) promoter, The transcription appears
to be dependent on the topology of the DNA; negarively supercoiled DNA obviates the need
for the factors TFIIE and TFIIH, Probably, melting of the DNA for the formation of an open
complex is facilitated by negative superhelical twists (Parvin and Sharp, 1993; Timmers,
1994}, suggesting that the configuration of the DNA template is an important parameter
determining initiation in vitre. There is evidence that TFIIH has a stimulatory effect on
transcription of supercoiled templates. The effect is more pronounced on HIV type 1 than
on the AAML promoter, implying a possible promoter specificity. Whether this is the case
in vive remains to be proven, since all data have been obtained using in vitro run-off assays
and a limited number of promoters. Only a *minimal initiation complex” containing TBP,
TFIIB, TFUF, and pol 11, is sufficient for the production of transcripts up to 70 nucleotides
(Tyree et al,, 1993),

It is not yet clear how many subunits reside in the TFIIH complex. In the most purified
fraction five predominant subunits are observed, including p89, p62, p44, p41 and p34, and
at least three more loosely associated components: p80, p35 and p38 (Gerard et al., 1991).
The function of the p62 protein is unknown, although the gene was cloned some years ago.
Suprisingly, the p89 subunit was found {o be identical to the XPB protein described
previously by Weeda (Weeda et al., 1990a; Schaeffer et al., 1993). Both 3’5’ helicase
activity and at least part of the ATPase activity appear to be associated with the XPB subunit
of TFIIH (Schaeffer et al., £993; Roy et al., 1994b). The p80 subunit has been identified as
the equivalent of the repair protein XPD, and a 5'—3’ helicase activity is aitributed to this
subunit (Schaeffer et al., 1994). The p80 subunit could hardly be detected in the most
purified TEITH fraction, suggesting that cither a small portion of the complex is in an active
conformation or the different subunifs are not available in stoichiometric amounts in TFIIH.
In addition to XPB, XPD and p62, the genes encoding the subunits p44, the homolog of the
yeast SSL.1, and p34 have been cloned. Putative Zn-finger domains suggest that both proteins
are involved in DNA binding (Chapter 6). The subunit responsible for the kinase activity is
recently identified as MOI15, a cyclin-dependent kinase, which is involved in cell cycle
regulation (Feaver et al., 1994; Roy et al., 19944). This exciting discovery will be discussed
i more detail in paragraph 4.

I addition to human cells, transcription initiation factors have also been isolated from
yeast and rat liver cells, The yeast factor b, homologue of TFIIH, consists of five
polypeptides: p85 (RAD3), p75 (TEB1), p535, p50 (8SL1), and p38. Although, the less
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tightly associated component of pl05 (RAD235/SSL2) stimulates the transcription activity in
vitro (Feaver et al., 1993) and indications have been found for a holocomplex in yeast
showing three additional subunits p47, p45 and p33 (Svejstrup et al., 1994). Previously SSI.1
and SSL2 have been identified as suppressors of an artificial stemioop structure in the 5’UTR
of Hisd mRNA, which blocks translation initiation (Gulyas and Donahue, 1992; Yoon et al,,
1992}, one assumes tacitly that both proteins are subunits of the transcription initiation factor
b. In factor §, the rat homolog of TFIIH, at least eight subunits have been identified
(Conaway and Conaway, 1989). These transcription initiation factors from man, rat and yeast
and their subunits are summarized in Table 4. The distinct composition of TFIIH in diverse
organisms is probably due to different purification schemes to isolate these transcription
initiation factors, and variable dissociation of more loosely associated components during

purification,
3.2 Role of TFITH in transcription,

The function of TFIIH in transcription is not completely clear, The initiation factors
TFIIE and TFIIH are not required for transcription of certain promoters on supercoiled DNA
templates, while these factors are necessary in the case of the same promoters on finear
templates (Parvin and Sharp, 1993; Timmers, 1994). The p56 subunit of TFHE mediates the
recruitment of TFITH by binding the XPB(p89) subunit (Serizawa et al., 1994); in vitro this
interaction is sufficient to purify transcriptionally active TFIIH complexes (Maxon et al.,
1994). In addition, TFIIE interacts also with pol IIA, TBP, TFIID, and TFIIF. TFIIE
stimulates the TFITH-associated kinase activity in the presence of DNA at a late stage of the
assembly of the preinitiation complex. TFIIH phosphorylates the CTD of RNA pol II and,
in addition, several other factors, like TFIID, (TBP), TFIIE, (p56), and TFIIE, (RAP74) can
be phosphorylated (Ohkuma and Roeder, 1994). Probably TFIIE regulates the
phosphorylation activity of TFIIH, resulting in conversion into the active initiation complex,

Recently, data have been obtained that TFIIH is involved in promoter clearance, rather
than in the initiation or the elongation phase of transcription (Goodrich and Tjian, 1994).
Association of TFIE and TFIIH to the minimal initiation complex completes the formation
of an active transcription complex. The complex requires ATP to produce extended
transcripts, suggesting an intermediate phase between initiation and elongation. TFITH is not
necessary for open complex formation, because initiation can occur without TFHH on
supercoiled DNA templates and in abortive initiation assays, wherein a trinucleotide abortive
transcript is formed. Probably the helicase activity of TFIIH extends the melted region of the
DNA, when this region reaches a sufficient length the RNA pol IT looses contact with the
promoter and enters the efongation phase. TFIE and TFIIH are not required during
elongation (Goodrich and Tjian, 1994). However, it cannot be excluded that TFIIH is also
involved in early elongation, because transcriptional pause sites in 3° regions of a subset of
Drosophila heat-shock genes are found to be associated with pot II (A) molecules {Ohkuma
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Table 4: Human transcription initiation factors and their homologs in rat and Saccharomyces cerevisiae.

Human Subunits

Rat Subumits Yeast Subunits
TFIIA! p34, pl9, pl4
TFIIB p33 « P35 e
TFIID p38(TBP) and TAF's T d p27(TBP)
TFIE p34, p36 € P38, p34 g pl05, p54. p30
TEIIF p30. p74 By p67. p3l a8 P66, p43
TFIIH p89(XPB). p62, pd4, p4l, p34, 8 p94, p83, p68, p46. p43. b p85(RAD3), p75(TFBI), p55,
[pRO(XPD). p50, p38, p32] p40, p38. p35 p30{SSL1). p38,

[p105(SSL2). p47. p45. p33]

1} The human TFIIA has been purified as z subunit of 43 KD, as 38 kDD and as a hererotrimer composed of the subunits 34, 19 and 14 kD {Conaway and Conaway, 1993).
§ It is not clear yet how these factors are related to mammalian initiation factors

[] indicates more loosely associating components




aind Roeder, 1994). This suggests that pol 11 has to be re-phosphorylated before efficient
readthrough of a pause site.

Chromatin structures, like loops, decondensed, and condensed domains, are important,
since these can influence the processing of transcription, replication and recombination. How
these structures affect gene expression is largely unknown, Transcription may require at least
a transient unwrapping of the nucleosome-bound DNA. The proteins of the high mobility
group (HMG), chromatin-associated proteins, are known to bind and bend linker DNA
{Travers, 1994). It appears that the HMG2 protein represses basal transcription in vifro after
linkage of the second and before addition of the fifth nucleotide, The effects of HMG?2 are
completely relieved by adding purified TFITH fractions, suggesting an essential role for
TFIIH in removing DNA-bound repressors (Stelzer et al., 1994), Fine-tuning of different
regulatory mechanisms, like transcription activation, promoter specificity or chromatin
structure has to be elucidated.

3.3 Role of TFIIH in repair

The identification of XPB as a subunit of TFIIH suggests a possible function of this
transcription factor in repair. Chapter 4 presents data showing that purified fractions of
TFITH correct the XPB-deficiency in vivo as well as In vitro. In addition, microinjection of
the same TFI[H fractions into XP-D and TTD-A fibroblasts induces repair synthesis to
normal levels. These results could be confirmed in vitro by adding these fractions to extracts
of rodent complementation group 2 or human TTD-A cells: again a clear correction of the
repair defect was observed (Chapter 5). Immunodepletion studies, using antibodies raised
against the subunits p89 or p62, show the removal of the repair-correcting activities of XPB,
XPD and TTDA from a repair-proficient extract. In contrast, repair-correcting activities of
XPA and XPG remain in the depleted extract. These results suggest that all three subunits
reside in a TEITH configuration. The subunit responsible for the correction of the TTD-A
defect is not yet known. The three complementation groups XP-B, XP-D and TTD-A are
defective in both subpathways of NER: global genome - and transcription-coupled repair. The
requirement of XPB(p89) and XPTX(p80) in transcription initiation was deduced from in vitre
results {Schaeffer et al., 1993; Schaeffer et al., 1994). To verify that both subunits XPB and
XPD are also directly involved in transcription in wvo, antibodies against these proteins were
injected into normal fibroblasts. The NER activity as well as RNA synthesis were
significantly decreased, In contrast, anti-ERCC1 antiserum reduces only the repair activity,
whereas RNA synthesis remains normal. The dual functions of XPB and XPD in NER as
well as in transcription strongly suggest that the entire TFITH complex is essential for both
DNA metabolizing processes. Evidence for this multifunctional role of TFIIH is extended by
data observed in yeast. The SSLI and TFBI mutants show hypersensitivity fo UV and the
NER defect of these mutants can be corrected by purified factor b (Wang et al., 1994b).

Evidence that XPC is associated with TFIIH as described previously (Drapkin et al.,
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1994) is difficult to reconcile with the notion that XPC is implicated only in the transcription
independent mechanism of global genome repair, The connection between XPC and TFIIH
could not be confirmed in our experiments. In the first chromatography step the repair
activities of XPB and XPD, both subunits of TFIIH, and XPC are already separated
(Vermeulen, unpubl. resulis). However, the global genome repair requires most of the repair
proteins, which are also involved in the transcription-coupled repair pathway. These include
the damage-recognition proteins, as well as the incising and helix-unwinding components. A
transient interaction between TFIIH and XPC/HHR?23B cannot be excluded during the repair
process in the non-transcribed genome.

Transcription is impaired by DNA damage, since RNA pol 11 is arrested at the site of
the lesion in the transcribed DNA template. Pol II covers the lesion, because photolyase can
no longer cleave a CPD that blocks the DNA polymerase (Donahue et al., 1994), Thus the
polymerase has to be displaced from the lesion to allow access for repair enzymes.
Presumably, this is accomplished by a backward movement of pol IT and cleavage of six
nucleotides from the 3" end of the nascent transcript, because the 3° incision in NER is made
6 base pairs upstream of the lesion (Huang et al., 1992). Both the polymerase and the nascent
transcript remain stably associated with the DNA (Donahue et al., 1994), This stability
conirasts with the situation in F.coli, where the transcription repair coupling factor (TRCF)
removes the polymerase from the DNA. TRCF remains bound as a signal to recruit the
UvrA,B complex (Selby and Sancar, 1993). In this way the damage is rapidly repaired by
the transcription-coupled repair process. When the eukaryotic polymerase is displaced and
the repair proteins are recruited, the TFIIH factor might unwind the DNA helix around the
lesion by its helicase-associated activity. After the lesion has been repaired, the transcription
factor TFIIS may probably help to restart elongation using the nascent transcript. Normally
TEIIS assists the process of elongation through transcriptional pause sites, which are
sequence-specific sites, where transcription can be arrested (Reines et al., 1989),

The CSA and CSB proteins also play a role in transcription-coupled repair, although it
is not known whether these proteins interact with one of the transcription factors. Perhaps,
CSB functions in scanning the transcribed DNA strand for lesions and is involved in the
recruitment of the repair proteins. Allernatively, the developmental abnormalities found in
CS patients might be the result of a repair defect in expressed genes rather than a deficiency
in transcription. Ionizing radiation induces lesions through oxidation by free radicals that
damages the DNA. Normally free radicals are produced as by-products of oxidative
metabolism in the cell, and the damage generated by these radicals is repaired mainty by base
excision repair (BER). CS patients are also deficient in transcription-coupled repair of X-ray
induced lesions, This suggests that certain lesions induced by free radicals are repaired by
NER, or that other repair pathways, such as BER, might be coupled to transcription. Celis
that proliferate rapidly during development or celis with a high metabotic activity produce
a high level of free radicals. This might be the reason that these cells are very sensitive to
defects in transcription-coupled repair (Hanawalt, 1994). More detailed studies are necessary
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to elucidate this complex mechanism of transcription-coupled repair and its biological
relevance.

3.4 Clinical consequences of mutations in subunits of TFIIH,

The disorders related to mutations in subunits of TFIIH show a very broad spectrum of
clinical symptoms, XP group D displays three classes of patients. Patients with a classical
XP phenotype, patients with combined XP/CS features, and several individuals with TTD
symptoms. In contrast, XP group B is very rare and displays two classes of patients, XP/CS
and TTD. Within groups B and D, the severity of the biochemical NER defect cannot be
related to the clinical symptoms in patients. A higher level of residual repair activity is
observed in XP-D cells compared to XP-B, but the clinical features are similar in both
groups, Even within one complementation group differences in the clinical phenotype occur,
Two patients of XP-B: XP11BE and XP1BA, display the same low level of residual repair
activity (= 10%). However, paticnt XP11BE is severely affected, showing skin tumours at
early age, while only mild skin lesions at an age of >40 years and no skin mumours have
been observed in XPIBA (Vermeulen et al., 1994). Several peculiar symptoms of CS and
TTD, like mental retardation due to dysmyelination of neurons, impaired sexual development
and brittle hair and nails, can hardly be explained on the basis of a NER-deficiency. Probably
transcription is to some extent affected in these patients, in addition to the NER defects. The
defects in transcription must be subtle, because severe deficiency in transcription is probably
not compatible with life. These defects might occur when mutations in TFITH subunits affect
only the transcription of a subset of genes or when overall transcription is slightly decreased.
The effect might be that the level of mRNA or translated proteins is below a certain critical
threshold. The reduced cysteine content in brittle hair in TTD patients may be due to 2
decreased synthesis of a group of high sulphur profeins. Since transcription of the myelin
basic protein is rate-limiting {Readhead et al., 1987), its reduced transcription may cause
dysmyetination of the neurons in CS and TTD. Combined XP/CS features have also been
recognized in patients of XP group G (Johnson and Squires, 1992; Vermeulen ef al., 1993),
suggesting that possibly XPG affects basal transcription as well. Perhaps XPG influences
RNA pol 11, that has to move backwards to make the DNA accessible for the 3° incision in
case of a lesion in the DNA.

If the hypothesis that mutations in TFITH subtly affect transcription is correct, it should
be possible to detect transeriptional defects without a repair involvement. Indeed, patients
have been identified displaying clinical characteristics of TTD and CS, but no evidence of
photosensitivity or a NER deficiency (Lehmann, 1987; Lehmann et al., 1993). The
hupothesis would be strengthened when patients exhibiting mutations in transcription factors,
that do not affect NER, can be identified. The non-photosensitive TTD patients are good
candidates, harbouring partial mutations in XPB or XPD genes, which only disturb the
transcription function of TFIIH. This has to be established by further experimental studies,

36



Presumably, a much wider class of human disorders can be regarded as " transeription
syndromes"”. A search in the OMIM database (McKusick, 1992) reveals several syndromes,
like Rothmund-Thompson, OTD, 1FAP, ICE, CAM(F)AK, Sjogren-Larsson, RUD and K1D.
All these syndromes share at least four pronounced clinical features of CS or TTD, and even
some of them display the occurrence of skin cancer,

4. Evidence for interactions between DNA repair and cell cycle
regulation

Interactions between different DNA metabolizing processes like repair, transcription, and
replication have been observed. Remarkably, the process of cell cycle control can also affect
NER. The tumorsuppressor gene p33 plays an important role in stressed cells. Its expression
is significantly increased in response to a variety of DNA damaging agents. As a
consequence, the cells are arrested in their cell cycle uatil the damage is repaired (Vogelstein
and Kinzler, 1992), The importance of its ability to arrest cell growth is shown by the fact
that alterations of the p53 gene appear to be involved in the majority of human malignancies.
In response to UV irradiation P53 has at least one additional function, it initiates the process
of apoptosis, also named programmed cell death. Apoptosis might prevent the development
of skin cancer, because unwanted cells are eliminated, for instance those that have an
increased amount of mutations, P33 is also a transcription factor, which regulates the activity
of other genes. Enhanced p53 levels stimulate the expression of p21 and GADD45, which
causes growth arrest. P21 is an inhibitor of the cyclin-dependent kinases {cdk), key enzymes
needed for cell cycle progression. The p2l induces a Gi arrest to allow repair of DNA
damage before replication. A remarkable observation is the fact that p21 inhibits specifically
the role of PCNA in replication, but does not biock the PCNA-dependent NER reaction (Li
et al., 1994b). Gadd45 is found to be associated with PCNA, it enhances the repair activity
in vitro and inhibits cells to enter the S phase (Smith et al., 1994). Tt is not clear yet whether
Gadd45 has a direct role in repair, or that Gadd45 suppresses cell growth through another
mechanism. In addition to the fact that p53 indirectly stimulates repair through Gadd45, there
is evidence for a direct role of p33 in repair, since p53 might be associated with XPB in vitro
{(Wang et al., 1994a). However, very little is known about how p53 binds XPB and affects
NER. These data suggest that the arrest of cell cycle progression regulates NER before the
cell enters S or M phase.

More evidence in favour of g correlation between cell cycle regulation and NER is
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recently found by the isolation of the gene that encodes the kinase activity of TFII both in
human and yeast (Feaver et al., 1994; Roy et al., 1994a). These genes are homologous to
the previously isolated Xenopus MO15. MO15 has been identified as the catalytic subunit of
a CDK-activating kinase (CAK), a cyclin-dependent protein kinase that phosphorylates p34°?
and p33°*2, which has a key function in cell cycle control (Poon et al., 1993; Solomon et al.,
1993; Fesquet et al., 1993}, MOI15 requires cyclin H as its partner, which enhances the
kinase activity (Mikeli et al., 1994), In addition to MO15, cyclin H could be observed in
the most purified TFIIH fractions, MO15 was showsn to interact with XPD, a subunit of
TFILH. Phosphorylation of the CTD of RNA pol II requires not only the presence of MO135,
but also certain key subunits of TFITH, Presumably the cell uses the CAK activity in two
independent processes: cell cycle regulation and transcription. It appears that there are forms
of TFIIH complexes, that differ in their subunit composition. This suggests that the various
functions of TFIIH in transcription, repair, and possibly in celi cycle control need different
TFITH compositions.

5. Conclusions and future perspectives

Information about the excision repair pathway increased rapidly in the last few years.
Genetic analysis using repair-deficient mutants have revealed nearly all the repair genes
corresponding to the different complementation groups in rodents and human. Properties of
the encoded gene-products have been found by purification and biochemical studies of most
enzymes. Very soon it will be possible to reconstitute the entire NER process in vitro using
the purified and/or recombinant repair factors. Details concerning the interactions of the
distingt repair proteins with each other or with DNA have to be elucidated, and mechanisms
regulating DNA repair response are largely unknows,

The first indication that transcription and repair were linked to each other has been
provided by the discovery of a mechanism designated as transcription-coupled repair. Certain
types of DNA lesions, for instance CPD, are repaired by such a pathway. This preferential
repair of expressed genes is very complex, since differences in repair exist between rodent
and human cells. In rodent cells CPDs are rapidly removed from the transcribed strand of
active genes, although this represents only a small fraction of the total amount of CPDs in
the genome. In contrast, human cells repair CPDs very efficiently both from expressed genes
and the genome overall. In spite of this difference in repair efficiency of total genomic DNA
rodent and human cells are equally resistant to UV, This paradox might be explained by the
fact that rodents remove dimers from regions that are immediately essential for UV-survival.

38



Alternatively, CPDs are not as mutagenic as other lesions, although the high rate of
spontaneous transformations in rodent cells might be explained by the presence of many
CPDs in the genome overall.

Another link between the processes of repair and transcription was found by the
remarkable observations that the repair enzymes: XPB, XPD, and TTDA are subunits of the
transcription initiation factor TFITH, and function in both repair and transcription. Many
clinical symptoms in CS and TTD patients, which might not be related to a NER-deficiency,
can be explained as subtle defects in franscription, suggesting the existence of 'transcription
syndromes’ in which patients suffer from transcriptional defects without any NER deficiency,
but this hypothesis has to be confirmed. An alternative explanation as suggested by Hanawalt
(Hanawalt, 1994) that growth abnormalities found in CS and TTD patients are probably due
to the accumulation of free radical damage in expressed genes, thus by a DNA repair defect,
cannot be excluded. Perhaps highly proliferating or metabotlic active cells are very sensitive
to deficiencies in transcription-coupled repair.

The influence of chromatin structure on DNA metabolizing processes like replication,
transcription, and repair is far from understood. Loosening of the chromatin structure is
necessary to allow transeription. In these open chromatin domains, not only active genes are
repaired more rapidly, but this rapid repair extends beyond the entire region. The
nucleosomes in the DNA structure have to be removed before transcription can be initiated,
since RNA polymerase IT complex is even larger than the nucleosomes. Presumably, this
nucleosome removal promotes also excision repair of DNA damage. The observation that
preferential repair varies between genes, even when the same lesion is studied, might be
explained by the high stability of some nucleosomes inside transcribed regions.

The very exciting results recently observed that cell cycle control might affect excision
repair and probably also transcription, require more detailed studies to elucidate the precise
role of proteins like MOLS in these processes. Is MO135 the trigger to initiate cell cycle
arrest, after transcription is blocked by DNA lesions? Is the same kinase used in both distinct
processes: transcription and cell cycle regulation? Does the possible interaction between
MO15 and XPD indicate that MO15 is involved in sensing DNA lesions or changing the
configuration mode of TFITH from transcription into repair? Several other genes are induced
in response fo X-ray irradiation, like p53, GADD45 and p21, enhancing directly or indirectly
excision repair,

In the future, NER defects in humans will be mimicked in animal models by gene
replacement of the gene of inferest. The generation of repair-deficient mice would provide
more insight in the distinct clinical features observed in NER-deficient patients and in the
processes of mutagenesis and carcinogenesis. Mice defective in the genes ERCCI, XPC, or
XPA have already been developed (McWhir et al., 1993; G. Weeda and E. Friedberg, both
personal commmunication; Tanaka, submitted). XPC-deficient mice might give clues about the
role of global genome repair in carcinogenesis, whereas CSB-deficient mice will shed light
on the contribution of transcription-coupled repair to the clinical symptoms observed in these
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NER syndromes. The exampie of XPA-deficient mice (Tanaka, submitted), which closely
imitate the phenotype of XP-A patients, is very promising in this respect.
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Nucleotide excision repair (NER), one of the major
celfutar DNA repair systems, removes a wide range of
lesions in a multi-enzyme reaction. In man, a NER defect
due to 2 mutation in one of at least 11 distinct genes, can
give rise to the inherited repair disorders xeroderma
pigmentosum {(XP), Cockayuae's syndrome or PIBIDS, a
photosensitive form of the brittle hair disease tricho-
thiodystrophy. Laboratory-induced NER-deficient
muiants of cultured rodent cells have been classified into
H complementation groups (CGs), Some of these have
heen shown to correspond with human disorders, In cell-
free extracts prepared from rodent CGs 1-5 and 11, but
not in a mutant from CG6, we find an impaired repair
of damage induced in ptasmids by UV light and -
acetoxy-acetylaminofluorene, Complementation analysis
frt vitro of rodent CGs is accomplished by pairwise mixing
of mutant extracts. The results show that mutants from
groups 2, 3, 5 and XP-A can complement all other CGs
tested. However, selective non-complementation in vitro
was observed in mufual mixtures of groups I, 4, 11 and
XP-F, suggesting {hat the complementing activities
involved somehow affect each other. Depletion of wild-
type human extracts from ERCCI1 protein using specific
anti-ERCC1 antibodies concomitantly removed the
correcting activities for groups 4, 11 and XP-F, but not
those for the other CGs, Furthermore, we find that
33 kDa ERCCI protein sediments as a high mol, wt
species of ~ 120 kDa in a native glycerof gradient, These
rvesults strongly suggest the presence of a pre-existing
enzyme complex in mammalian cell extracts, harbour-
ing at least the preducts of the ERCCI and ERCCY genes,
This complex also carries complementing activites of XP
group F and rodent CG1l. We postulate that the com-
plex, like the one in Saccharomyces cerevisize involving
the RAD] and RADIO profeins (the Jatter being the
homologue of ERCCI), functions in both NER and
recombinational repair.

Key words: Chinese hamster mutant/complementation
analysis/damaging agents/nucleotide excision repair/repair
complex

Introduction
Nucleotide excision repair (NER) is a DNA repair system
that has evolved in aH living organisms for the removal of

lesions inflicted on DNA by mutagenic radiations (netably
UV light) or numercus chemical agents. It is & multi-enzyme
process involving specific recognition and dual incision of
the damaged strand, followed by lesion removal, gap-
refilling and strand lgation (Grossman and Yeung, 1990;
Selby and Sarcar, 1990; Hoeijmakers, 1991). In man,
genetic defects in NER of UV-induced DNA damage give
rise to the severe disorders xeroderma pigmentosum (XP),
Cockayne’s syndrome (CS) or PIBIDS. Besides hyper-
sensitivity of the skin to sunlight and progressive neurological
dysfunction, a dramatically increased risk of skin cancer (XP)
or developmental abnormatities (CS) entail the clinical
hailmarks of these disorders (Cleaver and Kraemer, 1989;
Nance and Berry, 1992). PIBIDS is a photosensitive form
of the britlle hair disorder trichothiodystrophy {Lehmann,
1987). Somatic cefl hybridization studies have revealed
extensive genetic heterogeneity: in XP, at least seven
NER-defective complementation groups (named A to G)
exist whereas in CS two (CS-A and CS-B) have been iden-
tified so far (Lehmann, 1982; Vermeulen ef al., 1991) and
two complementation groups have been found in PIBIDS
patients (Stefanini et af., 1992, 1993).

In addition to these naturally occurring mutants, a large
collection of laboratory-induced, UV-sensitive, NER-
defective mutants have been obtained from culiured rodent
cells. By restoration of UV resistance in cell hybrids, 11
complementation groups (CGs) were discernied among these
mutant ceH lines {for recent overviews see Thompson ef af, ,
1988; Busch er af., 1989; Stefanini ef al., 1991; Zdzienicka
et al., 1991; Riboni et al., 1992; Collins, [1993). Cross-
sensitivity to chemicals producing bulky DNA lesions is a
feature of the U'V-sensitive mutants in all groups, However,
representatives from proups 1 and 4 are unique with regard
10 the propenty of extreme sensitivity of DNA crosslinking
agents, such as mitomycin C (Busch et al., 1989).

A number of excision repair cross-complementing (ERCC)
genes, capable of correcting the NER defects in the rodent
CGs have been isolaled using gene transfer strategies,
Characterization has provided clues to the Runction of their
gene products and their involvement in human disease (for
reviews see Hoefjmakers and Bootsma, 1990; Friedberg,
1992; Hoeijmakers, 1993). For instance, based on sequence
motifs, both the genes ERCC2 and ERCCS are expected to
eacode proteins with helicase activity. These genes are now
known to be involved in XP-D and XP-B, respectively
(Weeda et al., 1990; Flejter er af,, 1992; Weber, cited in
Lehmann ef af., 1992). A third putative helicase, encoded
by ERCCS, is tequired for preferential NER of aciively
transcribed DNA segments and is defective in CS group B
(Troelstra e al., 1992). The ERCCS gene was recently found
to e responsible for XP-G (O’Donovan and Wood, 1993;
Scherly et al., 1993). The ERCCI protein is not associated
with the defect in any of the XP, CS or PIBIDS groups (Van
Duin er af., 1989), On the other kand, the XPAC protein
is affected in XP-A (Tanzka e af,, 1989), but in none of
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the rodent CGs 1—7 or CG 11 (our unpublished resuits).

As another outcome of the characterization of NER genes
it has become clear that they are highly conserved in
evolution. Thus, hemologues for most cloned mammalian
NER genes could be identified in lower eukaryotes,
particalarly in yeast. As examples, the ERCCY, 2, J and
3 genes share extensive sequence homology at the protein
level with the RADN(Q, RAD3, RAD25/SSL2 and RAD2 genes
of Saccharoniyces cerevisiae, respectively (Van Duin et of.,
1986; Weber et al., 1990; Gulyas and Donahue, 1992; Park
et al., 1992; Scherly er al., 1993). Therefore, it is likely
that the basic features of the NER mechanism are conserved
from yeast 10 man as well and that the homologues have
functional equivalence. Both yeast and mammakian studies
indicate that some NER genes play a role in other cellular
processes. Ferinstance, RADT and RAD/JQ are required for
mitotic recombination {Schiest] and Prakash, 1988, 1990)
and recently a direct involvement of the ERCC3 protein in
transcription initiation was found (Schaeffer er of., 1993).

A cell-free in vitro assay of mammalian NER is another
important toel to ¢lucidate the Ainctions of the NER gene
products at the enzymological level, The in vitro system
measures repair synthesis in UV-jrradiated plasmid DNA
mediated by isolated human cell extracts {Wood ef af.,
1988). The assay can mimic in vitro comglementation
analysis of XP extracts (Hansson et al., 1991; Coverley
et al., [992) and can detect repair of bulky lesions induced
by chemical agents (Hansson et af., 1989; Sibghat-Ullah
et al., 1989; Sibghat-Ullah, 1990). It has served o assess
the topology of the early endonucleolytic step of human NER
(Huang et al., 1992}, the involvement in NER of additional
protein factors such as PCNA and SSB/RP-A (Coverley
et al., 1991, 1992; Nichols et al., 1992; Shivji et al., 1992)
and the purification of XPAC protein from calf thymus
(Robins er al., 1991),

Here, we report the results of a systematic study of NER
in UV-sensitive mutants of various redent CGs using the
in vitre assay. In attempting in vitre complementation
analysis, we encounter selective absence of correction, when
cell extracts from representatives of groups I, 4 and 11 are
mixed. Results from antibody depletion experiments and
sedimentation analysis indicate that these specific patterns
of in vitro non-complementation can be explained by the
presence of a high mol. wt repair enzyme complex,
comprising at least the producis of the ERCCI and ERCC4
genes. In addition, the factors able to complement XP group
F and CGl1 are associated with this complex,

Results

In vitro repair activity in Chinese hamster cell extracts
Twao cell-free extracts, prepared from wild-type Chinese
hamster cells (CHO9) and from a NER-deficient strain
belonging to CG1 (43-3B), were compared with respect to
their ability to mediate repair synthesis in vitre using UV-
irradiated plasmid DNA (450 J/m%) as a substrate. As
shown in Figure 1A, UV-dependent repair synthesis was
observed i vitro, with onty a very slight incorporation of
p._tabelled dATP in the non-damaged plasmid. With these
substrates no significant difference in repair synthesis was
detected between a wild type (CHO9) and a CG1 mutant
extract (43-3B).

Besides pyrimidine dimers and 64 photopreducts UV
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Fig, 1. Damage-dependent incorporation of [**PJMATP into various
DNA substrates. Plasmid DNAs were incubated with 200 pg of wild-
pe (CHOD, lanes 13 or CG1 (43-3B, lanes 2) extract in the repair
assay. After incubation isolated plasmids were lincarized and separated
ont agarase gels, Upper panels show ethidium bromide-stained gels and
lower pancls are autorzdiograms of the dried gels. The positions of
nen-damaged and damaged substrates are indicated by a minus (—}
and a plus (+). {A) Plasmids exposad to 450 1fm? of UY light; (B)
plasmids exposed to 450 J/m? UV and furnther processed using Nth
protein; (C} plasmids exposed to AAF.

Table I, Residual activity of the NER multants in vitro

ca Cell strain Residual activity
(% of wild fype)®
1 4338 2T =4 {n=13
Uvas 22 =4 {n = 10)
2 uvs 21 =3 =11
3 271 23 +3 n = 20)
4 uv4l 87 tn =%
uv4? 17+ 3 (n =6
5 UvI3s a4 =29
[ 14-60-238 116 = §9 (n=73)
1t uvst x4 =6
XP-A XP12RO-SV 15+ 3 n=275
Xp-F XP2YO 16 +9 =3

*Mean = SEM (n = number of experiments).

induces oxidative thymine species as a miner UV lesion,
which is efficiently recognized by a NER-independent
endonuclease activity present in human extracts. Plasmids
can be cleared from such damage by {reatment with the
Escherichia coli Nth protein {Wood et al., 1988), Using a
‘cleaned’ UV-irradiated substrale [UV{mth)} a clear
difference bejween the repair activities of wild-type CHO9
and mutant 43-3B exteacts became apparent (Figure 1B).
Sirnilar results were detected with pfasmids damaged by
N-acetoxy-2-acetyl-aminoftuorene  (AAF) (Figure 1C},
which causes almost exclusively A-(guanin-8-y]} edducts
(Landegent et al., 1984). Apparently, the endonuclease-
triggered aclivity is very potent in CHO extracts, recessi-
tating the use of AAF or UV(nth) substrates to measure NER
activity. The observed levels of repair synthesis of human
and Chinese hamster repair-proficient protein extracts, when
expressed as fmol P incorporated per ng plasmid, were
in the same range and linearly dependent on the amount of
extract added (data not shown),

As in CGl, a clear defect in in vitro NER is present in
the tested rodent CG2, 3, 4, 5 and 11, as wel as in XP-A
and XP-F {Table I}, in agreemnent with their inability to incise
UV damage in vivo. In an extract derived from CG6 a
normal response was observed, in line with the near normal
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Fig. 2. Complementation of repair activity in mixtures of CG1 versus CG2 (A) and CGl versus CG3 (B and €). In both mixtures UVinrh) damaged
plasmids were used. Extracts were mived in different ratios totailing 200 pg of protein. Increments were 23 and 30 py in (A} and (B/C), respectively.
Cell extracts used are in {A) $3-1B (CG1) and UVS (CG2) and in (BfC) 43-3B (CG1) and 27-1 (CGI), extracts | and 2, respectively. First lanes in
each pargl contzin 200 pg of CHO extract (WT). Because the amounts of recovered DNA in (B) are not completely equal in all lanes, a bar graph
of this experiment is shown in (C), representing normalized data obtained afier Liquid scintiflation counting of the 2P incorporation and scanning of

the DNA fluorograms.

level of unscheduled DNA synthesis and incision in cultured
cells (Thompson et al., 1988). Some variation of residual
activity in separate extracts of these NER-deficient mutants
was found, ranging from 15 to 30% of the wild-type
response, We conclude that NER can be detected readily
in vifre using rodent cell-free extracts and that this repair
requires the active presence of the products of the ERCC!,
2, 3, 4, 5 or 11 genes, in addition to those of XPAC and
XPFC.

In vitro complementation analysis

Since in vitre compfementation with human extracts can be
achieved by mixing representatives of different CGs of XP
(Wood et al., 1988), it is expected that mutant extracts from
varicus rodent CGs should complement each other as well.
To determine the complementation patterns of the various
Chinese hamster CGs in more detail, CGl, 2, 3, 4, 5 and
11 were tested, together with human CGs XP-A and XP-F.
In view of the normal levels of repair activity in virro, CG6
could a0t be used for analysis.

First, extracts from CGI and 2 or CGI and 3 were
combined in various proportions and in virro NER was
measured. A substantiai, ratio-dependent increase of repair
synthesis was fouad with maximal repair activity around a
mixing ratio of 1:1 (Figure 2). Restoration of repair synthesis
was observed in the damaged plasmids only. Some variation
in different experiments was experieaced, but the presence
of correction was unequivocal.

Then, proportional mixing experiments were conducted
with other CGs. The results from a number of typical tests
are shown in Figure 3 and the complete data set is
summarized in Table IL Clear complementation was
observed in any mutual combination of CG2, 3, § and XP-A

and in combination with extracts from CG1, CG4 and CGI.
Unexpectedly, pairwise mixing of representatives of CGl,
CG4 or CG11 did not yield levels of repair synthesis
significantly different from those in the deficient extracts
alone (Figure 3), Similady, XP-F extracts failed to
complement CG1, 4 and 11, whereas clear correction was
observed with CG2 and CG3. This pattern of non-comple-
mentation was consistertly observed using independent
isolates and with different representatives of CG1 and CG4
(Table ). These results indicate absence of correciion in
all combined extracts of CGl1, CG4, CGLI or XP-F,

Apparant molacular weight of ERCCT protein on
glycerol gradisnts

The consistent pattern of non-complementation in vitro
between groups 1, 4, 11 and XP-F suggests that the
comrespoading proteins somehow alfect each other; the
presence of a defect in one has an effect on the activities
of the others. Such a situation may occur, for instance, when
these gene products form a protein complex in vive, of which
the subunils cannot exchange under the conditions of the
in vitro assay. To investipate this possibility, a NER-
proficient HeLa extract was size-fractionated on a 10-30%
glycerol gradient. To minimize effects of buffer and salt the
gradient was run in the conditions of the repair assay together
with intermal mol, wt markers. The presence of ERCCL
protein in gradient fractions was monitored by SDS—~PAGE
and immunostainiog with a specific anti-ERCC! antiserum
{for characterization of the antiserum see below). ERCC1
runs on SDS gels with an apparent mol. wt of 39 kDa, which
is targer than the calculated mol, wt of 33 kDa. This is
probably due to the proline-rich N-terminus, since teuncated
ERCC1 missing the N-terminal segment migrates at the
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Fig, 3. /n vitro complementation analysis, Substrate plasmids are
damaged (+) with AAF (B, € and F—K) or with UV{xzth} (3, D and
E). Panels consist of an ethidium bromide flvorogzam {1op) and an
autoradiogram (bottom). Each first lane (lefi) represents wild-type
entract, either Hela (E) or CHO {other panels), taken as an internal
control, Second and last lanes are mutant extracts alone {200 pg). The
lanes ia between are mixmres of extracts in different razios of extract
1 (2fty and extract 2 (cighth, with a total of 200 pg of protein.
Extracts 1 versus 2 are; (A) UVS (CG2) versus 27-F (CGR); (B) 27-1
(CG3) versus UVAT (CG43 (C) V4L (CG4) versus XP12RO
(XP-A); (D} UVE5 {CG1) versus UVdL (CGH); (E) XP2YO (XP-F)
versus UV47 {CG4); (F) UVE5 (CG1Y versus UVSL (CGLLY (G UVS
(CG2) versus UVIAS (CGS) (H) 27-1 (CGI) versus UVEIS (CGS)
(N UVSL (CG11) versus UVI135 (CGSY; (1) UV {CGD) versus UYS]
{CG11Y; (K) UV4E (CGH) versus UVSI (CGL1).

predicted position (data not shown). The profile of the
giycerol gradiens depicted in Figure 4 showed that, under
native conditions, the protein sediments as a uniform band
between the 67 and 149 kDa mol. wt markers, peaking on
the position corresponding to -~ 120 kDa. Although non-
specific aggregation of the ERCCI protein cannot be
completely excluded, the overall protein patterns analysed
on SDS—PAGE did not show any indication of this. These
results are consistent with the idea that ERCCI resides in
a complex.

ERCC1 protein produced by E.coli faifs to correet

CG@1 axtracts in vitro

Human ERCCI, overproduced in E.colf as a ubiguilin—
ERCCI fusion protein, was tested for in vitre complemen-
tation. Details of the overexpression constructs will be pub-
lished elsewhere (M.H.M.Koken, H.Odijk, M,Van Duin,
M.Fornerod and J.H.J. Hoejjmakers, in preparation). The
ubiquitin meiety can be removed either by a specific ubiquitin
lyase (UBPL protein) from S cerevisizge (Tobias and
Varshavsky, 1991} or by ubiquitin-specific iyase activity
present in Manley-type extracts incubated under the condi-
tions of the repair assay (Figure SA, lanes [ —6). The free
full-length ERCC1 protein migrated at 39 kDa in SDS—
PAGE (Figure 5A} at the same position as BRCC1 protein
symthesized in a reticulocyie lysate in vitro (Figure 5C,
lane &),

Purified cleaved ERCCI protein or fusion protein (gither
crude or partially purified) was added in excess to CGI
extracts. In rone of these cases was significant correction
observed, The presence of inhibiting factors in the ERCC!
protein preparation was ruled out by adding these proteins
also to repair-competent extracis. It appears that jn these
invitre conditions BRCCI protein on its own cannot
participate in the repair reaction.

Characterization of anti-ERCC1 antibodias

To study the possibility that ERCCI is involved in a
complex, we needed to do experiments at the enzymological
level. Therefore a polyclonal antiserusm was raised in rabbits
against 1he ubiquitin—ERCCI protein and affinity-purified
on a column cartying immobilized fusion protein. The
antisera were characterized in the following ways. First,
Western blot analysis visualized a protein band with the exact
mol. wt of ERCCI on 8DS—PAGE in crude lysates and
Manley-type extracts of HeLa cells {Figure 5D, langs 4, 5,
7 and 8). This band was rot recognized by the preimmune
serum (Figure 5D, lanes 1 and 2} ard the reaction could
be competed by partially purified ERCC1 fusion protein.

TFable 1L Summary of in 1ifro complementation daa®

CG— XP-F XP-A 1k 5 4 3 2
1 Strain XPXYO XP12RO UvSsI uvis Uv41 uv4? 27-1 uvs
1 43.3B - + — + - - + +
uvss - + - + - - + N
2 uvs + od + + + o+ +
3 271 + + + + + +
4 uv4r - nd - +
Uvd4l nd + - od
5 Uv13s nd + +
i uvs] - nd
XPA XPI2RO +

4+, complementation; -, non-complementation; nd, not determined.
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No cross-reaction was observed with ubiquitin or with the
ERCCI pretein from bovine or Chinese hamster origin
(Figure 5D, lanes 6 and 9). Secondly, the antiserum was
able to immunoprecipitate »S-labelied ERCCI protgin,
synthesized fnt vitro by reticulocyte lysate (Figure 3C,
lanes 2—35). Finally a complete abolition of UV-induced
unscheduled DNA synthesis was observed after micro-

M=25 M=87 M=147
] e
L]

f 1 i i 1 l‘
a 20 40 60 80 100

- % sed.

Fig, 4, Mol. wi determination of BRCCI by sedimentation analysis.
Active Hela cxtract was layered, together with mol. wt standards, oa
2 pendenaturing glycerol pradient and sedimented. The markers are
chymotrypsinogen A {25 kDa), albumin {67 kida) and aldolase {147
kDa). Gradient factions were analysed on SDS-PAGE to determine
the marker positions and immunoblotied to assess the position of
ERCCH.

/N

™ grect”

injection of the antibodies into repair-proficient human
fibroblasts, whereas the preimmune serum did not have any
effect (data not shown), These results indicate that the
antibedies are able to react specifically with ERCCL in vive
as well as in wiro.

ERCC1 antiserum deplstes a repair-competent Hela
exfract from ERCC1, 4, 11 and XPFC
In view of the species specificity of the antiserum, a NER-
competent extract from HeLa cells was used to study the
effect of removal of ERCCI protein in the i vitro tepair
reaction. To this end antiserum was immebilized on protein
A—Sepharose beads prior fo incubation with the HelLa
extract. After removal of the beads by centrifugation the
supernatant exhibited a significantly decreased in virro NER
activity (Figure 6A). No such effect was detected when
preimmune serum was used even at a 50 higher concen-
tration (Figure 6B). We conclude that ERCC} protein can
be removed from a human wild-type extract using specific
antibodies, resuliing in a lowered repair activity comparable
with the level of a CG1 mutant.

The HeLa extract depleted of ERCCI (HeLa ™RCCl) was

Ubi-ERCC1

D

12 34 5 67 89

Fig. 5. Production of ubiquitin—ERCC| fusion protein and characterization of anti-ERCC! antibodies. (A} SDS—PAGE analysis of crude soluble
lysate of ERCCi-overproducing £.cali incubated with increasing amounts of Hela Manley-type exiract. Lanes 1--6, lysate reacted for 2 h with 0,
15, 30, 45, 60 or 75 pp of HeLa extracy; lane 7, 75 pg of Hela extract alone; lane m, mol. wt markers: phosphorylase b (97 kD), albumin

(67 kDa), ovalbumin {43 kDa}, carbonic anhydrase {30 kDa}, trypsin inhibitor (20 kiDa) and e-lactalbumin (14 kDa). (NB the released ubiquitin of
8 kDa has run off the gel.) (B) SDS—PAGE analysis of lysaie from ERCCY fuslon protein, panizlly purified by 33% satarated ammonium sulfate
précipitation. Lanes [—2, not breated with lyase, 0.7 and 35 pg of lysate; lanes 3—4, prereated with purified UBPI-lyase. 0.7 and 35 pg of Iysate.
(C) SDS—PAGR and autoradiography of immune-precipitated {*S|ERCCE transtited in vitro. Lane 1, preimmune serum, undiluted; lanes 25,
<ruds immune serum, difuted 1%, t0x, 100X and 1000X, respectively; lane 6, input amount of [¥§]ERCCIL. (D) Specificity of ERCC1 antiserum
on immunoblots of different cell extracss, Lanes 1-3, preimmune senum; lanes 4—6, crude immune serum; [anes 7—9, aftinity-punfied anti-ERCC1
antibodies; amounts used are equivalent to Janes 4 —6. The extracts analysed are total Hela celd sonicate (lands {, 4 and 7), Mantey-type extracts of

Hela {lanes 2, 5 and 8) or CHOY {lanes 3, 6 and 9).
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Fig. 6, Depletion of Hela extract vsing anti-BRCCI antibodics. Serum
was immobilized on protein A —Sepharose beads; after incubation with
repair-competeni Hela extract and centrifugation, the supernatant was
tested for repair activity in virre. (A) 10 p! of serum was used for
depletion of 150 pg Hela exiract. Lane 1, undepleted extract (100
#g); fane 2, extract wreated with empty protein A beads (90 pg);

lane 3, extract depleted with pre-immune semum {80 ug); lane 4,
extract depleted with immune serum (110 pg), (B) Various
coreentrations of sera ware used to deplete 150 pg of Hela extract.
Lanes 1—4, anti-ERCCI serum (50, 15, 5 and 1 pl respectively);
lanes 5—8, pre-immune serum (30, 15, 5 and 1 gl respectively).

then tested for the ability to correct NER-deficient Chinese
hamster mutants in mixing experiments. As expected, no
complementation was detected when HeLa FRCCL was
mixed with a representative of CGI[, However, when an
extract of CG2, CG3, CG5 or XP-A was added 10
Hela ¥R 3 gipnificantly higher repair synthesis was
observed (Fighre 7A and C), indicating that the antibodies
cannot remove the correcting activities of these groups. In
contrast, Hela™®*<C! failed to restore repair in mixtures
with extracts of CG4, CG1] and XP-F (Figure 7B, A and
D), showing that in addition to ERCCI protein, correcting
activities of CG4, CGLl and XP-F are concomitantly
removed from the wild-type extract. Both crude and affinity-
purified amtisera were equally capable of depleting HeLa
extract from ERCCI, 4, 11 and XPFC.

Discussion

in vitro repair studies in Chinese hamster NER-
deffclent mutants

In agreement with findings of others (Biggerstaff and Weod,
1992) we have observed that extracts isclated from cultured
Chinese hamster cells can support NER of DNA damage
in vitro. DNA substrates with a well-defined and narrow
damage spectrum can be used in this assay, provided they
are extensively purified, Clearance of UV-damaged plasmids
from oxidative thymine species by pretreating with bacterial
Nth pretein proves to be an absolute requirement when
Chinese hamster cell extracts are used, due to an apparently
high endonuclease 11l-like activity in these cells.

The NER deficiency of CGI, 2, 3, 4, 5 and 11 jn vitro
agrees with the low unscheduled DNA synthesis levels (Van
Duin er al., 1988) and low incision capabilities of these cell
strains in culture, In CG6, which is onty moderately sensitive
to UV, the repair activity is in the range of NER-proficient
extracts, The ERCC6 gene is defective in CS-B (Troelstra
et al., 1992}, where preferential repair of actively transcribed
strands is impaired, but overall genome repair, which is
responsible for the bulk of repair synthesis, is unaffected
(Venema et al., 1990). The normal in vitro repair rates are
fikely to reflect overall repair, since transcription is not taking
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Flg. 7. Complementation analysis with ERCC|-depleted HeLa extract.
7.5 pl of anti-ERCC] serum used for depletion. Bifferent panels
represent independent experiments, Plasmid recoveries are simitar
within 10% in ezch experiment. {A) Lane 1, Hela BRCCI algne;
lang 2, [:} mix with GVRS (CG1Y; tare 3, UV85 alons; lane 4, mix
with UV3 {CG2); fane 5, UY5F aleae; lane 6, mix with UVE35 (CGS)
lane 7, UVI3J alone; lane 8, mix with XP12RO (XPA); lane 9,
XPI12RO alone; lane L0, mix with UVSL (CGIl1); lane 11, L3VS]
alone. (B) Lane [, Hela~FR%C! alone; fane 2, 1:1 mix with Uv47
(CGH); Tane 3, V4T alor, (C) Lane |, Hela S%CC1 alone; tane 2,
bl mix with 27-§ (CG3); lane 3, 27-1 atone. (D) Lane |,
HeLa™FRCC! glope: Jane 2, 1:1 mix with XP2YQ (XP-F}; lane 3,
XP2YQ alone, In (B} and (C) controls for positive complementation
taken along in these experiments are not shown, but gave results
identical to lanes A4 and D2,

place in the reaction conditions, Our finding that, in vitro,
human and hamster repair activities are similar, contrasts
with the low activity of overall repair in cultured rodent cells
in comparison with human cells (Bohr and Hanawalt, 1987;
Lommel and Hanawalt, 1991). It foflows that the factors
responsible for this difference do not play a role in the
in vitre reaction, perhaps because they are related to
chromatin structure,

Extracts of CG2, 3 and 5 are able to complement each
other and representatives of alt other CGs tested. This
suggests that the proteins which are missing er defective in
these CGs are available in the complementing extracts and
can freely interact to ensure restoration of normal repair
activity, The findings that XP-F can correct CG2 and CG3
and that XP-A complements CG3 and CG5 show that human
and Chinese hamster repair proteins are sufficiently
conserved and interchangeable in vitro. This is in line with
the correction in vive by transfection of human genes into
the Chinese hamster mutants.

Evidence for a ropair enzyma complex

Mixeures of CGs 1, 4, [1 and XP-F do not show restora-
tion of repair activity in vifro, whereas they do in vive after
cell hybridization, Since nen-complementation occurred with
independent mutants from CG1 and CG4, this unexpecied
phenomenen is unlikely to be related to an allele-specific
behaviour. Qur data indicate that the normal gene products
needed for correction are either unable to exchange in vitro
or are not preseant in the mixtures. Such a situztion can oceur



when these correcting proteins are part of a pre-existing
stable complex. Depletion of a wild-type extract using
specific anti-ERCCI antibodies not only resulis in the loss
of CG1 complementing activity, but concomitantly removes
the activity which is capable of correcting CG4 and CG1!
or even XP-F. This strongly suggests that such a complex
does exist in wild-type extracts, This is further supporied
by the finding that human ERCC1 protein, which has an
apparent mol. wt of 39 kDa in denaturing SDS gels,
sediments in glycerol gradients as a much larger species,

The absence of complementation in some combinations
indicates that the in vitro assay cannot replace classical cetl
fusion as a system for complementation analysis, To
explain these non-complementation patterns in vitro, several
mechanisms can be envisaged, (i) Reconstitution of a
complex from its components may aot be possible under
in vitre conditions. An inactive complex harbouring a tightly
bound defective protein in one mutant extract witl be unable
to complement another mutant, in which the same complex
is crippled by the presence of ancther impaired component.
(ii) Alternatively, or in addition, dependent on the type of
mutation in the cell strain, the complex may be required for
stability of its compenents in vive. In that case cell-free
extracts from CGl lacking ERCC1 would be alse deficient
in ERCC4 and the other proteins, and vice versa. Indirect
support for this idea comes from studies with 41D, a CG1
cell strain containing an ampfified correcting human ERCCI
gene, Whereas at DNA and mRNA levels ERCCI is
amplified in this strain [00- to 1000-fold, the amount of
ERCCI protein is enhanced only by a factor of three and
many degradation products become appareat on immunoblots
with anti-ERCC antibodies. In addition, micro-injection into
human fibroblasts of an excess of ERCCI protein, over-
produced in E.coli, results in unusually rapid (<1 h)
degradation in vive as judged by immunofluorescence (our
unpublished results). These data suggest that ERCC1 protein
on its own may not be very stable in the cell, which is in
agreement with our cbservation that addition of an excess
of purified ERCC1 protein fails 10 restore repair activity in
CG1 extracts.

Involvement of the xeroderma pigmentosum group F
geng product

Extracts from a human XP-F cell strain fail to complement
Chinese hamster extracts of CGE, CG4 and CG11 in vitro.
This pattern of non-complementation is group specific, as
efficient cocrection of repair is found with other CGs. In
addition, the XP-F extract is not able to correct the
ERCCl-depleted HeLa extract, indicating that the XPF-
correcting activity is afso part of the postulated complex.
Wetl-controlled cell fusions in vive between human XP-F
cells and Chinese hamster NER-deficient mutants, being
complicated by poor interspecies fusion and chromosome
foss in the resulting hybrids, have not been done so far, so
there is no in vive correlation of our in vitro results. Direct
involvement of BRCC1 in XP-F is ruled out by the inability
of the ERCCT gene to correct XP-F cells in vive (Van Duin
et al., [989). Therefore, ERCC4 and ERCC11 are possible
candidates for ihe gene defective in XP-F. This would
represent another overlap between Chinese hamster mutants
and human repair disorders. Alternatively, XPFC might also
encade a distinct protein, which may be less likely in view
of pradient sedimentation data.

The relation batween ERCC4 and ERCC11

The complex between the ERCC1 and ERCC4 proteins also
contains the correcting activities of CG11 and XP-F. The
latter two mutants do not show the extreme sensitivity to
DNA crosslinking agents characteristic for representatives
of CGl and 4. However, absence of mitomycin C sensi-
tivity has also been noted in some ERCC1 mutants, whereas
the sensitivity 1o UV has been retained (7, Van de Berg and
LH.J.Heeijmakers, unpublished results), It is possible that
such relatively mild mutations are present in CG11 and XP-F
as well, Since the strain UVS1 s the sole representative of
CGl1 isolated so far, one has to consider also the theoretical
possibility that the complementation in cell hybrids of CGI1
with CGI or C(4 mutants is of the intra-allelic type. Qur
(unpublished) observation that transfected ERCCI cDNA is
unable to correct UVS-1 cells definitely rules out involve-
ment of ERCCI. On the other hand, complementation has
been shown after cell fusion with UVS1 and the two indepen-
dent CG4 mutants UV47 (Hata ¢t al., 1991} and UV41
{D.Busch, personal communicaiion), which makes intra-
allelic complementation less likely. Afthough such patterns
of complementation have never been observed in the
numerous fusions between either Chinese hamster or human
(XP}) repair-deficient mutant cells, a definitive answer must
await the isolation of the ERCC4 or ERCCH gene and its
ransfection into the reciprocal mutants.

Possible functions of the complex

The homologue of ERCCI in S.cerevisiae is the RADI0 gene
(Van Duin ef @/., 1986). This protein can form a very stable
complex with the R4D1 gene preduct, both in vive and
invitro {Bailly et al., 1992; Bardwel efal,, 1992),
explaining the similar phenotypes of the yeast RAD/! and
RADIO mutants, having a defect in NER as well as in mitotic
recombination (Schiestl and Prakash, 1988, 1990). Also
ERCCI and ERCCY mutants share unique features, such as
extreme sensitivity to crosslinking apgents. Therefore, it is
conceivable that the RADI-RADIO complex and the
emammalian repair complex identified here are equivalent and
have similar functions. The studies in yeast do not exciude
the possibility that additional proteins are part of the
RADI - RADIO complex, which is relevant in view of cur
findings that ERCC11 and/or XPFC correcting activities also
appear (o be present in the mammalian complex. In this idea,
the yeast RAD! gene becomes a good candidate for being
the homologue of one of the mammalian genes ERCCY,
ERCCI1 or XPFC.

Combining these data, we postulate that the mammalian
enzyme complex has a dual function, as has its homologue
in yeast. Deficiency of the NER function results ina ~35-
to 10-fold increased sensitivity 1o UV light and other
chemical agents inducing bulky DNA adducts, Such a
sensitivity is also found in XP-A cells, where NER is fully
impaired due to the complete inactivation of the XPAC
protein (Tanzka ef al., 1990), On top of the moderate
sensitivity for crosslinks (such as found in XP-A cells), the
additional participation of ERCC1 and ERCCH proteins in
a recombinational repair pathway might explain the extreme
(80- 10 100-fold) sensitivity of the corresponding mutants
to crosslinking agents, Obviously, interstrand crosslinks may
require additional recombination steps for their removal.
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Nota added

In the course of manuscript preparation we became
aware of recent results obtained by M.Biggerstaff,
DLE.Szymkowski and R.D,Wood, indicating an association
between CGl, CG4 and XP-F correcting activities and
showing non-complementation in extracts mixtures obtained
from these CGs (Biggerstaff et al., 1993).

Materlals and methods

Pissmid DNA

Plasmids pBluescript KS* (pBKS, 3.0 kb), pTZI9R (3.0 kb), pHM14
(3.7 kb) and pSLM (4.3 kb) were isolated from E.cofl RecA™ hosts by
alkaline 1ysis and purified twic on a CsCl gradient. pBKS and pTZI9R
were either exposed 1o 450 Jim? of UV light of predominantly 254 nm o
treated with 0.} mM N-acetoxy-2-acetylaminoflucrens (AAF) (a kind gift
of R.Baan, TNO, Rijswijk), inducing NV-(gusnin-8-y1) AAF adducts, pBKS
plasmid was treated with Nth protein from E. coli (generously provided by
C.LIones, ICRF, London) after UV irradiation and extensively purified
a5 closed circular DNA on neurral sugsose gradients as descsibad by Woed
er al. {1988} and Biggersaff er gl. {1991).

AAP-modified plasmids were collectsd by repeated di-ethyl-ether
extractions and etharol precipitation (Landegent ¢f 6k, 1984) and also
sepurified on a sucrose gradient. In both cases pHM 14 or pSLM plasmids
were mock-treated in parallel. The average numbers of [estons per damaged
plasmid molacule were 10 — 12 pyrimidine dimers and 15—20 AAF—guanme
adducis, respestively.

Cell lines and extracls

Mutant Chinese hamster cells, bypersensitive to UV irradiation or other
mutagenic agents, were isolated from either the wild-type CHO strains
AAS (Busch e al., 1980) or CHO9 (Wood and Burkd, 1982). These mutants
have been assigned to complemeantation group 1 (43-3B, UV8S), group 2
(UV5), group 3 (27-1), group 4 (UV41, UV4T), group 5 (UVI35) (Busch
et al,, 1989), group 6 {14-60-23B) (D, Busch, personal communication) and
group 11 (UVSH) (Hawa et 6L, [991; Ribond et o, §992; Numata er al,,
1993}, XPI2RO(SV40) and XPAIYO{SY40) are SY40-transformed lines
belonging to XP CGs A and P, respectively. HeLa and CHO2 cells served
25 Tepair-competent controls.

Ceils were cultured in 850 em? plastic roller bottles or in 265 em? glass
Peuri dishes in a 1:1 mixture of Ham's F10 and DMEM medium (Gibco)
supplemented with 10% fetal calf serum and antibictics. Cells wers harvested
by trypsindzation and washed with phosphate-buffered sabine (PBS), Extracts
were prepared from 2—5 1l of packed cell pallet by the method of Mantey
et al. (1933) as modified by Wood ¢t al. (1988), dialysed in buffer A and
stored at —80°C, Buffer A contained 25 mM HEPES/KOH pH 7.8, 0.F M
KCI, 12 mM MgCl,, 1 mM EDTA, 2 mM dithiothreito! (DTT) and 17%
(vfv) plycerof.

In vitro rapalr assay

The standard reaciion misture (50 1) conained 250 ng damaged pBKS
andt 250 ng pHM 1S plasmid DNA, 45 mM HEPES—KOH (pH 7.8), 70 mM
KCi, 7.4 mM MgCly, 0.9 mM DTT, 0.4 mM EDTA, 20 pM each of
dCTP, dGTP and TTP, B uM dATP, M kBq of [a- MplATE, 2 mM
ATP, 40 mM phosphocseating, 2.5 pg creatine phosphokinase, 3.45%
glyceml. 18 pg bovine serum albumin and 200 pg of cell-free extract. The
mixtures weze incubated for 3 h at 30°C. Plasmid DNAs were isolated,
linearized by restriction and ¢kotrophoresed on an agarose gel. Data were
analysed by sutoradiography and quantified by scindillaton counting of DNA
pands excised from dried gel.

Anti-ERCC1 antibodigs and i blotting

Human ERCCt protein was overproduced as a ubiquitin—- ERCC! fusion
protein in E.coff, The ublguitin part is thought to protect the N-terminal
part of the ERCCI protgin against degradation. The pETUBL . ERCCI vector
cormained a inducible T7 ¢ and was transformead 1o the bacterial
host strain BL2IDE3)LysS (M.H.M.Koken ¢ al., submitted),

A polycional anti-ERCC] antiserum was zaised in rabbits by injection
of gel-purified ubiquitin—ERCCI fusion protein. For immunoblot analysis
protein samples were separated on {1% SDS—polyacrylamide gel and
iransferred 10 2 PVDF membrane in 25 mM Tris—HCL, pH 8.3 containing
20% methanof and 0.2 M glycine. The mentbranes were treated with non-
fzt milk containing 0.1% Tween 20 and sodium a2kde for 2t least | hand
then incubated for [6 h with 1000X dituted antiserwm at 4°C. Thea the
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blots were washed with PBS containing 0.5% Tween 20 and incubated for
2 h at yoom temperature with alkaline phosphatase-conjugated goar anti-
rabbit IgG, The blots were washed again and developed with the coloured
substrases nitoblue tetrazolium and S-bromo-4-chloro-3-indolyl phosphate,

The ERCC1 antiserum was affinity-purified using a protein A —Sephirose
<olurnn for isolating the [5G fraction of the scrum and an Affigel® 10 column
{Bio-Rad} carrying immobilized purified fusion protein.

In vitro translation and Immunopracipitation

ERCCI protein was translated s virro using a rabbit reticolocyte lysate
system as described by the manufacturer {Promega) using 50 aCi of
[**S]methionine {1 mCifmmel). Anliserum was incubated with ERCCI
protein for 2 hat 4°C in 100 mb NaCi, 50 mM Tris—HCi pH 7.5, 5 mM
Na,EDTA and 0.5% Tyiton (NETT buffer). The H% protein
A—Sepharose beads in NETT buffer oongaining 28 BSA and 0.02% sodium
azjde were added 2nd tumbled for 1 h at §°C, Afier centrifugation and
washing four times in NETT buffer the immunoprecipitate was separated
on [1% SD5—PAGE and the gel was dried and exposed to X-ray film.

Glycerof gradient sedimsntation

The molecular weight of ERCC1 was determined on a F0—36% non-
denaturing glycerol gradient in buffer A. NER-proficient Hela extract
(650 pg) was loaded, together with three markers: atdolase (147 kDa),
afbumin {67 kDa} and chymotnypsinogen A (25 kDa} and sedimentad in
a Beckman 841 rotor at 280 000 g a1 4°C for 24 h. After fractionation
the presence of ERCC1 protein was monitored on immunoblots using amti-
ERCCI antibodies and horseradish peroxidase-conjugated second antibody,
using a phosphorescence defection methed.

Antibody depletion of NER-proficlent extract

Hela cell extract was treated with polyclonal anti-ERCC antiserum. Protein
A—Sepharose CL~B beads {protA) (70 pg) were washed thres times in
PBS and incubated with 10 pf anti-ERCC1 antibodies or preimmune serum
for 15 min at 0°C. Then the beads were washed thres times in buffer A
and added to a repair-competent Hela extract for 30 min ar °C. The super-
natani obtained after spinning down the beads was used as a depleted Hela
extract and 12sted in the in vitro repair as<ay,

Acknowledgements

The authors wish to express their gratitude to Drs Wood and Biggerstaff
for their vital help in the boginning of this project. In addition,
M.H.M.Koken, J.van den Berg, W, Vemmeulen, J.de Wit and A.P.M.Eker
are acknowledged for preparing the ubli—ERCCL construct, mutation
analysis, microinjections, transfections and help with protein purification,
respectively, Dt D,Basch is tharked for making his murant cell strafns and
unpublished data available to us. This ressarch was supported in part by
the Netherfands Foundation for Chemical Research (SON) and Medical
Sciences (GMW, 900-501-113) with financial aid from the Netherlands
Organization for Scientific Research and by the Commission of European
Communiies {CEC).

References

Bailly, V., Semmers,C.H., Sung,P., Pralash.L. and Prakach,§. (1992) Proc.
Nail Acad. Sci, US4, 89, 82738277,

Bardweli L., Cooper,A.J. and Friedberg,E.C. (1992) Mol Cell. Bicl., 12,
04 3049,

Biggerstaff, M. and Wood,R.D, (1992) J, Biol. Chem., 267, 6879 —6885.

Biggerstalf, M., Robins, P., Coverdey, D, and Wood, R.D. {1991) Mz, Res.,
154, 217224,

Bohr,¥V.A. and Hanawalt,P.C. (§987) Carcinogenesis, 8, 1333—1336.

Busch,D.B., Cleaver,LE. and Glaser,D.A. (1930) Sorat. Ceif Gener., 6,
407418,

Busch,D., Greiner,C., Lewis,K., Ford,R., Adair,G. and Thompson,L.
{1989) AMuwagenesis, 4, 340-354.

Cleaver,].E. and Kracmer,K.H. (i989) Xerodenna pigmentosum. The
Metabolic Basis for Inherited Direase. Vol. . McGraw-Hill Book Ce.,
New York, pp. 29492971,

Coltins,A. R, {1993} Murar. Res., 293, ¥9-113.

Coverley,D., Kenny,M.X., Mumn,M., Rupp,W.D., Lanz,D.P, and
Wood R.D. {1291} Nature, H9, 538541,

Coverey, 1., Keany,M.K., Lane,D.P. and Wood R.D. (1992} Aucleic Acids
Res,, 20, 387133880,

Flejter,W.L.. McDaniel,L.D., Johns,D1., Frisdberg.E.C, and Schultz,R.A.
(1992) Proc. Matl Acad. Sci. USK, 89, 261265,



Friedberg BE.C. (1992) Ceil, 71, 887884,

Grossman,L. and Yeung AT, (199)) Photochem. Photobicl., 51, 749-1735.

Gulyas,K.D. and Donzhue, T.F, (1992) Celi, 69, 1031042,

Harnsson,T., Munn. M., Rupp,W.D., Kahn,R. and Wood,R.D. {£389) /.
Biol, Chem., 264, 2178821792,

Hanssen,J., Keyse,5.M., Lindahi, T, and Wood,R.D. (1931) Cancer Res.,
3, 3184-13300,

Hata H,, Numata, M., Tohda,H., Yasui,A. and Oikawa,A. (1931) Cancer
Res., 51, 195-198.

Hoeijmakess, LH.J. {1991} /. Ceil Sci., 100, 687—691.

Hoeijmakers, JL.H.1. (1993) ¥rends Gener., 9, 211 -217.

Hosijmakers, £.H.J. and Bootsma, D, {1990) Cancer Cells, 2, 311320,

Huang,1.C,, Svoboda, DD, 1., Reardon LT, and Sancar,A. (1992) Proc. Nad
Acad, Sci, USA. 89, 3664 —3668.

LapdegentJ.E., Jansen in de Wal,N., Bzan,R.A., Hoeijmakers J.H.]. and
Van der Ploeg,M. {1984) Exp. Cell Res., 153, 61-72.

Lehmann, A.R. (1982) Murar. Res., 106, 347-356.

Lehmann,A.R. (1987) Cancer Rev,, 7, 82103,

Lehmann, AR, ¢f ol (1992) Mutar, Res., 273, 1—-28.

Lommgl, L, and Hanawalt,P.C. (199F) Murar. Res., 255, 183-191.

Manley,).L., Fire,A., Samuels,M. and Sharp,P.A. (1983) Methods
Enzymol., 101, 568582,

Nance M.A. and Berry, 8. A. (192) Am. £ Med. Geaer., 42, 6§-84.

Nichols, A.F., Schunidt,W.J., Chaney,S,G, and Sancar, A, (1992} Chem,
Biol. Ireract., 8, 223231,

Numata,M., Hata,H., Shiomi.T., Matsunaga,T., Mori.T., Nikzide,0.,
Yasul, A, and Qikawa.A. (1993) Cancer Res., 83, 495-499.

O'Donovan, A, and Wood,R.D. {1993} Narure, 363, 185—188.

Park,E.. Guzder,5., KekenM.H.M., Jaspers-Dekker.l., Weeda,G.,
Hoelfmakers,[.H.I., Prakash,S. and Prakash,i.. (£992) Proc. Norf Acad.
Sci. USA, 89, 1151611420,

Riboni,R., Bota,E., Stefanini b, Numata, M. and Yasui.A, (1992) Creer
Res., 52, 6696691,

Rebins, P, Jores,C ., Biggerstaff, M., Lindahl. T. and Wood,R.D. ([991)
EMBQ 1., 10, 3913-3921.

Schaeffer,L., Roy,R., HumbertS., Moncollin,V., Vemneulen,W.,
Hoeijmakers,).H.J., Chambon,P. and Egly,J. (1993) Science, 260,
58-63,

Schedy,D., Nousptkel, T,, Corfet. k., Ucla,C., Bairoch, A, and Clarkson, $.G.
(1993) Nanere, 363, 182185,

Schizstl, R H. and Prakash.S. (1988) Mol Ceil. Biol., 8, J619—3526.

Schiest.R.H. and Prakash,S. (1990) Mol Cell. Biol., 10, 2485~2491.

Selby,C.P. and Sancar,A. (1990} Mutar. Res., 238, 203211,

Shivji,M.K.K., Kenny, M .K. and Woed,R.D, (1992) Celi, 69, 367324,

Sibghat-Ullah,S.A. ([996) Bischemisiry, 29, 5711 —5718.

Sibghat-Ullah,S.A,, Husain.l., Carlton, . and Sancar,A. (1989) Nucleic
Actds Res., 17, 4TE 184,

Stefanini, M., Collins,A.R., Riboni.R., Klande M., Botta,E., Machell.D.L.
and Nuzzo F. (1991} Cancer Res., 51, 3965—397.

Stefanini, M., Giliani,§., Nardo, T., Marinoni,$., Nazzaro, V., Rizzo R. and
Trevisan,G. (1992} Murar. Res., 273, 119125,

Stcfanini, M., Vermeulen\V., Gilizni,S,, Nardo,T,, Merzina,M,,
Sarasin,A., Harper. LI, Arlew,C.F., Hoeijmakers.LH.I. and
Letmann, A R. {1993} dm. L Hum. Genet., in press.

Tanika,K., Satokata,l., Ogita.Z., Uchida,T. and Okada,Y. (1989) Proc.
Narl Acad. Sci. USA, 86, 5512—5516.

Tanaka,K., Miura,N., Satokata,1., Miyamote.1., Yoshida M.C., Saoh,Y.,
Kondo,S., Yasui.A., Chayama,H. and Qkada,Y, (1990) Narure, 348,
73-176.

Thompson, L H., Shiomi.T., Salazar,E.P. and Stewart,5.A. (1988) Somat.
Cell, Mol Genet., 14, 605—612.

Thompsoa, L. H., Mirchell,D. L., Regan J. 1%, Boufiler,5.D., Suwart,S.A.,
Carrier,W.L., Naim,R.S. and Johnson,R.T. (1989) Mutagenesis, 4,
140—149.

Tobias, J.W. and Varshavsky.A. (1991} J. Biol Chem, 266, 12021-- 12018,

Troelsira,C., van Gool,A., d& Wit,J,, Vermeulen,W,, Bootsma,D. and
Hoszijmakers,l.H.J, (1992) Celf, Tt, 939953,

Van Duin,M., D& Wil., Odijk,H., Westerveld A, YasuiA.,
Koken.M.H.M., Hoeijmakers,].H.J. and Bootsma,D. (1986) Celt, 4,
913-923.

Van Duin M., Janssen,].H., de Wit,[., Hosfjmakers, J.H., Thompson,L.H.,
Bootsma,D. and Westerveld,A. (1988) Musar. Res., 193, 123-130.
Van Duin,M., Vredeveldt,G., Mayne,L.V., Odijk,H., Vermeuten, WV,
Klein,B., Weeds,G., Hosljmakers,J H.],, Bootema, D, and Westarveld A,

(1989) Murar, Res,, 217, 8392,

Verema, )., Muollenders,L.H.F., Natarajan, A.T., Van Zezland A.A. and

Mayne.L.V. (1990) Proc. Nafl Acad. S, US4, 87, 4707-4711.

Vemoeulen,W., Stefanini,M., Giliani,§., Hoeijmakers,.H.J. and
Bootsma,D. {1991} Mutat. Res., 355, 201208,

VWeber,C.A., Satazar, EP., Stewan,5.A. and Thompson,L.H, (1990) EAMBO
L, 9, 14371447,

YWeeda,G., Van Ham,R.C.A., Vermeulen,VW., Bootsma,D.,
Van der Eb,A.J. and Hoeijmakers,LH.J, (1990) Celi, 62, 777791,

Wood,R.D. and Burd,H.I. (1982) Murat. Res., 95, 505—514.

Wood,R.D., Robins,P. and Lindahl,T. {1988) Celf, 53, 97—106.

Zdzienicka,M.Z,, Miwhell,D,L,, Venema,],, -Van Hoffen,A.,
Van Zealand, LA, Mullenders,L.H., Ds Wit,], and Simons JW, (1991}
Mutagenesis, &, 179~183.

Received on Aprl 14, 1993; revised on May 17, 1993

59






Chapter 3

Partial characterization of the DNA repair protein complex,
containing the ERCCI, ERCC4, ERCCI11 and XPF correcting

activities






Partial characterization of the DNA repair protein complex,
confaining the ERCC1, ERCC4, ERCCI11 and XPF correcting
activities

A.J. van Vuuren, E. Appeldoorn, H. Odijk, S. Humbert?, V. Moncollin?, A.P.M.
Eker, N.G.J. Jaspers, J-M. Egly® and J.H.J, Hoeijmakers’

Department of Cell Biology and Genetics, Medical Genetics Centre, Erasmus University Rotierdam, P.O.
box 1738, 3000 DR Rotterdam, the Netherlands and ¥ IGBMC, | rue Laurent Fries, BPI63, 67404
HLLKIRCH Cédex, C.U. de Strasbourg, Fraitce. ' Corresponding anthor.

Abstract

The nucleotide excision repair (NER) protein ERCCI is part of a functional complex, which harbours in
addition the repair correcting activities of ERCC4, ERCCI1 and human XPE. ERCC! is not associated with
a defect in any of the known human NER disorders: xeroderma pigmentosum, Cockayne’s Syndrome or
trichothiodystrophy. Here¢ we report the partial purification and characterization of the ERCCI complex.
Immumnoprecipitation studies tentatively identified a subunit in the complex with an apparent MW of ~ 120 kDa,
The complex has affinity for DNA, but no clear preference for ss, ds or UV-damaged DNA substrates. The
size of the entire complex determined by non-denaturing gradient gels { ~280 kDa) is considerably larger than
previously found using size-separation on glycerel gradients ¢ ~ 120 kDa). Stable associations of the ERCC1

complex with other known repair factors (XPA, XPC, XPG and TFHH complex) could not be detected.

Keywords: nucleotide excision repair; ERCCI protein complex; 20 kDa subunit; immunoprecipitation;

purification

1. Infroduction

Environmental agents such as UV and X-rays
or chemical compounds can induce a wide range
of lesions in the DNA. Persisting lesions can
interfere with essential processes like transcrip-
tion or replication, which might cause cell death
or lead to mutations. To protect the genetic infor-
mation in the cell a network of DNA repair
mechanisms has evolved in all living organisms.
In nucleotide excision repair (NER), a major
repair pathway, five steps can be identified:
recognition of the DNA injury, dual incision on
the damaged strand (Huang et al., 1992), remo-
val of the damaged-containing patch, gap refil-
ling by DNA synthesis and finally strand liga-
tion. (Grossman and Thiagalingam, [993; Hoeij-
makers, 1993a; Sancar and Tang, 1993).

A NER deficiency can give rise to three geneti-

cally heterogeneous human disorders: xeroderma
pigmentosun (XP) (seven genetic complementa-
tion groups: XP-A to XP-G), Cockayne’s syn-
drome (two groups: CS-A and CS-B), and a
photosensitive form of the brittle hair disease
trichothiodystrophy (TTD)(Hoeijinakers, 1993hy).
Patients suffering from this subtype of TTD have
been classified in three complementation groups:
TTD-A (Stefanini et al., 1993), XP group D
(Stefanini et al., 1992), and one TTD family is
assigned to XP group B (Vermeulen et al.,
1994). In addition to cel lines of these patients,
a large collection of UV-sensitive mutants has
been obtained from rodent cell cultures, in which
eleven complementation groups have been identi-
fied. A number of correcting human genes has
been isolated by gene transfer experiments,
designated as excision repair cross-complemen-
ting (ERCC) genes (Busch et al., [989; Riboni et
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al., 1992; Collins, 1993). Most of these ERCC
genes have been found to be involved in the
human NER disorders as well: ERCC2 is identi-
cal to XPD (Flejter et al., 1992), ERCC3 is XPB
(Weeda et al., 1990), ERCCS is XPG (Q'DPono-
van and Wood, 1993; Scherly et al,, 1993) and
ERCC6 is identical to CSB (Troelstra et al.,
1992). However, FRCC! is not affected in any
of the known human complementation groups
{van Duin et al., 1989).

The eukaryotic NER genes are highly conser-
ved during evolution. As an example, ERCC/
shares sequence homology with the Saccharomy-
ces cerevisine NER gene RADIO. The RADIO
gene product forms a stable complex with the
yeast RADI protein (Bailly et al., 1992; Bard-
well et al,, 1992), which is required for both
NER and mitotic recombination (Schiestt and
Prakash, [988; Schiestl and Prakash, 1990). The
complex may perform the 5’ incision in the NER
process, since it has a structure-specific endonu-
clease activity that cleaves a splayed armz DNA
structure only in the strand with a 3° single end
{Bardwell et al., 1994b). Manunalian ERCC1,
like its yeast homolog, is also part of a protein
complex, which harbours the correcting activities
of the rodent groups 1, 4, Il and human XP
group F, as observed by co-purification and co-
immunedepletion of these repair activities (Big-
gerstaff et al., 1993; van Vuuren et al., 1993).

Cosmid clones harbouring the functional
ERCC4 gene have been recently described,
(Thompson et al., 1994), although no informa-
tion is available oun the encoded gene product.
Also the ERCCII and XPF genes have not yet
been cloned. Therefore, an enzymological ap-
proach has been chosen to characterize the
ERCC1-complex. Here we report its partial puri-
fication from Hela cells, the tentative identi-
fication of a {20 kDa subunit, and the possible
associations with other repair factors,

2. Material and Methods
Gel-electrophoresis, immunoblotting and re-

striction enzyme digestion were performed accor-
ding to standard procedures (Sambrook et al.,
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1989). The purification scheme was prepared
according to Gerard et al. (1991}.

2.1 Cell lines and extracts

Repair-competent cell lines: Hela and Chinese
hamster ovary (CHO9) as well as rodent NER
mutants of complementation groups 1 (43-3B,
Uvzl), 2 (UV5), 3 (27.1, UV2d), 4 (UV41,
Uv47), 5 (UV135), and 11 (UVSI) and human
XP group F (XP3YOSV) were cultured in a mix-
ture of Ham’s F10 and DMEM medium (1:1),
with 10% fetal calf serum and antibiotics (strep-
tomycin and penicillin). Cells were harvested and
extracts were prepared from 2-5 ml of packed
cell pellet by the method of Manley as modified
by Wood (Manley et al., 1983; Wood et al.,
1988) dialysed in buffer A and stored at - 80°C.
Buffer A contains 25 miM Hepes-KOH pH 7.8,
0.1 M KCI, 12 mM MgCl,, 1 mM EDTA, 2
mM DTT and §7% glycerol. Primary fibroblasts
of XP-F (XP3YO} and XP-C (XP2iRO) were
cultured for microinjection in Ham’s FI0 me-
dium supplemented with 12% serum and antibio-
tics,

2.2 In vitro DNA repair

Plasmid pBKS was treated with 0.1 mM N-ace-
toxy-2-acetylaminoftuorene (AAF) and closed
circular forms were isolated as described earlier
{van Vuuren et al., 1993), Each reaction contai-
ned 250 ng of AAF-modified plasmids and 250
ng of non-damaged pHM 14 plasmid as a controt
in 45 mM HEPES-KOH (pH7.8), 70 mM KCl,
7.4 mM MgCl, 0.9 mM DTT, 0.4 mM EDTA,
20 uM each of dCTP, dGTP, and TTP, 8 uM
dATP, 74 kBq of [*PladATP, 2mM ATP, 40
mM phosphocreatine, 2.5 pg creatine phosphoki-
nase, 3.5% glycerol, 18 pg bovine serum al-
bumin, and 100 or 200 pg protein of the celi-free
extracts. Samples were incubated 3 h at 30°C,
then the DNA was isolated, linearized by BamH1
digestion and separated by clectrophoresis on
0.8% agarose gel. Incorporation of [*PIATP in
damaged and undamaged plasmids was detected
by autoradiography and quantified using a B&L
Phosphor-Imager and a LKB Densitometer.,



2.3 Microinfection

Microinjection of XP fibroblasts was performed
as previously described (Vermeulen et al., 1986).
After injection cells were frradiated with UV-
light (254 nm, 15 I/m®, incubated for 2 h in
PH]-thymidine-containing culture medium (10
p#Ci/ml; s.a.: 50 Cifmmol) and fixed. Repair ac-
tivity was detected by autoradiography. The
number of silver grains above the nuclei is a
measure for the level of unscheduled DNA syn-
thesis (UDS).

2.4 Antibodies

Polyclonal antibodies were raised in rabbits
against an E. coff overproduced human ubiguitin-
ERCC1 fusion protein (Koken et al., 1993; van
Vuuren et al., 1993) and against a C-terminal
peptide of XPA. Anti-ERCC] antiserum was pu-
rified on protein A-sepharose followed by an
Affi-Gel 10 column carrying purified ubiquitin-
BRCCI fusion protein, Immunoblots were incu-
bated with either crude anti-ERCCL antiserum,
crude anti-XPA antiserum, affinity purified anti-
ERCCI antiserum or with monoctonal antibodies
(M3C9) against the p62 subunit of TFIH, As a
second antibody horse radish peroxidase- or atka-
line phosphatase-conjugated goat anti-rabbit or
goat anti-mouse Ig were used. These antibodies
were detected by a chemiluminescent substrate
ECL (Amersham) or nitroblue tetrazolium and 5-
bromo-4-chloro-3-indolyl phosphate.

2.5 Inununoprecipitation experiments

HeLa cells were cultured I It in DMEM medi-
um lacking methionine, supplemented with fetal
catf serum (dialysed against phosphate-buffered
saline (PBS)), and labelled with [*S]-methionine
(20puCifml; s.a. I mCi/fmMol) for 16-20 h. Cells
were harvested and washed twice with PBS and
stored at -80°C. For immuncprecipitation the
peliet was dissolved in IPB7 buffer (20 mM
Triethanolamine pH 7.8, 0.7 M NaCl, 0.5%
NP40 and 0.2% natrium deoxycheolaat) and the
solution was centrifuged for 15°. Afterwards the
supernatant was incubated with anti-ERCCI anti-
bedy beads for 16 h at 4°C with agitation. The
beads were extensively washed in IPB7 buffer

and PBS, dissolved in loading buffer, heated for
5" and the soluble proteins were separated on a
11% SDS-polyacrylamide gel. Protein bands
were visualized by autoradiography of the dried

gel,

2.6 Purification of ERCC1 complex

Chromatographic materials were tested batch-
wise or in columns, The following materials
were used: Heparin-Ultrogel A4R, DEAE-Sphe-
rodex M, Phosphor Ultrogel-P A6R, and ss
DPNA Ultrogel A4R (IBF); Sulfopropyl SP-5PW,
and TSK gel Heparin 5PW, and TSK get HA-
100 Hydroxylapatite (TosoHaas); Pheny! Sepha-
rose, Octyl Sepharose, Sepharose CL-4B, Sepha-
cryl-5300, and Q-sepharose Fast Flow (Pharna-
cia); ds DNA Cellulose, and ATP Sepharose
(Sigma); Red Sepharose CL-4B, Blue Sepharose
CL-4B, and UV-irradiated-DNA cellulose;
Cellulose phosphate Pi1 (Whatman); Hydroxyl-
apatite Spheroidal beads (Fluka), Hela extracts or
partially purified ERCC1 fractions (Hep 10 or
Sulfopropyl) were loaded.

2.7 Non-denaturing gel-electrophoresis

A 4-15% polyacrylamide gradient gel in TBE
buffer and 12% glycerol was prepared (TBE: 90
mM Tris, 80 mM boric acid and 2.5 mM
EDTA). The gel was prerun for 30 min at 70 V,
toaded with samples and run for 2 h at 70 V and
for 16-20 h at 150 V. Proteins included as mole-
cular weight markers were ferritin (440 kDa),
catalase (232 kDa), lactate dehydrogenase (140
kDa), and albumin (67 kDa). HeLa extracts or
pariially purified ERCC1 fractions were loaded
and immunoblotted. The Westernblot was stained
with Ponceau-S to visualize the molecular weight
markers for determination of the apparent MW of
the ERCC1 complex. There was a good relation-
ship between the migration and the known MW
of the markers. The ERCC1 comples was detec-
ted by antibodies. The ERCC1-containing band
was cut out from the gel and incubated 30 min in
6.1% SDS, 50 mM boric acid pH 8.0, and elec-
tro-eluted for 16 h in 30 mM Tris and 200 mM
glycine. The eluted proteins were concentrated
on a Centricon-10 filter at 4 °C.
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2.8 Endonuclease assay

Partially purified ERCC1 fractions were incu-
bated with different DNA substrates: 200 ng ss-
DNA (M13), ds-DNA (pHMI14) or damaged
DNA (pUR288-AAF) under in vitro repair condi-
tions for 30 min at 37° C. Heparin SPW fraction
10 with or without prior depletion of ERCC1 by
immunobeads was used in a range of 1 to 30 ug
protein. After the reaction, samples were treated
with proteinase K, SDS and phenol extracted to
de-proteinize, The DNA was isclated and sepa-
rated on (.8 % agarose gels.

3. Results

3.1 Immunoprecipitation studies
Affinity-purified anti-ERCC1 antiserum descri-
bed previously (van Vuuren et al., 1993} recog-
nizes ERCCI as the onty band on a Western blot
of a HeLa cell-free extract, (prepared according
to Mantey et al.,, 1983) (Figure 1D, lane 7).
Antibodies were immobilized on protein A-sepha-
rose beads and washed prior to incubation with
a total [*°S}-methionine labelled Hela extract. A
protein band, migrating at the position of in vitro
translated ERCC1 protein (39 kDa in SDS-
PAGE), was precipitated by crude or affinity-
purified anti-ERCC]1 antiserum among a number
of aspecific polypeptides, but not by preimmune
serum (Figure 1A), ERCCI1 appeared as a minor
band on the autoradiogram, presumably due to its
low expression level (var Duin et al., 1986) and
the low specific labelling due to the presence of
only two internal methionines in the protein.
Background bands could not be reduced signifi-
cantly by pretreatment of the antibodybeads with
a non-labelied Hela extract (Figure {C; lane 1},
in addition to BERCCI, at least one polypeptide
with an apparent molecular weight of ~ 120 kDa
was co-precipitated by the ERCCI immunobeads
(Figure [A; lane 2 and 3 indicated with *). This
band as well as the ERCCI band disappeared
when the immunobeads were preincubated with
an excess of purified ubiquitin-ERCCL fusion
protein overproduced in E.coli {Figure IB; lane
2). Further evidence in favour of the 120 kDa
protein being a subunit of the ERCC1 complex
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Fig. 1. Immunoprecipitation wsing anti-ERCCI1

antibodies of a total [¥S]-labelled protein extract of
HeLa cells and detection of ERCCI in different XP cell
strains. A: Hela extract was precipitated with pre-
immune serum (pre}, with crude anti-ERCCI antibodies
{«El} or with affinity-purified anti-ERCC1 antiserum
(affi-E1). Both lane | (pre) and 2 («xEl) show a
migration effect of the large amount of IgG in the
samples, the heavy chain is indicated by an arrowhead.
The ERCCI protein is indicated as an arrow, the
presumed 120 kDa sebunit with an asterix. B:
Competition experinment using affi-El beads which were
pretreated  with non-labelled recombinant ubiquitin-
ERCC1 fusion protein (lane 2} in comparison to affi-El
immunoprecipitation of HeLa extract (lane 1). C:
Immunoprecipitation with labelled HelLa using oEl
competed with non-labelled HeLa extract to reduce
aspecific binding (lane 1). Lane 2 shows a [¥*$]-labelled
XP-F extract that was precipitated with ERCCI-
immunobeads. D: 10 pg protein of the cell-free extracts
of respectively XP-A, XP-B, XP-C, XP-D, XP-F, XP-
G and HeLa cells were analyzed for the presence of
ERCC]1 protein on immunoblot using affinity-purified
anti-ERCC1 serum. Protein staining with Coommassie
Brilliant Blue (CBB) indicated that similar amounts of
protein were loaded in each lang (not shown),
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Fig. 2, Co-elution of the ERCC! complex with transcription initiation factor TFHH over the first
chromatography columns, ERCCI is visualized by immuneblot analysis. A: Purification scheme of TFIIH
(Gerard et al., 1991). In panels B - E 30 pl of each fraction was loaded or 10 pg protein when the protein
concendration is known, B: Heparin column, ERCCI is present in the (0.4 M KCI elution fraction, C: DEAE
column, ERCC1 is found predominantly in the 0.2 M KCI elution fraction, a minor amount in the (.35 M
fraction D: Sulfopropyl SPW column, ERCCI is detected in both 0.28 and 0.45 M KCl elution fractions
(TFIIH is present in 0.45 M KClI fraction), E: Heparin 5PW column, the peak of ERCCI1 is observed in
fraction 8-10, whereas the peak of TFIIH is found in fraction 10-14.

was obtained by analysis of an XP-F exfract.
Imnunoblot analysis of cell-free extracts from
XP complementation groups A to D and G sho-
wed that ERCCI is significantly reduced only in
XP-F (Figure ID). These results are in agree-
ment with earlier findings (Biggerstaff et al.,
1993). Afier precipitation of a [*8)-labelled XP-
F extract using ERCCI immunobeads both
ERCCI and the 120 kDa band were no longer
detectable, whereas the aspecific bands remained
(Figure 1C; lane 2). These data suggest a close
association between ERCCI and the 120 kDa
protein and might identify the latter as a subunit
of the complex.

3.2 Partial purification of the ERCCI complex.

An elaborated purification scheme, designed
for isolation of active protein complexes, has
been developed for the purification of manumali-
an basal transcription factors, including the

multisubunit TEIIH complex (Gerard et al.,
1991). TFIIH accommiodates the repair-correct-
ing activities of XPB, XPD and TTD-A (Drapkin
et al., 1994; Schaeffer ¢t al., 1994; van Vuuren
et al., 1994, Vermeulen et al., 1994), illustrating
that this procedure can be used for the purifica-
tion of (repair} complexes. From this purification
scheme (Figure 2A), which starts with a large
amount of repair-competent HeLa extract, frac-
tions of several chromatography steps were tested
for the presence of ERCCI, Immunoblot analysis
indicated that ERCCI and TFIIH efuted in the
same fractions on the first two chromatography
columns: Heparin-Ultrogel (0.4 M KCi) and
DEAE-Spherodex (0.2 M KCly (Figure 2B-C).
On Sulfopropyl SPW ERCC1 was detected in the
0.28 and 0.45 M KCl fractions (Figure 2D). The
latter contained the TFIIH complex and was
loaded on a Heparin 5PW columm. Gradient
elution achieved an incomplete separation of
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Fig. 3. Correction of the repair defect by ERCCl-containing Heparin SPW fractions using an in vitro DNA
repair assay. In all cases 6,2 pg of Heparin fraction 10 was added to [00 pg cell-free extract of rodent group
t, 4, 11, human XP group F or HeLa (even numbered lanes), no fractions were added in odd numbered
lanes. The same amount of Heparin fraction 8, 9 or 10 was added to a rodent group 3 extract (lane 14-16).
AAF-damaged plasmid is indicated as >+ and the non-damaged plasmid as '-*. The upper panel shows the
ethidium bromide stained gel and the lower panel the autoradiogram.

BRCCI and TFIIH, The peak of ERCCI resides
in fractions 8 to 10, just in front of the TFIIH-
containing fractions 10 to 14 (Figure 2E), see
also (Gerard et al., 1991).

The biological activity of the ERCCl-contai-
ning fractions was investigated utilizing the in
vitro DNA repair assay based on cell-free ex-
tracts {Wood et al., 1988). The Sulfopropyl 0.28
M KCI elution containing ERCC1 but no signifi-
cant fraction of TFIIH, induced complementation
of the repair defect in extracts of rodent group 11
and human XP-F, Correction of the repair defect
was also observed after administration of Heparin
3PW fractions 8-10 to extracts of rodent groups
1,4, 11 and human XP-F, but not when added to
a group 5 extract (Figure 3, showing the results
of fraction 10). Addition of these fractions to a
repair-proficient extract did not influence its
NER activity, demonstrating that the stimulation
of repair observed in the above mentioned extract
was not due fo an aspecific effect. Furthermore,
the level of correction achieved was similar to
that observed in the above mentioned extracts
was abtained when the same extracts were mixed
with a rodent complementation group 2 extract
(data not shown, sece van Vuuren et al., [993). A
small part of the TFITH activity (known to peak
in fraction 12 and 13 (Gerard et al., 1991)) was
detected in fraction 10 and to a lesser extent in
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fraction 9, as measured by the ability to correct
extracts of rodent group 3 (Figure 3, lane 14-16).
These data were in agreement with immunoblot
analysis and indicate again that ERCCl and
TFITH complexes become separated in this stage

Hyfrorepaig

123 4 56 7 8 3 01112131515

fED L A/ 1012 1418 18 20 22 2428 2R 80 82 34

Fig. 4. Hydroxylapatite chromatagraphy of ERCCI
containing Heparin SPW fractton 10. The upper panel
shows the presence of ERCCU in fractions 20-24 (0.26
M phosphate buffer) by immunoblot analysis. The lower
panel shows the protein profile of a CBB-stained gel,

of the purification, but an overlap of both activi-
ties was found in fraction 10. As an independent
test for functionality in vive, the Heparin SPW
fractions 8-10 and the 0.28 KCl fraction of Sul-
fopropy! were microinjected into XP fibroblasts.
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Fig, 5. Absence of a physical association between ERCCI and TFIIH or XPA, A: HeLa extract (lane 1 and
4), HeLa extract depleted for p62 (HH#%) (lane 2 and 5) and Hela extract depleted for ERCC1 (H®") (lane
3 and 6) were loaded on SDS-PAGE, immunoblotied and analyzed with anti-ERCC1 antiserum (lane 1-3)
or with anti-p62 antiserum (lane 4-6). Arrowheads indicate IgG bands. B: HeLa extract was depleted for
ERCC1 and the non-bound fraction (n), protein fraction bound to the ERCCIl-immunobeads (b}, and
untreated HeLa extract (u) were analyzed by immunoblotting with anti-ERCCI antiserum (lane 1-3) or with
anti-p62 antibodies (lane 4-6). ERCC1 is bound to the anti-ERCC1 immunobeads (fane 2}, while binding of
p62 was not detectable (lane 5), Note: the samples in lane [ and 4 were 10x diluted compared to fane 3 and
6. C: HeLa extract tested for the presence of XPA protein after ERCC1 depletion: lane 1, non-bound
fraction; lane 2, proteins bound to the ERCCl-immunobeads {b) and lane 3 untreated HeLa extract (u) as
a control and analyzed by polyclonal antiserum against XPA,

Correction of the repair defect was clearly
observed in XP-F cells as an increase in unsche-
duled DNA syathesis (UDS) to wild-type levels
within 2 h after injection. No correction was
found in XP-C fibroblasts, included as a negative
control. These results indicate that at this stage of
purification both in vitro and in vivo active
ERCC{ complex is present and that the repair-
correcting activities of ERCCI, ERCC4,
ERCC!1 and XPF renwin associated.

The Heparin fractions still contain many pro-
teins as detected on Coormmassie Britliant Blue
(CBB) stained SDS-polyacrylamide gels. There-
fore, the behaviour of the ERCCI1 complex on a
wide range of chromatographic mate-rials was
analyzed, using extracts of HeLa cells as well as
partially purified Sulfopropyl SPW and Heparin
SPW eluates. A strong hydrophobic interaction
with Phenylsepharose and QOctylsepharose caused
irreversible binding of ERCCI, which could only
be eluted using a denaturing detergent solution
(0.5 % SDS). Application to the weakly hydro-
phobic unsubstituted sepharose carrier resulted in
binding in the presence of 40% ammoniumsul-
phate solution, but ERCCL eluted with the bulk
of proteins between 35-20% ammoniumsufphate.

ERCCI1 was found to bind at low ionic strength
to the column materials; Q-, Blue-, Red-,
Heparin-sepharose, ATP-agarose, Phosphocel-
lulose, DEAE, Sephacryl §-300, ss-DNA agaro-
se, ds-DNA cellulose, UV-irradiated DNA
cellulose and Hydroxylapatite. Generally, the
coniplex eluted between 0.2 and 0.4 M salt.
However, with none of these column materials a
significant additional purification of the ERCCI1
complex coutd be achieved. The best purification
was observed using Hydroxylapatite. ERCC1
eluted at 0.26 M phosphate buffer (fractions 20-
24), but the CBB-stained profile still showed
many protein bands (Figure 4). Neither CBB-
nor silver-stained protein profiles revealed promi-
nent SDS-PAGE bands at he MW of 39 or 120
kDa, indicating that the ERCCI complex is
present as a mrinor component at this stage of
purification, However, the elution fractions of
the Hydroxylapatite column, containing ERCC1,
still induced potent correction indicating that they
are biologically active.

To investigate DNA-binding activity of the
ERCCI complex Heparin 5PW fraction 10 was
loaded on ss-DNA agarose, on ds-DNA cellulose
and on UV-irradiated DNA cellulose, In all three
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cases ERCCI eluted between 0.2 and 0.4 M
KClI, indicating that the ERCC] complex binds to
DNA without pronounced preference for ss-, ds-
or damaged DNA. This observation together with
the finding that the homologous yeast
RADI/RAD 10 complex exhibits ss-specific endo-
nuclease activity (Sung et al., 1993; Tomkinson
et al., 1994), may imply that the ERCC1 com-
plex has such an activity as well. Heparin frac-
tion 10 contained nuclease activity for both
single- and double-stranded DNA under the
conditions used in the in vifro repair assay, but
the fraction was not pure enough to unequivocal-
ly demonstrate an asseciation of a nuclease with
the ERCCl-containing protein complex.

3.3 Possible interacrions with other repair factors

Since NER requires many enzymes during the
reaction, the possibility of specific association of
ERCCI1 and other NER factors was investigated.
At first, TFIIH scemed a good candidate, be-
cause ERCCI co-eluted at least partially with
TFIIH in the initial four purification steps.
However, separation occurred in Sulfopropyl and
Heparin SPW chromatography, arguing against
such an interaction. This result was confirmed by
antibody depletion studies. Monoclonal antiserum
against the p62 subunit of TFIIH and polyclonal

Hep

© .23

anti-ERCC1 antiserum were immobilized on
protein A sepharose beads prior to incubation
with repair-proficient cell-free extracts of HeLa
cells. After removal of the beads, the non-bound
fraction (supernatant) displayed a strong decrease
in NER activity measured in the in vitro repair
assay, consistent with the removal of at least one
essentiat NER component (van Vuuren et al.,
1993; van Vuuren et al., 1994), HelLa extracts
depleted of ERCC1 (HeLa™<!} or p62 (Hel.a®
#3) were loaded on SDS-page and immunoblot-
ted. A clear reduction of ERCC1I was found in
HeLa®™®! whereas no significant decrease in
the amount of ERCCI was observed in the HeLa
P (Figure 5A, lane 2 and 3). The reverse pattern
was detected in HeLa™?: a decreased amount of
p62 was found in this extract in comparison to
normal levels of p62 in the HeLa™®! extract
(Figure SA, lane 5 and 6). To exclude the possi-
bility that only a small fraction of TFIIH is
associated with ERCCL, the proteins bound to
the ERCCI-immunobeads were analyzed. This
bound fraction showed clearly ERCCI1 as ex-
pected, while no p62 could be observed (Figure
5B, lane 2 and 5). It appears that no significant
stable association between the ERCCI and the
TFIH complexes exists in repair-competent
extracts of HeLa cells.

o

-232

Fig. 6. The siz¢ of the ERCCI complex determined by non-denaturing gel-eltectrophoresis. The immunoblots
were analyzed with anti-ERCC1 antiserum. A: lane 1: Heparin 5PW fraction 10 (100 pg), lane 2:
Sulphepropyl 5PW fraction 0.45 M KCl (120 pg), lane 3 DEAE fraction 0,2 M KCI (10 g}, lane 4 Heparin
Ultrogel 0.4 M KC1. (20) B: {ane 5 Hela extract, lane 6 XP-F extract, and lane 7 ERCCi-depleted Hela
extract (H®"), in all cases 100 pg protein was loaded. C: the region corresponding to the position of the
ERCC1 complex was cut out of ihe non-denaturing gel, the proteins were electro-¢luted and analyzed by
SDS-PAGE and Western blotting: lane 8 Hel.a extract and lane 9 ERCCI-depleted Hela exiract {(H®),
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In the first chromatography step ERCCI co-
ehated neither with XPC nor with CSB, whereas
XPA and XPG were found in the same Heparin
fraction as ERCC1 (van der Spek, van Gool,
A.P.M.E., unpub, res.}. XPG correcting activity
became separated from ERCCI on the second
DEAE column using the ir vifro NER assay (data
not shown}). This is consistent with our previous
findings in which no close association of XPG
with TFIH was found (van Vuuren et al., 1994},
Interaction of ERCCIl with XPA was recently
suggested by Li et al. (1994} and Park and
Sancar (1994). After depletion of HeLa extract
by ERCCi-immunobeads the presence of XPA
was analyzed in the different fractions using XPA
specific antiserum, The XPA protein was found
in the ERCC1 depleted HeLa extract, whereas no
XPA was detected in the fraction bound to the
ERCCl-immunobeads (Figure SC, lane 1 and 2),
indicating that XPA was not co-depleted by anti-
ERCC! antiserum.

3.4 MW of the ERCCI complex under non-
denaturing conditions

Previously, the size of the ERCCI complex
was estimated to be approximately 120 kDa using
size-separation on glycerol gradients (Biggerstaff
et al., 1993; van Vuuren et al., 1993). This size
is quite small considering the fact that the com-
bined MW of ERCC1! (33 kDa) and the ERCCI-
associated factor (~ 120 kDa) tentatively identi-
fied in this paper exceeds 150 kDa even without
a third possible subunit. Therefore we examined
the size of the ERCC! complex by an indepen-
dent method using non-denaturing 4-15% poly-
acrylamide gradient gel-electrophoresis. To
investigate whether during purification the size of
the complex had changed due to dissociation of
loosely bound factors, the apparent MW of the
complex was analyzed in unfractionated Hela
extract and in partially purified ERCC{ fractions
(see Figure 2A). After imnmumoblotting ERCCL
was found to migrate at a position corresponding
with an apparent MW of 280 kDa + SD 36
(Figure 6A and B, lane 5). This signal was
absent when Hela®® or XP-F extracts were
analyzed (Figure 6B, lane 6 and 7). To further
establish that the detected protein band is

ERCCI, part of the gel containing ERCC1 was
cut out and the polypeptides were electro-eluted
and analyzed using SDS-PAGE, After inununo-
blotting the anti-ERCCI antiserum  clearly
detected the ERCC1 protein as a 39 kDa band.
In contrast, the HeLa ™8 extract did not contain
any detectable ERCCI after electro-elution and
blotting (Figure 6C, lane 8 and 9), No XPA
could be observed by polyclonal anti-XPA anti-
bodies in this ehuted protein fraction (data not
shown), confirming the results described above
that under our conditions XPA is not detectably
assoctated with ERCCH!.

4, Discussion

4.1 Composition and size of the ERCCI complex

The ERCCI complex contains the correcting
activities of ERCCI1, ERCC4, ERCC{l and
XPF, although the latter might be identical to
either ERCC4 or ERCC11 {van Vuuren et al.,
1993). These findings support the idea that the
ERCCI complex comtains a minimum of three
subunits, ERCCI (predicted molecular weight of
33 kDa), a subunit of 120 kDa and at least ane
unidentified subunit. Immunoprecipitation studies
reveated co-precipitation of the 120 kDa compo-
nent. This is not due to cross-reaction of the
antiserum: competition experiments prevent the
precipitation of both BRCCI and the 120 kDa
protein. ERCCI is specifically reduced in XP-F
extracts and after immunoprecipitation neither
ERCCI nor this 120 kDa protein band could be
observed. These dafa strongly suggest that the
120 kDa protein represents a component of the
ERCCI complex and that the complex is proba-
bly required for stability of ERCCIL. The latter
conclusion is consistent with the findings of
Biggerstaff et al., who also noted reduced
ERCCI amounts in rodent group 4 and [1 (Big-
gerstaft et al., 1993 and R.D. Wood, pers.
comnt. }.

The yeast RADI and RADIO muttants show
similar phenotypes distinet from other RAD3
group mutants, both have a defect in NER and,
in addition, in mitotic recombination (Schiestl
and Prakash, 1988; Schiestl and Prakash, 1990).
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Mammalian ERCCI and ERCC4 mutants share a
unique characteristic as well; unlike mutants of
other complementation groups they are extremely
sensitive (50-100x) to crosslinking agents. Repair
of these crosslinks is thought to require recombi-
national events. Based on the fact that ERCC]1 is
the homologue of the yeast RADIO one might
suggest that the human ERCC4 gene is the coun-
terpart of the yeast RADI. The MWs of the
mammalian subunit {~ 120 kDa), found in the
immunoprecipitation studies, and RAD1! (126
kDa} fit well in this prediction. These data
suggest that the [20 kDa subunit might be
ERCC4. No such extreme sensitivity for cross-
linking agents has been observed in ERCCIT or
XPF mutamts, possibly due to partial mutations in
these genes,

It appears that at feast one subunit has escaped
detection in the immunoprecipitation studies and
remains to be identified. It is possible that the
ERCCI antibodies competes with binding sites
for ERCC4 or ERCCI1. This explanation seems
unlikely, in view of the immunodepletion studies
{van Vuuren ¢t al., [993), but cannot be comple-
tely ruled out, A second possibility is that the
complementation found between mutants of
groups 1, 4 and 11 is due at least in one of the
combinations to intragenic complementation,
However, transfection of functional ERCCI
¢DNA and gene to mutants of rodent group 4
and 11 as well as to XP group F have excluded
a possible involvement of this gene in any of
these mutants {van Duin and Hoeijmakers, 1989
and W. Vermeulen, J. de Wit and J.H.J.H. un-
publ. res,), Furthermore, intragenic complemen-
tation between the sole representative (UVS1) of
rodent complementation group 11 and several
independent mutants of groups 1 or 4 is rather
unlikely, since correction of the repair defect was
found in all cases in different laboratories (Hata
et al., 1991; Busch et al., 1994}, In addition,
cosmid clones containing the FRCC4 gene failed
to complentent the repair defect in group 11 (L.
Thompson, pers. comm.). The most likely expla-
nation is that the missing subunit has escaped
detection due to a low methionine content or
because it is hidden behind background bands.
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These arguments further support the idea that the
ERCC1 complex consists of at least three sub-
units: ERCCI, ERCC4 and ERCC11. Experi-
ments in yeast concerning the RADI/RADIQ
complex (Bailly et al., 1992; Bardwell et al.,
1992) have not excluded the presence of addi-
tional proteins.

Non-denaturing gel electrophoresis shows an
ERCCi complex with an apparent molecular
weight (MW} of ~ 280 kDa both in Hela extracts
and in partially purified ERCCI fractions, much
larger than the ~ 120 kDa previously observed
by glycerol gradient sedimentation experiments
(Biggerstaff et al., 1993; van Vuuren et al.,
1993). The larger MW obtained in non-denatu-
ring gels would better accommodate the presence
of ERCC1 (predicted as 33 kDa), a subunit of
120 kDa and at least one additional polypeptide,
In general, MW estimations from these two
metheds must be taken with caution, and may
strongly depend on the conformation of the
complex.

4.2 Purification and activity of the ERCCI
complex

Purification of the ERCC! complex to homo-
geneity from mammalian cells is very difficult by
classical methods. After initial purification most
of the chromatographic materials showed elution
of ERCCI together with the mwmjority of the
remaining proteins. In our experience the Hy-
droxylapatite column yielded the best purifi-
cation, but even after this step ERCC1 could not
be unequivocally identified on protein-stained
gels. The protein complex must be present in
relatively small amounts in this stage of purifica-
tion. Unforiunately, immunodetection of ERCC4,
ERCC11 or XPF during the different chromato-
graphy steps is impossible at the moment, since
antibedies are not available yet. The ERCCI
complex has affinity for DNA but no strong
preference for binding ss, ds, or UV-irradiated
DNA. This suggests that the ERCC1 complex
does not have a direct role in recognition of the
DNA lesion, like XPA and XPE, which preferen-
tially bind 6-4 photoproducts and other NER
lesions (Jones and Wood, 1993; Reardon et al,,



1993). Very recently, the RADI/RAD10 com-
plex has been found to cleave a splayed-arm
DNA structure (Bardwell et al., 1994b). By
extrapolation the ERCCl complex might be
involved in the 5° incision, wherecas XPG has
been shown to be responsible for the 3* incision
(O'Donovan et al., 1994). However, no ss or ds
endonuclease activity specific for the ERCCI
complex could be demonstrated due {o contami-
nating nucleases. Absence of ERCCI1 endonu-
clease activity was found by Park and Sancar
(1994). Further purification of the complex and
the use of structure-specific DNA substrates
(such as splayed-arm or bubble-containing DNA
motecules) may be required for disclosing the
enzymatic function of the ERCCI complex.

4.3 Association of ERCCI complex with other
NER factors

A coordinated action of many repair proteins
is required in the NER process. This might
indicate binding affinities between different
repair factors. For instance, evidence has been
reported that XPC associates with TFIIH (Drap-
kin et al., 1994). In addition, RAD2 and RADA,
yeast homologs of XPG and XPC res-pectively,
were claimed to interact with factor b, the yeast
equivalent of TFIIH {Bardwell et al., 1994a}. In
case of the ERCC1 complex no specific stable
interactions are observed with any of the known
repair proteins (complexes). Depletion of a
repair-proficient extract with antibodies against
the p62 subunit of TFIIH or against ERCCI
failed to reveal co-depletion. Also XPA did not
show a stable association with the ERCC1 com-
ptex inunfractionated Hel a cell-free extracts. An
ERCCl1-depleted HeLa extract still contains the
repair-correcting activities for XPB, XPD (both
subunits of TFITH) and XPA, while the activities
to complement the defect of ERCC1, ERCC4,

ERCC11 and XPF are lost (van Vuuren et al.,
1993). Another argument against a strong associ-
ation is the fact that in gel-filtration experimerts
purified XPA yielded a MW consistent with the
expected MW of a free XPA monomer and did
not provide evidence for a stable XPA-containing
complex {Eker et al.,, 1992). An interaction
between XPA and ERCCI1 was previously detec-
ted by two methods: using the two hybrid system
(which is capable of picking up very weak inter-
actions) and by binding to immobilized protein
(in which case a vast excess of one of the pro-
teins was necessary to dentonstrate this interac-
tion) (Li et al., 1994; Park and Sancar, 1994). In
the first purification step (Figure 2A) CSB and
XPC elute in different fractions than ERCCI,
while XPG separates from ERCCI on the second
column. These association studies fail to disclose
stable interaction between ERCC! and TFIIH,
XPA, XPC, XPG, and C3B and do not support
the presence of detectable quantities of one large
repair complex in manmalian cells. H is possible
that repair factors have transient affinities for
each other during the NER reaction. This interac-
tion might be weak or depend on the recruitment
of specific proteins or on binding to DNA,

5. Ackuowledgements

We are grateful to W.L. de Laat for help with
some of the experiments, to A. Raams for prepa-
ring cell-free extracts, and to M. Kuit for pho-
tography. This work was supported in part by
grants from the Netherlands foundation for
Chemical Research (SON), Medical Sciences
(GMW, 900-501-113}, Commission of Buropean
Community (contract number BJ6-141-NL}, the
INSERM, the CNRS, the Ministére de la Recher-
che et de I’Enseignement Supérieur, and the
Association pour fa Recherche sur le Cancer.

6, References

Bailly, V., Sommers, C. H., Sung, P., Prakash, L.,
and Prakash, S. (1992). Specific complex forma-

tion between profeins encoded by the yeast DNA
repair and recombination genes RADY and RADIO.
Proc. Natl. Acad, Sci. USA 89, 8273-8277.

73



Bardwell, A. J., Bardwell, L., Iyer, N., Svejstrup, J.
Q., Feaver, W, I, Komberg, R. D., and Fried-
berg, B, C. (1994a). Yeast nucleotide excision
repair proteins rad2 and rad4 interact with RNA
polymerase H basal transcription factor b (TFilH),
Mol. Cell.

Biol. 74, 35693576,

Bardwell, A. J., Bardwell, L., Tomkinson, A. E.,
and Friedberg, E. C. (1994b). Specific cleavage of
model recombination and repair intermediates by
the yeast Rad-Rad 10 DNA endonuclease. Science
263, 2082-2085,

Bardwell, L., Cooper, A. ., and Friedberg, E. C.
{1992). Stable and specific association between the
yeast recombination and DNA repair proteins
RAD1 and RADIOQ in vitro. Mol, Cell. Biol. 12,
30413049,

Biggerstaff, M., Szymkowski, D. E., and Wood, R,
D. (1993), Co-correction of ERCCE, ERCC4 and
xeroderma pigmentosum group F DNA repair
defects in vitro. EMBO J. 12, 3685-3692.

Busch, D., Greiner, C., Lewis, K., Ford, R., Adair,
G,, and Thompson, L. {1989). Summary of com-
plementation groups of UV-sensitive CHO mutants
isolated by large-scale screening. Mutagenesis 4,
349-354,

Busch, D., Greiner, C., Rosenfeld, K. L,, Ford, R,,
de Wit, J., Hoeijmakers, J. H. J., and Thompson,
L. H. (1994). Complemeniation group assignments
of moderately UV-sensitive CHO mutants isolated
by large-scale screening. Mutagenesis 9, in press,

Coltins, A. R. (1993). Mutant rodent cell lines sensi-
tive to wvltraviolet light, ionizing radiation and
crosslinking ageats-A comprehensive survey of
genetic and biochemical characteristics, Muntat,
Res. 293, 99-118.

Drapkin, R., Reardon, J. T., Ansari, A., Huang, J.
C., Zawel, I.., Ahn, K,, Sancar, A., and Rein-
berg, D. {1994). Dual role of TFIIH in DNA
excision repair and in transcription by RNA poly-
merase . Nalure 368, 769-772.

Eker, A, P, M., YVermeulen, W., Miura, N., Tanaka,
K., Jaspers, N. G. J., Hoeijmakers, . H. L., and
Bootsma, D, (1992), Xeroderma pigmemosum
group A correcting protein from calf thymus.
Mutat, Res, 274, 211-224,

Flejter, W. L., McDaniel, ¥. D., Johns, D.,

74

Friedberg, E. C., and Schuliz, R, A, (1992).
Correction of xeroderma pigmentosum comple-
meniation group D mutant cell phenotypes by
chromosome and gene transfer: involvement of the
human ERCC2 DNA repair gene. Proc. Natl.
Acad. Sci. USA 89, 261-265.

Gerard, M,, Fischer, L., Moncollin, V,, Chipoulet,
}.-M., Chambon, P., and Egly, J.-M. (1991),
Purification and interaciion properties of the
human RN A polymerase B{II) gencral transcription
factor BTF2. J. Biol. Chem. 266, 20940-20945,

Grossman, L., and Thiagalingam, S, (1993}, Nucleo-
tide excision repair, a tracking mechanism in
search of damage. J. Biol, Chem. 268, 16871-
-16874,

Hata, H., Numata, M., Tohda, H., Yasui, A., and
Oikawa, A. (1991). Isolation of two chloroethyl-
nitrosourea-sensitive Chinese hamster cell lines,
Cancer Res. 57, 195-198,

Hoeijmakers, J. H. L (1993a). Nucleotide excision
repair It from E.coli to yeast. Trends Gen. 9,
173-177.

Hoeijmakers, ¥, H, J. (1993b). Nucleotide excision
repair IL: from yeast to mammals. Trends Gen. 9,
211217,

Huang, J. C,, Svebada, D. L., Reardon, J. T., and
Sancar, A. (1992). Human nucleotide excision
nuclease removes thymine dimers from DNA by
incising the 22nd phosphodiester bond 5* and the
6th phosphodiester bord 3* to the photodimer.
Prec. Natl. Acad. Sci. USA 89, 3664-3668.

Jones, C. 1., and Wood, R. D. (1993). Preferential
binding of the xeroderma pigmentosum group A
complementing protein to damaged DNA. Bio-
chem. 32, 12096-12104,

Keoken, M. H. M., Odijk, H., van Duin, M,, Forne-
rod, M., and Bootsma, D. (1993}, Augmentation
of protein production by a combination of the T7
RNA polymerase systemn and ubiguitin fusion.
Biochem, Biophys. Res. Commi. 795, 643-653.,

Li, L., Elledge, 8. J., Peterson, C. A., Bales, E. S.,
and Legerski, R. J. (1994). Specific association
between the human DNA repair proteins XPA and
ERCCI. Proc. Natl. Acad. Sci. USA 91, 5012-
3016.

Manley, I. L., Fire, A., Samuels, M., and Sharp, P.
A. (1983), In vitro transcriction: whole cell




extract, Methods Enzymol. 101, 568-582.

O’Donovan, A., Davies, A, A., Moggs, I, G., West,
S. C,, and Wood, R. D. (1994). XPG
endonuclease makes the 3’ incision in human DNA
nucleotide excision repair, Nature 371, 432-435,

O’Donovan, A., and Woed, R. D, (1993). Identical
defects in DNA repair in xeroderma pigmentosum
group G and rodent ERCC group 5. Nature 363,
185-188,

Park, C.-H., and Sancar, A, (1994), Formaticn of a
ternary complex by human XPA, ERCC1 and
ERC4(XPF) excision repair proteins, Proc, Nall,
Acad. Sci. USA 97, 5017-5021.

Reardon, J. T., Nichols, A. F., Keeney, S., Smith,
C. A., Taylor, I. 8., Linn, $., and Sancar, A,
{1993). Comparative analysis of binding of human
damaged DNA-binding protein (XPE) and escheri-
chia coli damage recognition protein (UvrA) to the
major ultraviolet phetopreducts T[CS}TT[TsJTT]-
6-4]T and T[Dewar]T. J. Biol. Chem. 2568, 21301-
-21308.

Ribeni, R., Botta, E., Stefanini, M., Numata, M.,
and Yasui, A, (1992). Identification of the eleventh
complementation group of UV-sensitive excision
repair-defective rodent mutants, Cancer Res, 52,
6690-6691.

Sambrook, 1., Fritsch, E, F., and Maniatis, T.
(1989). Molecular cloning: a laboratory manual.
(Cold Spring Harbor Laboratory Press).

Sancar, A., and Tang, M.-S. (1993). Nucleotide ex-
cision repair. Photochem. and Photobiol. 57, 905--
921,

Schaeffer, L., Moncollin, V., Roy, R., Staub, A.,
Mezzina, M., Sarasin, A., Weeda, G., Hogij-
makers, J. H. J., and Egly, J. M. (19%4). The
ERCC2/DNA repair protein is associated with the
class Il BTF2/TFIH transcription factor. EMBO
J. 13, 2388-2392,

Scherly, D., Nouspikel, T., Corlet, 1., Ucla, C.,
Bairoch, A., and Clarkson, S. G. (1993). Comple-
mentation of the DNA repair defect in xeroderma
pigmeniosum group G cells by a human ¢DNA
related to yeast RAD2. Nature 363, 182-185.

Schiestl, R. H., and Prakash, S, (1988), RADI, an
excision repair gene of Saccharomyces cerevisiae,
is also involved in recombination. Mol. Cell. Biol.
8, 3619-3626.

Schiestl, R. H., and Prakash, 8. (1990). RADI@, an
excision repair gene of Saccharomyces cerevisiae,
is involved in the RAD! pathway of milotic
recombination. Mot, Cell, Biol, /0, 2485-2491.

Stefanini, M., Giliani, 8., Nardo, T., Marinoni, §.,
Nazzaro, V., Rizzo, R., and Trevisan, G. (1992).
DNA repair investigations in nine Italian patients
affected by trichothiodystrophy. Mutat, Res. 273,
119-125.

Stefanini, M., Vermeulen, W., Weeda, G., Giliani,
S., Nardo, T., Mezzina, M., Sarasin, A., Harper,
¥ L., Arlett, C. F., Hociimakers, I. H. J., and
Lehmann, A. R. (1993). A new nucleotide
excision repair gene associated with the disorder
trichothiodystrophy. Am. J. Hum. Genet. 53,
817-821.

Sung, P., Reynolds, P., Prakash, L., and Prakash,
8. {1993). Purification and characterization of the
Saccharoniyces cerevisiae RADI/RADL0 endonu-
clease. J. Biol. Chem, 268, 26391-26399.

Thompson, L. H., Brookman, K. W., Weber, C. A.,
Salazar, E, P., Reardon, J. T., Sancar, A., Deng,
Z., and Siciliane, M. 1. {1994). Molecular cloning
of the human nucleotide-excision-repair gene
ERCC4. Proc. Natl. Acad. Sci. USA 97, 6855--
6859,

Tomkinson, A. E., Bardwell, A, I, Tappe, N., Ra-
nwos, W., and Friedberg, E. C. (1994). Purifica-
tion of Radl protein from Saccharomyces cerevi-
siqe and further characterization of the Radl/-
RadI0 endonuclease complex. Biochemistry 33,
5305-5311.

Troelstra, C., van Gool, A., de Wit, 1., Vermeulen,
W., Bootsma, D., and Hoeijmakers, J. H. L.
(1992). ERCC6, a member of a subfamily of puta-
tive helicases, is involved in Cockayne’s syndrome
and preferential repair of active genes, Cell 71,
939-953.

van Duin, M., de Wit, J., Odijk, H., Westerveld,
A., Yasui, A., Koken, M. H. M., Hoeijmakers,
J. H. 1., and Bootsma, D. (1986). Molecular
characterization of the human excision repair gene
ERCCI: ¢cDNA cloning and amine acid homology
with the yeast DNA repair gene RADI0. Cell 44,
913-923,

van Duin, M., Vredeveldt, G., Mayne, L. V., Odijk,
H., Vermeulen, W, Klein, B., Weeda, G., Hoeij-

75



makers, J. H. J., Bootsma, D., and Westerveld,
A. (1989}, The cloned human DNA excision repair
gene ERCCI fails to correct xeroderma pigmen-
tosum complementation groups A through L
Mutat. Res, 217, 83-92.

van Vuuren, A. J., Appeldoorn, E., Odijk, H.,
Yasui, A,, Jaspers, N. G. J., Beotsma, D., and
Hoeijmakers, J. H. J. (1993), Evidence for a
repair enzyme complex involving ERCC1 and
complementing activities of ERCC4, ERCC11 and
xerederma pigmentosum group F. EMBO J, 12,
3693-3701.

van Vuuren, A. 1., Vermeuten, W., Ma, L., Weeda,

G., Appeldoorn, E., Jaspers, N. G, I, van der
Eb, A. J., Bootsma, D., Hoeijmakers, J. H. }.,
Humberi, §,, Schaeffer, L., and Egly, J.-M.
(1994). Correction of xeroderma pigmentosum
repair defect by basal transcription factor BTF2-
(TFIIH), EMBO [. 13, 1645-1653.

Vermeulen, W., Osseweijer, P., De Jonge, A. J.,
and Hoeijmakers, J. H. J. (1986), Transient
correction of excision repair defects in fibroblasts

76

of 9 xeroderma pigmentosum complementation
groups by microinjection of crude human cell
extracts. Mutat. Res. 165, 199-206.

Vermeulen, W., van Vuuren, A, J., Chipoulet, M.,
Schaeffer, L., Appeldoorn, E., Weeda, G., Jas-
pers, N, G. 1., Priestley, A., Arlett, C. F., Leh-
mann, A, R., Stefanini, M., Mezzina, M., Sara-
sin, A., Bootsma, D., Egly, }.-M., and Hoeijma-
kers, J. H. J. (1994). Three unusual repair defi-
ciencies associated with transcription factor BTF2-
(TEIIH). Evidence for the existence of a transerip-
tion syndrome. Cold Spring Harbor 59, in press.

Weeda, G., Yan Ham, R. C. A., Vermeulen, W.,
Bootsma, D, Van der Eb, A, J., and Hoeijma-
kers, J. H. J. (1990). A presumed DNA helicase
encoded by ERCC-3 is involved in the human
repair disorders xeroderma pigmentosum and
Cockayne'’s syndrome. Cell 62, 777-791.

Wood, R. D., Robins, P., and Lindahl, T. (I988).
Complementaiion of the xeroderma pigmentosum
DNA repair defect in cell-free extracts, Cell 53,
97-106.




Chapter 4

Correction of xeroderma pigmentosum repair defect by basal
transcription factor BTF2 (TFIIH)






Carrection of xeroderma pigmentosum repair defect by
basal transcription factor BTF2 (TFIIH)}

A.J.van Vuuren'!, W .Vermeulen', L.Ma?,
G.Weada, E.Appeldoorn, N.G.J.Jaspsrs,
A.J.van der Eb?, D.Bootsma,
J.H.J.Hoeljmakers® and

S.Humbert®, L.Schaeffer* and J.-M.Egly*

Depanment of Cell Biology and Genetics, Medical Genetics Centre,
Erasmus Univarsity, PO Box 1738, 3000 DR, Rosterdam, Laboratory
for Molecular Carcinogenesis, Medical Genetics Centre, Sylvius
Laboratory, PO Box 9503, 2300 RA, Leiden. The Netherlands and
1UPR 520 (CNRS), Unité 184 (INSERM), Faculté do Médecine, 11
rue Humann, 670385 Strasbourg Cedex, France

Comesponding author

"The first and second authors have contributed equally to this work

Communkated by D.Boctsma

ERCC3 was initfally identified as a gene correcting the
nucleotide excision repair (NER) defect of xeroderma
pigmentosum complementation group B (XP-B), The
recent finding that its gene product is identical to the
P82 subunit of hasal transcription factor BTF2(TFITH),
opened the possibility that it is not directly involved in
NER but that it regulates the transcription of one
or more NER genes. Using an in vive microinjection
repair assay and an in vifro NER systemn based on
cell-free extracts we demonstrate that ERCC3 in BTF2 is
directly implicated in excision repair. Antibody depletion
experiments suppori the idea that the p62 BTE2 subunit
and perhaps the entire transcription factor function in
NER. Microinjection experimients suggest that exogenous
ERCC3 can exchange with ERCCJ3 subuaits in the
complex. Expression of a dominant negative K416 —~ R
ERCC3 mutant, expected to have lost all helicase
activity, completely abrogates NER and transcription and
concomitantly induces a dramatic chromatin collapse,
‘These findings establish the role of ERCC3 and probably
the entire BTF2 complex in transcription in vive which
was hitherto only deinonstrated in vitre. The results
strongly suggest that transcription iself is a critical
component for maintenance of chromatin structure, The
remarkable dual role of ERCCJ in NER and transcription
provides a clue in understanding the complex clinical
features of some inherited repair syndromes

Key words: BTF2/chromatin structure/ERCC3/nucleatide
excision repair/repair syndromes

Introduction

An intricate network of DNA repair systems protects the
genetic information from coatinuous deterioration due to the
damaging effects of environmental genotoxic agents and
inherent chemical instability of DNA. Thus these systems
prevent mutagenesis leading to inborm defects, cell dzath
ard neoplasia, and may counteract the process of ageing.

Nucleotide exciston repair (NER) is one of the major, cellular
repair pathways. It removes a wide range of structurally
unrelated lesions (such as UV-induced pyrimidine dimers
and chemical adducts) in a complex mulli-step reaction. The
mechanistic details of this process in eukaryotes are—in
contrast t¢ Escherichia coli—poorly understoed, but a
general picture is emerging. After recognition of the DNA
injury by a process not yet resolved, the damaged strand
is incised en either side of the lesion, 27 ~29 nucleotides
apart (Huang e al., [992). Excision of the patch, which
appears (o require one or more single strand binding proteins,
such as HSSB (RP-A) {Coverley et al., 1992) is foilowed
by gap-filling, mediated by DINA polymerase 8 and/or ¢ in
a reaction dependent on PCNA (Michols and Sancar, 1992;
Shivii ef @f., 1992), Finally, ligation is required (o s¢al the
newly syathesized repair paich to the pre-existing DNA (for
recent reviews see Grossman and Thiagalingam, [993;
Hoeijmakers, 1993a,b; Sancar and Tang, 1993). In fact, in
most, if not all, organisms at least two NER sub-pathways
exist. Special factors allow for the rapid and efficient
removal of lestons in the transcribed strand that intezfere
with ongoing transcription (transcription-coupled repair).
The other sub-pathway deals with the slower repair of
the rest of the genome (genome overatl repair; Hanawalt
and Mellon, 1993).

The dramatic consequences of impaired NER are iilustrated
by three distinci, inherited diseases characterized by
sun (UV) hypersensitivity, elevated genetic instability
and a siriking clinical and genetic heterogeneity. These
are the prototype repair disorder xerederma pigmentosum
(seven complementation groups: XP-A —XP-G), Cockayne’s
syndrome {wo groups: CS-A and CS-B) and PIBIDS (at
least wwa groups, one of which is equivalent to XP-D)
(Stefanioi et al., 1986, 1993, for a review see Hoeijmakers,
1993b). XP is marked by severe cutaneous abnormalilies,
including a strong predisposition to skin cancer, and frequently
progressive neurclogical degeneration {reviewed in Cleaver
and Kraemer, 1989). CS exhibits poor general development
and neurodysmyetination. No increased frequency of skin
cancer is noted in this disorder (Lehmann, 1987; Nance and
Berry, 1992). The repair defect in €§ is limited o the
sub-pathway of transcription-coupled repair (Venema et al.,
1990). Patients with PIBIDS manifest most of the CS
symptoms and, curiously, the hallimark of another disease
called trichothiedystrophy: ichthyosis and brittle hair and
nails (the later may be due to a reduced synthesis of a
cysteine-rich malrix protein) (Peserico ef al., 1992; Boolsiia
and Hoeijmakers, 1993). In exceptional cases individuals
display a combination of XP and CS. These have been
assigned to XP complementation greups B, D and G
(Wermeulen ef al., 1991, 1993, 1994).

Recently, the gene respoasible for one of these, the XP-8
gene: ERCCI (Weeda et al,, 1990), was unexpectedly found
to be identical to the p89 subunit of basal transcription factor
BTF2 (TFIiH) (Schaefter et al., £993). Human TFIIH, iis
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rat courterpart factor 4 and its yeast equivalent factor b are
one of the seven or so components required for proper
transcription initiation of RNA polymerase 1L in vitro from
a number of model promoters (Conaway and Conaway,
1989, Feaver ¢t al., 1991; Gerard et al., [991; Flores et al.,
1992}. The formation of an elongation-competent initiation
complex involves a highly ordered cascade of reaciic s
{reviewed in Sawadogo and Sentenac, 1990; Roeder, 1991;
Gill and Tijan, 1992; Drapkin et al., 1993), initiated by the
binding of factor TFID to the TATA box and completed
by binding of TFIIJ. The multi-subunit BTF2 consists of a
minimum of five proteins: p89, p62, p43, p41 and p35. The
role of this factor is at least 2-fold. First, the human
BTF2/TFIH as well as the rat & faclor are associated with
a protein kinase activity that specifically phosphorylates the
C-terminal domain of the large subunit of RNA polymerase
i1 {Lu eral., 1992; Serizawa et al., 1993b). Second, it
exhibits a DNA helicase activity {(Schaaffer ¢f al., 1993} that
is functionally required for ATP-driven local denaturation
of the transcriptional start site, The formation of an open
configuration precedes the catalysis of the first phosphodiester
bond of the transcript, Experimental evidence renders it
likely that the ERCC3 gene product participates in the
essential uawinding reaction (Schaeffer ef al., 1993). This
is consistent with the idemification of seven so-called
*helicase motifs’ in the BRCC3 amino acid sequence (Weeda
et al., 1990), .

The discovery of the ERCC3—transcription connection
provided an adequate explanation for several of the mysterious
observations with respect to this gene, such as its unsolved
essential function in yeast (Gulyas and Ponahug, 1992; Park
et al., 1992) and Drosophila (Mounkes ef al,, 1992} and a
poorly defined involverneat in expression of certain genes.
In addition to a direct participation of ERCC3 in both
transcription and repair, this finding opened a second
possibility to explain the ERCC3 —NER conrnection. When
the expression of one or more essential NER genes critically
depends on the functioning of ERCC3, mulations in this
gene might indirectly result in a NER defect (Gulyas and
Donahue, 1992; Schacffer er ai., 1993). The aim of this
study was to further define the role of ERCC3 in transcription
and repair in vive and in vitro. The work presented here
has implications for understanding the complex clinical
picture of XP-B and other forms of NER syndromes and
provides evidence for the involvement of an additional BTF2
component in NER,

Results

NER function of BTF2 measured by microlnjection

The presence of XP-B specific NER correcting activity
in protein fractions obtained during the purification of
transeription factor BTF2 was assessed by micreinjection
into lving XP-B fibroblasts in culture. The effect of the
injected proteins on the repair capacity of the cells is
measured by UV-induced unscheduled DNA synthesis (UDS),
viswalized by ir sine autoradiography and quantified by
counting silver grains above nuclei (De Jonge et al., 1983).
Figure 1A shows the purification scheme of BTF2 (Gerard
et al., 1991) together with the results of the microinjection
in XP-B and as a control in XP-G. It is apparent that
BTF2-containing fractions induce correction in XP-B. The
muftinzclear XP-B cell shown in Figure 1B has been injected
with purified BTF2/TFIIH (hydroxyapatite fraction; Gerard
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A Purification scheme of BTF2(TFTIH)

BTF2 purification step Cozr"e;ﬁ:g of NE‘;EE"ECI
Hela WCE {Man'ay) + +
Heparin ultrogel (0 22-0.44 KCH) NT NT
DEAE-spherodex  (0.07-0.97M KCY) SNT NT
Sutphopropyl-SPW  (0.23M KCI, peak} + -
Phenyl-SPW {0.2M (NH4)2804, peak) + -
Hydroxyapatite {0.27 M K-Fi, peak) + -
glycerol gradient + -

B

Flg. 1, Assessment of XP-B correcting activity by BTF2 using
mdcroneadle infection. (A} Copurification of XP-B repair comestion
and transeription stimulstion of BTR2, Peak [ractions of transcription
stimulatory activity of ¢ach BTF2 purification step (for details on the
BTF? pudfication see Gerard et af., 1991) were injected into the
cytoplasm of XP-B or XP-G homopolykaryons, followed by UV
irradiation, incubation in the presence of [“H]TdR, fixaion and
processing for autoradiography (see Materals and methods for details).
The aumber of silver grains above nuclei is a seflection of the repair
capacity of the cell. Fractions were scored positive when the injected
cells showed a level of UDS that was more than five times zbove e
background of non-injected neighbouring fibreblasts. WCE: whole cell
extract. The samples of the first two purification steps were very
diluted compared with the WCE. (B) Micrograph of XP-B fibroblasts
{XPCSIBA}, microinjected with the highly purified fraction 12 of the
HAP chromatography cofumn (see Figure 2), showing induction of the
UY dependent UDS in the injected multi-nucieatad cell (armow)
compared with the typical XP-B sesidual UDS level as shown by the
surmounding uninjected mononuclear cells.

el al., 1991} and shows a level of UDS in the range of
normal cells. In contrast, the non-injected neighbouring
monenuclear cells exhibit the very low repair activity
characteristic of XP-B. However, the correcting aciivity for
XP-G fibreblasts, which is present in the whole cell extract
(WCE}, do<s not copurify with BTF2 (Figure [A), To follow
more closely the relationship between BTF2 and XP-B
correction the fractionation profiles of the last two purification
steps, the hydroxyapatite (HAP) chromatography and the
glycerol gradient sedimentation were screened in a quantitative
fashion. Figure 2 shows that there is a direct correlation
between the sepair complementing activity measured as

"UDS as well as in vitre and the transcription activation

determined in an in vitre run-off assay using the adenovirus
major late promoter with RNA polymerase II and all basal
transcription factors except BTF2 (Fischer ef al., 1992). In
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Fig, 2, Cochromatography and cosedimentation of BTF2 transcription
stimulating and XP-B/ERCCD repair-correcting activites. The
trznscriptionally active (ractions that were eloted from the pheayl-5PW
column were successively applied on a HAP column and a 15—-35%
glyceros gradient, Al fraciions wers tested for transcription stimulation
in Aitre using the adenovirus major late promoter. Repair activity was
determined in vive by microncedle injection into living XP-B
fibroblasts and #n wirro using a cell-free NER assay. {A) HAP
purification step. The upper pan shows the autoradiogram of the
transcription assay, the middle pant presents the results of grain
counting (average number of grains per nucleus, 50 nuclei counted) of
XP-B cells micrvinjected with each fraction and assayed for
BV-induced UDS. The lower two panels represeot the in vitro NER
activities of the same fractions in 27-1, a rodent NER deficient cell
sirain of complementation group 3. They show the stained gel 10
demonstrate equal loading and the autoradiogram to visualize repair
synthesis, The AAF-damaged plasmid is indicated with '+, the
undamaged internal control with *—*, Fracdons 4 and 12 of the HAP
profile had undergone an exwa cyele of freezing and thawing prior to
this test. (B) Glycerol gredient sedimentation. Transcripiion {upper
pan) and XP-B in v repair zctivity {lower pan) of the glycernl
fractions were assayad as above.

previous work it was shown that the transcription stimulation
of BTF2 parallels its helicase activity (Schaeffer er al.,
1993), Thus, all BTF2 activities coincide with the XP-B
specific NER correction over six purification steps. We
conclude that microinjected BTF2 complex itself and not a
minor contaminant causes resteration of the repair defect in
living XP-B cells.

NER function of BTF2 in an In vitro repair assay
The results of the micreinjection experiments do not exclude
the possibility that ERCC3 is enly indirectly involved in

a7 |- |+ + F12 |[-§-]-1+

2 3 4

Wr 271

Fig. 3, BTF2 corrects NER defect of rodent complementation group 3
in vitre, (A} In vitre complementation of NER defect in CHO mutants
of rodent complementation groups 3 (mutant 27-1) and 4 (mutant
UV4T). Reactions contained a damaged plasmid (pBKS, 3.0 kb) and 2
non-damaged internal control plasmid (pHMI4, 3.7 kb), 250 ng each.
Protein concentration in all reactions was 200 pg. In fane 2 103 pg of
protein of each mutant extrect were mixed. After incubation in the
presence of [PPIdATP to permit repair, DNA was isofated, linearized
by restriction endonuclease treatment and size-fractionated by agarose
gel electrophoresis. (B) fa vire commection of NER defect of rodent
complementation group 3 (mutant 27-1) by purified BTF2 (fractions 4
and 12 ef the HAP chromatogeaphy shown in Figure 2). Lanes 1 and
2 contained 200 pg protein, lanes 3 and 4 100 pg of extract was used.
The amount of protein centributed by the BTF2 HAP fractions is
negligible.

NER. It is feasible that introduced BTF2 corrects expression
of one or more critical NER genes whose transcription is
abolished by the ERCC2 mutation in XP-B. Therefore, we
also measured correction of the XP-B defect in an in vitro
NER system (Wood ¢t al., [988) where transcription and
translation cannot occur. Figure 3B shows the outcorne of
administration of highly purified BTF2 (fraction 12 of the
HAP chromatography) to cell-free extracts of CHO mutant
27-1, This mutant is a member of rodent complementation
group 3, the equivalent of XP-B (Weeda er al., 1990). In
the presence of purified BTF2, repair synthesis in the damaged
plasmid reaches a level similar to that achieved by mixing
a complementing extract {Figure 3A). No such cerrection is
observed with fraclion 4 of the HAP eluate, which does not
contain BTE2 activity. In further testing alt fractions eluted
from this column in the in vitro NER assay we find that the
repair and transcription prefiles are again superimposable,
as they were using the microinjection assay (Figure 24,
fower parel). These experiments demenstrate that ERCC3
has a direct involvement in both transcription and NER.

Configuration of ERCC3 in the NER reaction

To determine whether the ERCC1 correcting activity in a
whole cell extract resides in a BTF2(-like) confijuration
antibody depletion experiments were conducted, A repair
proficient HeLa cell extract was incubated with a monoclonal
antibody against the p62 component of BTF2 (Mab3C9),
tenmobilized on protein A—sepharose beads, After removal
of the beads by centrifugation the remainder of the extract
was tested for repair capacity in vitre. Figure 4 shows
that removal of p62 causes a clear antibody dependent
reduction in repair activity (lane 3, compared with lane )
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Fig. 4. Monoclonal antibodies against p§2 deplete a repafr<ompetent
Hela extract from repair and ERCC) activity, HeLa cell-frea extract
(159 ug protein) was incubated with Mab3C9 against the p§2 BTF2
subuntit immaobilized on protein A—sepharose CL-4B beads. After
centrifugalion to remave the bound proteins the supernatant was tested
{or its 1epair and complementing activities using the in virro NER
assay. Lane 1, Hela extact (undepleted 109 pgh; tane 2, Hela extract
weated with protein A beads alone (80 ug); lane 3, Hela extract
depleted with Mab3CH (80 pp); lane 4, MabIC%-treated Hela extracy
{40 pg) mixad with extract of CHO mutant UVEIS (complementation
group 3, 100 pa)i Jane 5, UV135 ewract alone {200 gg); Jane 6,
Mab}91reated Hela extract {40 pgl mived with exiract of CHO
mutant 27-1 {complemeatation greup 3, 100 pg); lane 7, 27-1 extract
alone (200 ug).

suggesting that pb2 is also involved in NER. To see whether
ERCCJ activity is still present the treated extract was
mixed with an extract of CHO group 3. It s apparent from
Figure 4 that the (p62)*F***.HeLa extract had also lost the
ability 1o complement the group 3 (fane 6) but not the group
5 defect (lane 4), which is equivalent to XP-G (O’Donovan
and Wood, 1993; Scherty ef al., 1993). These findings
indicate that ERCC3 correcting activity in a repair-
competent HeLa whole cell extract is associzted with ps2
and that the ERCC5/XP-G factor is not tightly bound to
the p62 - ERCC3 complex.

Effect of frea ERCC3 protain

The purified BTF2 complex is quite stable, at least in vitro,
as the proteins involved remain associated even in | M KCj
{Schaetfer e al., 1993). To find out whether the ERCC3
protein can only function in NER when offered in the form
of the BTF2 complex we tested the ability of ERCC3 pratein
overproduced in E.coli to complement the XP-B defecy,
Figure 5 shows a plutathione—agarose bound fraction
containing the GST—ERCC3 fusion protein after SDS—
PAGE (lane 1) and the partiatly purified ERCC3 gere
product released from the GST fusion protein after cleavage
by thrombin (lane 3). The results summarized in Table |
{lower part) demeonsirate that the recombinant GST—ERCC3
fusion protein as well as free ERCC3 induce significant
correction saon (within 4 h) after microinjection into XP-B
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«— GST-BRCC3
“— ERCC3

Fig. 5, SDS--PAGE analysis of recombinant-produced BRCC3 fusion
protein, Recombinant-produced fusien protein of GST—~ERCC3 {using
vector pGEX2T) was partly purified on glutathionz —agarose beads and
eluted with 3 mM rduced glutathione (lane 1}. Lane 2, eluted
prkeins, after digestion with thrombin; lane 3, proteins released after
thrombin cleavage from immobilized fusion proteins on GSH beads,
Arrows indicate the recombinant ERCC3 proteins., (hber bands present
in the Coomassie stained gzl are probably derived from C-terminal
degradation products of GST—ERCC3 and contaminating £.coli
proteins.

fibroblasts, The fact that ERCC3 in the coatext of the
BTF2 complex as well as free ERCC3 exerts correction must
mean that the ERCC3 subunit is exchangeahle. The notion
that the correction by BTF2 is more rapid (within 2 h} and
reaches wild-type level is consistent with the idea that
this complex rather than the free protein is involved in the
NER reaction. Apparently, the N-terminal GST extension
does not seriously interfere with ERCC3 functioning in
the BTF2 complex.

Consequance of interference with ERCC3 functioning
for NER and transcription

The invelvement of ERCCJ in transcription is derived from
results using an in vitro transcription assay and a limited set
of promoters (Gerard et af., 1991). It is important to verify
whether the protein performs such a function in 1ive as weli.
Therefore, we assessed the effect of amibody injection on
RNA synthesis (determined by incorporation of ["Huridine)
and on NER (as determined by the level of UV-induced
PHITdR incorperation) into normal fibroblasts, As a
control, cells on the same slide were injected with preimmune
serum of the same rabbilt and with antibodies against the
ERCCI protein, & NER component niot residing in the BTF2
complex. Previously, we presented the specificity of the
antibodies (Schaeffer e af., 1993; van Vuuren o af., 1993),
The results are summarized in Table I (upper pant). The
ERCC3 preimmune serumn has no significant effect on the
number of grains derived from transcription or NER. The
ERCCI control serum induces a total inhibition of excision
repair, demonstrating that this protein is indispensable for
NER. However, no reduction of general transcription is
ohserved, demenstrating that transcription does not drop as
a non-specific censequence of the inhibition of repair. The
ERCC3 serum causes a significant but incomplete repression
of transcription as well as repair synthesis. The partial effect
can be explained in several ways. The antibodies cannot
reach or block the activity of all ERCC3 molecules, e.g.
because the antigenic sites are not accessible. Alieratively,



Table I, Microinjestion of ERCC3 protein, antibodies and DNA construsts in human cells

Injected substances? Hours after % inhibition of % inhibition of NER activity in XP-B
injection NER RNA symthesis® (UDS in % of normal)

Ani-ERCC1 {476) 24 97 o -

Anti-ERCC3 (1151) 24 43 43 -

Preimmung 1151 24 4 5 -

KM6 —~ R ERCC3 6 0 b -

KM6 — R ERCC3 22 74 0 -

H346 — R ERCC3 30 a3 7 -

K346 — R ERCC3 48 98 g5 -

w.l. ERCC3 30 10 3 -

Rec. GST—ERCC3® 4-6 - - 39

Ree. ERCC3® 4-6 - - 43

No injection - - - I

Polycional rabbit scrum {476, anti-ERCCI: 1E51, and-ERCC); preimmune 1150), ERCCY ¢DNA in the mammalian expression vector pSVL
(wild-type and KM6 ~ R mutant of ERCC3Y, GSH-purified recombinant fusion protein of GST—~ERCC3 and thrombin-cut fusion protgin of

GST—-ERCCA on GSH column (see Figure 5).
*Compared with uninjectad cells present on the same slide.
“Estimated protin cencentration .05 0.1 pgimi.

the protein is only involved in part of the transcription and
NER reactions in the cell.

As an alternative manner of interfering with ERCC3
functioning in vivo a DNA construct was designed carrying
a mutation that is expected to have only a subtie effect on
the tertiary structure of the protein but a drastic effect on
its activity. For this the conserved lysine 346 in the nucleotide
binding box (Weeda er al., 1990) was selected and replaced
by arginine, thereby preserving the positive charge. Tt is
known from other ATPases and helicases with GKT-type
nucleotide binding domains that substitution of the invariant
lysine reduces or completely abolishes ATP hydrolysis but
does not necessarily affect ATP binding as such (Azzaria
et al., 1989; Reinstein et al,, 1990; Tijan ef al., 1930). In
the yeast RAD3 repair helicase it has been demonstrated that
a similar K — R replacement does not interfere with
ATP binding but blocked the hydrolysis step and helicase
activity (Sung et al., 1988). Transfection of the mutant
ERCC3 cDNA into the UV-sensitive, repair-deficient rodent
group 3 cell line 27-1 demonstrated that the K346 — R
protein was unable to restore the repair defect (L.Ma,
A.Westbroek, A.G.Jochemsen, G.Weeda, D.Bootsma,
L.H.f.Hoeijmakers and A.J. van der Eb, manuscript
submitted). An analogous mutation in the yeast hemologue
of ERCC3, RAD?25, showed that the essential function of
the protein was also inactivated (Park er af., 1992). To
see whether this mutation exerts a dominant effect the
K346 — R ERCC3 ¢DNA was microinjected into
repair-competent fibroblasts, As a control the wild-type
¢DNA in the same vector was injected into cells on the same
slide. Although at different time points some heterogeneity
was seen in the magnitude of the effects, presumably due
10 differences in the level of expression, a sharp drop in UDS
was registered within 22 h which was total by 48 h (see
Figure 6D ~F and for quantitative results Table I, middle
part}. Concomitantly, transcription fell down to undetectable
levels (Figure 6A—C, Table I). This was closely followed
by a dramatic change ks nuclear morphology. At first (22 h)
the nucleoli increased in size and became less densely
stained, At later times the entire Giemsa-stainable chromatin
material clumped in a small area, leaving the remainder of

the nucleus empty. In contrast, the cyteplasm stayed
remarkably normal in merphology {see Figure 6). None of
these effects were observed in the cells injected with the
wild-type ¢cDNA construct which even exerts correction of
the repair defect when injected into XP-B fibroblasts (Weeda
et al,, 1990). We conclude that the K346 — R substitution
confers a dominant-negative effect on both transcription and
NER and induces a dramatic chrematin coltapse.

Discussion

The findings reported here demonstrate that the ERCC3 gene
product functions directly in two quite differeat aspects of
nueleic acid metabolism: basal transcription and nucleotide
excision repair. This confirms and extends earlier observations
by Egly and coworkers wha identified the ERCC3 prolein as
one of the components of the BTF2/TFITH complex required
for proper transcription initiation of RNA polymerase I
in vitre {Schaeffer er al., 1993). Thus these results rule oul
the theoretical possibility raised by these and other remarkable
observations with respect to the ERCC3 gene in the yeast
and Drosophila systems, pamely that the ERCC3~NER
connection could be indirect, i.e. ERCC3 might control the
expression of one or more (real) NER genes without being
involved itself in this process (Gulyas and Donahue, 1992;
Mounkes et al., 1992; Schaeffer er al., 1993). In addition,
this work establishes that the ERCC3 protein participates
in the transcription machinery in vivo; the evidence for this
was hitherto only based on an in vitro transcripticn assay.
Finally, this paper reveals the dramatic consequences of
interfering with proper ERCC3 functioning in vivo via
overexpression of domninant-negative ERCC3 mutant protein
or by antibody injections, Our findings have direct
implications for the functioning of ERCC3 at the molecular
level and for the interpretation of some of the clinical
manifestations of the asseciated human syndrome.

Involvement of BTF2 in NER

In what cenfiguration dees ERCC3 function in NER? The
fact that purified BTE2 is able to correct the XP-B/rodent
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Fig. 6. Effect of K346 — R ERCC3 mutant on wanscripion and NER. Micrographs A, B and C show the time dependent effect on RNA synthesis,
assayed by pulse fabelling with (*HJuridine, In control (wild-type) fibroblasts injected with the ERCCI cDNA encoding the K36 ~ R mutated
preizin, Micrographis D, E and F demoenstrate the effect on NER, as revealed by UV-induced UDS. A and D were assayed 22 h, B and E 30 h and
C and F 48 h after microinjection. Injected polykaryens (arrows) demeonstrate a complede intubition of RNA synthesis (no incorporation of
PHJuridine) as well as NER (abseoce of UDS in injected polykaryons) and a dramatic chromatin collapse.

group 3 repair defect in vive and in virro suggests, but does
not prove, that the complex as a whole participates in the
NER process. It is, however, not excluded that the ERCC3
subunit dissociates from the complex and either functions
alone or in a different complex in the NER reaction
mechanism. An argement in favour of the involvement of
BTF2 in NER is our finding that monoclonal antibodies
against p62 are able to deprive a HeLa WCE of its NER
capability and all detectable ERCC3 activity. This suggests
that at feast the p62 subunit of BTF2/TFHH is tightly
associated with the majority of the ERCC3 molecules that
are required for in vitre NER, A second inference from
this observation is that the p62 protein may be yet another
NER factor. Whether the same holds for the entire BTF2
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complex has to be established. The dual involverment of
ERCC3 extends the emerging rotion that the eukaryotic NER
system recruits many factors from other systems that cperate
in the nucleus. From parallels with yeast it is likely that the
recently discovered ERCC1, ERCC4, ERCCI11 and XPFC
complex functions simultaneously in NER and in a milotic
recombination pathway (Schiest! and Prakash, 1990; Bailly
et al., 1992; Bardwell et al., 1992; Biggerstaff ef al., 1993;
van Vuuren et al., 1993). Using the in vitro NER assay
Wood and coworkers have shown that the replication factors
PCNA and HS38 (RPA) also participate in the post-incision
stages of the NER reaction (Coverley ef al., 1992; Shivii
et al., 1992} in addition to DNA polymerase § or e and ligase
I. The dual usage of these proteins for different processes



mity be for economical reasons. Alternatively, it may be a
reflection of the tight links of excision repair with other
processes in the nucleus.

Possible role of ERCC3 in NER

What can be the role of ERCC3 and BTF2 in transcription
initiation and NER? From the foregoing it is most logical
to search for 2 common functional step for ERCC3 and
perhaps the entire BTF2/TEHH complex in both processes.
1t has been demonstrated that the human BTE2/TFIIH
complex as well as the rat counterpart exhibit two activities:
a protein kinase that is able to phosphorylate the C-terminal
domain of the large subunit of RNA polymerase H {Lu et al.,
1992; Serizawa et al., 1993a,b) and a helicase activity
(Schaeffer et al., 1993). The latter is likely 1o be associated
with the p89 ERCC3 subunit. In this light at least two
possibilities (or a combination) can be envisaged for a
common catalytic function of ERCC3 in transcription and
NER. {i) Induction of a locally melted DNA conformation
for RNA polymerase to be loaded onto the template. In the
context of NER a similar function can be imagined for putting
a scanning complex onto the DNA or the incision complex
at the site of a lesion. (i} Unwinding of the helix as part
of the translocation of the transeription or NER scanning
complex along the chromatin, as suggested for the UvrA;B
complex in E.colf NER (Grossman and Thiagalingam,
1993). In both cases the ERCC3 protein or the BTF2 factor
has to interact with components of the transcription as well
as the NER machinery. Mutations in the ERCC3 protein
found in XP-B patients (such as alteration of the C-terminus:
Weeda et af., 1990) primarily inactivate NER. It is tempting
to speculate that these regions are specifically invelved in
the interaction with other NER components.

Interference with ERCC3 functioning

Microinjection of the K346 -- R ERCC3 mutant construct
induces a strong reduction or even a complete blockage of
NER und general transcription. A simitar effect—although
quantitatively not as pronounced—was seen with anti-ERCC3
antibodies. Sglective inhibition of NER is not the reason for
the dramatic decline of transcription, because antibodies
against the ERCCI protein also cause a tolal blockage of
NER but have no measurable impact on transcription. The
inhibition of NER and transcription by K346 — R ERCC3
occurs with similar kinetics, indicating that both processes
are disturbed in an analogous fashion. Furthermore, it is
observed relatively shostly after microinjection when taking
inte account that the injected gene has to be transcribed, the
mRNA translated and the protein incorporated in a sufficient
number of BTF2 complexes to exert the observed effect.
For many genes expression is first registered 16—24 h after
injection. Also the correction of the XP-B repair defect by
injection of the purified ERCC3 protein is a quite rapid
phenomenon: significant increase in UDS is seen within4 h
after injection. This suggests that exogenous ERCC3 is able
ta exchange with endogencus ERCC3 in BTF2 complexes
in a relatively fast manner, One possibility is that the BTF2
complex disassembles and reassembles at regular times as
part of its reaction cycle and in this way incorporates new
exogenous ERCC3 protein, For the domirant effect of
mutant ERCC3 the following scenario seems most plausible.
The conservative K346 — R mutation is not expected to
perturb dramatically the tertiary conformation and fitting of

the protein into the 8TF2 complex. After incorporation inte
BTF2 and assembly of the preinitiation complex the reaction
proceeds up to the stage in which the ATPase activity of
ERCC3] is required. At this point the system is paralysed,
frustrating the normal progressioa of both iranscription and
NER. When a critical threshold of poisoned transeription
units is reached this process culminates in a complete and
irreversible inhibition of transcription. Ironicatly, this
catastrophic event will also shut down the expression of the
injected ERCC3 mutant construct itseif.

BTF2 has been demonstrated to be involved in transcription
by RNA polymerase I (Gerard et ai., 1991). Tt is not
known whether it is implicated in RNA polymerase [ and
I transcription as well. The effects of the dominant-negative
ERCC3 mutant indicates that 1ofal RNA synthesis becomes
impaired. This does not necessarily mean that ERCC3
participates direcily in all three modes of transeription. It
is possible that the inhibition of e.g. RNA polymerase Iis
an indirect result of the blockage of RNA polymerase 11,

The time-resolved consequences of selective inhibition of
transcription by RNA polymerase H have hitherto escapad
detection because severe mutants in this process are obviously
not viable, In our transient microinjection sysier the most
dramatic and earliest morphological effects concern the
nucleus where the nucleolus seerns 10 swell first and eventually
all chromatin appears to become clumped in one or a few
regions, leaving the remainder of the nucleus empty. These
alterations iniliate already at a stage when irhibition of
transcription is stitl not complete suggesting that the
chromatin structure critically depends on engoing transcription
and functioning ERCC3. Probably all cellular processes
which require proteins with a high wrnover and a shon
mRNA half-life will be affected first. Morphologically, the
affected cells show features resembling an early stage of
apoptosis. However, further studies are warranted 1o establish
a relaticnship with apoptosis.

Consequences for the clinical features of XP-B

The very rare XP-B complementation group exhibits a
number of clinical characteristics that are atypical for a
NER defect and difficult to rationalize on the basis of a
DNA repair problem. This includes many of the features
these patients share with Cockayne’s syndrome, such as
neurodysmyelination, immature sexual development, absence
of subcutanecus fat and a general growth deficiency (Cleaver
and Kraemer, 1989; Scott et al., 1993; Yermeulen ef al.,
1994). In view of the additional function of ERCC3 it s
tempting o assign at least some of these features to a subtle
impairment of transeription, In mouse models evidence has
been cotlected that the production of the myelin sheet is
strongly deterrnined by the amount of mRNA for myelin basic
protein (Popko ef af., 1987}, Thus the neurodysmyelination
may be related te a reduced expression of this protein. Viable
matatiens in the Drosephila homologue of ERCCS designated
‘haywire’ display sterility which is likely to be caused
by reduced expression of g-bulia, required for spindle
formation in meiosis (Mounkes er al., 1992). Perhaps
the imrnature sexual development in XP-B could be due to
the same problem. Recent findings in the field of basic
transcription support the notion that the requirement of
tramscription facters may vary from promoter to promoter,
depending en the sequence around the initiation site, the
topological state of the DNA and perhaps other factors such
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a$ the local chromatin structure (see Stanway, 1993 and
references therein). This may explain the above features and
the poor general development characteristic of this form of
XP, In fact two other XP complementation groups, XP-D
and XP-G, also display the remarkable clinical features of
XP-B (Vermeulen et al., 1993). As demonstrated here the
XP-G factor &s not present in the BTF2 complex. If it is
involved in transcription it is either preseal in another
complex or it is only leosely associated with components
of BTF2 and not essential for transcription, The latter idea
is in agreement with the notion that the yeast homologue
of XP-G, RADZ (Scherly er al., 1993) is also not an essential
gene (Madura and Prakash, 1986). As noted hefore, XP-D
and the corresponding gene ERCC2 have many parallels with
AP-B and ERCC3. This has prompted the idea that the
ERCC3 and ERCC2 proteins may interact and have a simifar
function (Weeda ef af., §990). Clinical heterogeneity in
XP-D is even more prenounced than in XP-B and includes
the peculiar brittle hair symptoms of trichothiodysteophy.
We have recently obtained evidence that the functional
overlap between repair and transcription also includes
ERCC2. This is consistent with the idea that soree of the
clinical features of these rare plefotropic disorders are due
to basal transcription problems.

Materials and methods

Ganeral procedures

Purification of nucleic acids, restriction cnzymne digestion, gel electrophoresis
of nucleic acids and proteins, transformation of E. cafi, ¢t¢, were performed
according to standard procedures (Sambrook ef al.. 1989).

Purification of BYF2/TFIH

The purifieation of BTF2 and all other general transcription factors required
for the transcription assay usisg the adenovinis 2 major Jate promozer as
template was performed starting from HeLa cells as desceibed eartier {Gerand
eral., 1991).

Micronsadia injection and sssay for ANA synthesls and
UWW-induced unscheduled DNA synthesis

Microneadle injection of XP-B fibroblasts as well as control ¢ells (C5R0)
was performed as deseribed (Vemmeulen e ol F999). Briefly, af least 3
days prior to microinjection cells were fused with the aid of inactivated
Sendai virus, seeded onto coverstips and cultured in Ham's F-10 medium,
supplemented with 12% fetal calf serum and antibiotics. After injection
of at Jeast 50 homopolykaryons cells were incubated for the desimed time
in pormal culture medivm before being assayed. NER activity was
determined afier BV-C Light itradiation with 15 Jfm?, incubation for 2 h
in [*Hlthymidine (10 aCi'm§; s.a.: 50 Cifmmol)-containing culture
medium, fixation and exposure to autorediography. Grains above the nuclel
{> [00) were counted and represent & quantitative measure for NER ac-
tivity, RNA synathesis was determined also by counting autoradiographic
grains above the nuclei of injectad cells, afier fabeliing with P H]uridine
(10 Cifmt; $.3.: 50 Cifmmol) during a putse labelling perdod of T hin
nemnal culture medium. Protein preparations (including aniisera) were in-
jected into the ¢ytoplasm, cDNAs were microinjectad inte one of the nucled

of polykaryons.

In vitro DNA repair sssay
Plasmids pBKS (3.0 kb) and pHM id (3.7 kb) were isolated from E.cofi
and extensively purified as closed circular DNA (Biggerstaff er af., 1991).
pBKS was treated with 0.1 mAl N-acetoxy-2-acetylaminoflucene (AAF)
{a kipd gify of R.Baan, TNO, Rijswijk}, inducing mainly N-{guanine-
8-y1) —AAF addocts. AAF-modified plasmids were collested by repeated
di-¢thyl-ether extractions and ethanol precipization (Landegent ef al., 1984)
and repurified on a nevtral sucrose gradient, pHM 14 was mock-reated in
parallel. There are 15—20 AAF —guanine zdduvcis per damaged plasmid,
Repair-proficient cell Jines: Hela, Chinesz hamster ovary (CHO) cell
strain CHOY and CHO NER mutants: 27-1 (complementation group 3),
UV4T (CG 4) and UV135(CG 5) were culrured ina 151 mixwre of Ham's
F-10 and DMEM medium {Gibco) supplemented with 10% feral calf serum

86

and antibiotics. Cells were harvested and extracts were prepared from
2--5 ml of packed cell pellet by the method of Manley as modified by Wood
(Manley er af., 1983; Wood e af,, [988). Extracts were dialysed in 25 md
HEPES—~KOH. pH 7.8, 0.1 M KCl. 12 mM MgCly, 1 mM EDTA,
2 mM DTT and 17% (v/v) glycerol and stored at —80°C,

The reaction misture (30 41} contained 236 ng of both damaged and
non-damagad plasmid DNA. 45 mM HEPES—~KOH (pH 7.8), 70 mM KQ,
7.4 mM MgCl,, 0.9 mM DTT, 6.4 mM EDTA, 20 kM each of dCTP,
dGTP and TTP, 8 xM dATP, 24 kBq of [a-"P|dATP, 2 mM ATP,
40 mM phosphocreatine, 1.5 ug creatine phosphokinase, 3,45% glycerel,
(8 pg beving serum albumin and 200 pg of cell-free extract, The reaction
was incubated for 3 hat J0°C, aficrwards the plasrid DN As were isolatad,
lingarized and separatad on an agarose gel electrophoresis. Data were
analysed via autoradiography and quantified by scintillation counting of
excised DNA bands.

For microinjection ard anubody depletion experiments, the following
aniisers were used: (i) a rabbit polyelonal ansi-ERCC] antiserum raised
against & ublguitin ~ERCCI fusion protein and charagterized as praviously
descrited {van Vuuren er al, 1993); () a polyclonal antistaum raisod against
4 GST~ERCC3 fusion prtein containing an intermal part {amino acids
82—480) of ERCC3: (iii) a monoclona! antibody (Mab3C9) against the
62 kDa polypeptide, 2 component of BTF2, used in depletion experiments
was published earlier {Fischer ¢r ai., 1992).

To deplete £50 pg of repir-proficient Hela extract, and-p62 antbodies
(3 pl of asgites {luid) were immobilized on prowein A—Sephamse CL-4B
beads; after incubation with Hela extract and centrifigation the supematant
was used as a depleted Hela extract and tested for repair activity in vitre
as derailed above (van Vauren er al,, 1993).

Overproduction and purification of racomblnant ERCC3 protein
ECCR3 ¢DNA cloned in pGEX2T was tensferred o E.colf strain BL21
amd gene enpression was induced during 3 h by PTG, Cells were
homogenized in PBS (containing 2 mM PMSF and [5% glycerol) by
sonication and extracts wer tlcared by centrifugation. Fusion provein was
purified by passing the c¢ll homogenate through a glutathione—agarose
containing column, proteins were eluted with 5 mM reduced glutathione
{in 30 mM Tris, pH 8.0). Altematively recombinant ERCC3 was cleaved
from the GST part by incubating the immeobilized fosion protein {on
the glutathions —agarose beads) with thrombin (12 ngipg protzin) for
45 min az 20°C.

Site-diracted mutagenasls

Mutations in the ERCCH cDNA sequenke were made using the
otigonuclentide directed. vracil—DNA method (Kunkel er al., 1987). An
internal fragment of ERCC3 was insertad In a M13 vector, and after mutation
induction used 1o replace the wild-type fragment in the parental plasmid
pEI-WT, The desired mutation was verified by sequence analysis.
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Chapter 5

Three unusual repair deficiencies associated with transcription
factor BTF2(TFIIH). Evidence for the existence of a

transcription syndrome.
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To counteract the deleterious effects of DNA
damage a sophisticated network of DNA repair
systems has evolved, which is essential for gene-
tic stability and prevention of carcinogenesis,
Nucleotide excision repair (NER), one of the
main repair pathways can remove a wide range
of lesions from the DNA by a camplex multi-step
reaction (for a recent review see Hoeijmakers,
1993). Two subpathways are recognized in NER:
a rapid 'transcription-coupled’ repair and the less
efficient global genome repair (Bohr 1991; Hana-
walt and Mellon 1993). The consequences of
inborn errors in NER are highlighted by the
prototype repair syndrome xercderma pigmento-
sum (XP), an autosomal recessive condition, dis-
playing sun (UV) sepsitivity, pigmentation abnor-
malities, predisposition to skin cancer and often
progressive neurodegeneration (Cleaver and
Kraemer 1994). Two other excision repair dis-
orders have been recognized, Cockayne syndro-
me (C8) and trichothiodystrophy (TTD), which
present different clinical features, These are,
besides  sunsensitivity, neurodysmyelination,
impaired physical and sexual devetopment, dental
caries (in CS and TTD), ichthyosis and sulphur-
deficient brittle hair and nails (in TTD)L¢hmann
1987; Nance and Berry 1992), which are difficult
to rationalize on the basis of defective NER only.
The NER syndromes are genetically heterogene-

ous and comprise at least 10 different comple-
mentation groups: 7 in XP (XP-A to XP-G), 5 in
CS (CS-A, C8-B, XP-B, XP-D and XP-G) and 2
for TTD (TTDA and XP-D) (Hoeijmakers 1993;
Stefanini et al. 1993b). Thus, considerable
overlap and clinical heterogeneity are associated
with a selected subset of complementation
groups, of which XP-D is the most extreme,
harboring patients with XP only, or combined
XP and CS, or TTD (Johnson and Squires 1992),

Recently it was discovered that the DNA
repair helicase encoded by the ERCC3 gene (Roy
et al. 1994), which is mutated in XP-B (Weeda
et al. 1990), is identical to the p89 subunit of the
transcription factor BTF2/TFHH (Schaeffer et al.
1993). ERCC3 in the context of TEIIH, is direct-
ly involved in NER and transcription in vitro as
well as in vive (van Vuuren et al. 1994). Further-
more, another repair helicase, XPD/ERCC2 was
recognized to be associated with TFIIH (Schaef-
fer et al. 1994), and it was shown that a partially
purified TFIIH fraction is able to correct the
NER-deficiency of XP-D in vitro (Drapkin et al,
1994). These results reveal a link between two
distinct DNA-metabolizing processes: repair and
transcription.

Initiation of transcription is believed to require
the formation of an elongation-competent protein
comptlex in a highly ordered cascade of reactions.
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A preinitiation (DAB) complex is formed by the
binding of the multisubunit TEID factor to the
TATA box element of core promoters, stabilized
by TFIIA and foliowed by the association of
TFIIB. The DAB intermediate stimulates the
entry of RNA polymerase II mediated by TFIIF.
Initiation is completed by the ordered association
of TFIIE, TFIIH/BTE2 and TFIII (Drapkin et al.
1993; Gill and Tjian 1992; Roeder 1991), T-
FIH/BTF? is thought to be involved in the con-
version of a closed to an open initiation complex
by local melting of the franscriptional start site
and phosphorylation of the C-terminal repeat of
the large subunit of RNA polymerase II (Lu et
al. 1992; Schaeffer et al. 1993; Serizawa et al.
1993), either at the preinitiation stage, or at a
step between initiation and elongation, referred to
as promotor clearance (Goodrich and Tjian
1994).

Here we report that defects in the XPB/-
ERCC3 subunit define a new TTD complementa-
tion group extending the clinical heterogeneity
associated with ERCC3, Furthermore, we de-
monstrate that probably the entire TFIIH com-
plex has a dual role in transcription and repair,
as it harbors now at least three NER proteins, all
asscciated with the TTD and CS symptoms. The
dual function of TFIIH, and the link between
mutations in this complex and the pleiotropic
features of TTD and CS strongly support the idea
that part of the ¢linical manifestations arise from
defects in the transcription function of TFITH.
This provides for the first time a molecular
explanation for the seemingly unrelated symp-
toms of these disorders and introduces a novel
clinical entity, a heterogenous 'transcription
syndrome’ complex, that may include many more
inherited conditions.

METHODS

Purification of BTF2/TFIIH. The purification
of BTF2 starting from HeLa whole cell extract
and involving sequential chromatography on
Heparin-Ultrogel, DEAE-Spherodex, SP-5PW
sulfopropyl, and -after ammonium sulphate
precipitation- Phenyl-SPW Sepharose and hydro-
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xyapatite was essentially as described earlier
(Gerard et al. 1991). In some fractions an addi-
tional purification step vsing heparin chromatog-
raphy was inserted in the standard protocol
before the Phenyl-5PW column. The in vitro
assay for following the transcriptional stimulation
activity of BTF2 on a AD2MLP promoter con-
taining template involving purified RNA polyme-
rase I and all transcription fators except BTF2/-
TFIIH is described in detail before (Gerard et al.
1981).

Cell lines and extracts. The human cell Hnes
used for microinjection and for coniplementation
analysis were XP25R0 and XP1IPV (both XP
group A), XPCS1BA and XPCS2BA (XP-B),
XP2IRO (XP-C), XP1BR, XP3NE and TTD8PV
(all XP-D), XP2RO (XP-E), XP126L0O (XP-F),
XP2Bl (XP-G) and TTDIBR (TTD-A) and
TTD6VI (Stefanini et al. 1993b; Vermeulen et al.
1986; Vermeulen et al. 1994), The primary
fibroblasts were cultured in Ham's F10 medium
supplemented with antibiotics and 10-15% fetal
calf serum.

For preparing cell-free extracts utilized for the
in vitro repair assay the following ceHl lines were
used: a SV40-transformed line belonging to
TTD-A (TTDIBRSV), human repair-proficient
Heka cells, mutant Chinese hamster cells 43-3B,
UVvs, 27.1, UV41 and UV135 assigned to com-
plementation groups 1, 2, 3, 4 and 5 respectively
(Busch et al. 1989), The cells were grown in a
1:1 mixture of F10 and DMEM medium, antibio-
tics and 10% fetal calf serum were added. After
harvesting and washing with phosphate-buffered
saline (PBS), cell-free extracts were prepared as
described by others (Manley et al. 1983; Wood
et al. 1988), dialysed against a buffer containing
25 mM HEPES/KCH pH 7.8, 0.1 M KCI, 12
mM MgCl,, ! mM EDTA, 2 mM DTT and {7%
(v/v) glycerol, and stored at
- 80°C.

In vitro DNA repair assay. Plasmid pBlue-
script KS* (3.0 kb) was damaged by treatment
with 0.1 mM N-acetoxy-2-acetylaminofluorene
{AAF} (a kind gift of R. Baan, TNO, Rijswijk).



As a non-damaged control plasmid pHM14 (3.7
kb) was used, Circular closed forms of both
plasmids were isolated and extensively purified
as described by (Biggerstaff et al. [991; van
Vuuren et al. 1993}, The reaction mixture con-
tained 250 ng each of damaged and non-damaged
control plasmids, 45 mM HEPES/KOH pH 7.8,
70 mM KCl, 7.4 mM MgCl,, 0.4 mM EDTA,
09 mM DTT, 2 mM ATP, 40 mM
phosphocreatine, 2.5 ug creatine phosphokinase,
3.5% glycerol, 18 pg bovine serum albumin, 20
#M each of dCTP, dGTP and TTP, 8 uM dATP,
74 kBq of o-2PdATP and 200 pg of cell-free
extract for the rodent extracts and 100 pg for
HeLa. After 3 h incubation at 30°C, plasmid
DNAs were purified from the reaction mixture,
linearized by restriction and separated by electro-
phoresis on an 0.8% agarose gel. Results were
quantified using a LKB Densitometer and B&L
Phospho-TIinager.

Anti-p62 antibody depletion of a repair-profi-
cient extract, Protein A sepharose beads in PBS
were incubated with monoclonal antibodies
against the p62 subunit of BTF2 (Mab3C9,
(Fischer et al. 1992)) or against p89 for [ h at
0°C. The beads were washed with dialysis buffer
and added to a repair-competent Hela extract or
a (partially) purified heparin or hydroxyapatite
BTF2 fraction for 1 h at 0°C (van Vuuren et al,
1993). The bound proteins were removed by
centrifugation and the supernatant was tested in
the in virro repair assay or for microneedle
injection. Westernblot analysis following SDS
polyacrylamide gel electroforesis was carried out
according to standard protacols. (Sambrook et al.
1989)

Microinjection. Microinjection of XP homo-
polykaryons was preformed as described earlier
(Vermeulen et al, 1994). Repair activity was
determined after UV irradiation (15 J/m%, *H-
Thymidine incubation (10 uCi/ml; s.a.: 50 Ci/m

Complementation analysis by cell Iybridiza-
fion, Fibroblasts of each fusion partner, were
labeled with latex beads (0.8 pm or 2.0 gm), 3

days prior to fusion by adding a suspension of
beads to the culture medium. Cell fusion was
performed with the aid of imactivated Sendai
virus or using Poly ethylene glycol, cells were
seeded onto coverslips and assayed for UV-
induced UDS as described in detail by Ver-
meulen et al. (Stefanini et al. 1993a; Vermeulen
et al, 1993),

Other procedures, Isolation of DNA, subclo-
ning, and in vitro transcription and translation
were done using established procedures (Sam-
brook et al. 19389).
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Fig. 1. Complementation analysis of TTD6VI cells.
Fibroblasts of TTD6VI (labeled with 0.8 pm beads)
were fused with representatives of different XP and
TTD complementation groups (labeled with 2,0 pm
beads). After performing the UV-induced UDS assay,
the average number of autoradiographic grains above
the nuclei were determined. DNA repair synthesis was
expressed as the percentage of control UDS (vertical-
axis), observed in normal fibroblasts assayed in parat-
lel. The relative standard errors of the mean are in alt
cases less than 5%. The different types of binuclear
cells thomedikaryons of TTD6VI and of the different
fusion pariners, and heterodikaryons) are recognized
by their different bead content and indicated as such
in the figure.
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RESULTS

Identification of further genetic heterogencity
within TTD

In an effort to assess the genetic hetero-
geneity within the class of repair-deficient TTD
patients we have conducted a systematic
complementation study of a large number of
photosensitive TTD families by cell fusion and
microneedle injection of cloned repair genes.
This resulted recently in the identification of a
second complementation group among NER-
deficient TTD patients (designated TTD-A}
(Stefanini et al. 1993b). Figure 1 shows the
results of an exhaustive complementation analy-
sis of fibroblasts from one of two siblings
(TTD6VI and TTD4VI) with relatively mild
clinical features of TTD and moderately
impaired NER characteristics (detailed clinical
description to be presented elsewhere). Full
complementation of the repair defect was seen
when fibroblasts of patient TTD6VI were fused
with representants of the known TTD comple-
mentation groups: XP group D (3 cell linds
tested) and with TTD-A fibroblasts (Fig.1)
(Stefanini et al. 1993a; Stefanini et al. 1993b).
This demonstrates that this family defines a new
TTD complementation group. To see whether
this group is genetically identical to one of the
other XP groups not previously associated with
TTD further cell hybridization experiments were
carried out. No restoration of the deficient UV-
induced unscheduled DNA synthesis (UDS) was
found when TTD6VI cells were fused with a XP-
B representant (XPCS1BA), whereas normal
complementation was observed with the other XP
groups (Fig. 1). This indicates that the repair
defect in this family resides in the XPB/ERCC3
gene. Although TTD6VI cells appeared excep-
tionally sensitive to nuclear microneedle injection
of DNA, still a few cells could be found cor-
rected by ERCC3 ¢cDNA, in agreement with the
assignment by cell fusion. Defects in the TFIIH
subunit ERCC3 thus extend to the disorder TTD,
increasing the already observed clinical hetero-
geneity among patients carrying mutations in
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Fig. 2. Microneedle injection of BTE2 in XP-D,
TTD-A and XP-B fibroblasts, A, B and C, are
micrographs showing the effect of purified BTE2
(HAP-fraction 12, containing the highest (rans-
criptional activity (Schaeffer et al. 1993)) on NER-
activity of injected XP-D (cell line XPIBR), TTD-A
(TTBIBR) and XP-B (TTD6V]) fibroblasts respec-
tively. The injected cells (binuclear fibroblasts
obtained by cell fusion prior to injection) are indicated
by arrows. As apparent from the number of silver
grains above their nuclei they exhibit a high (wild
type) level of UV-induced UDS when compared to the
non-injected surrounding cells, which express residual
UDS levels typical for these complementation groups.
The heavily labelled fibroblast in panel B is a cell per-
forming S-phase replicative DNA-synthesis at the
moment of the UDS-assay.
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Fig. 3. In vitro correction of NER defect by purified BTF2. BTF2 HAP-fraction 12 was added to an extract
of rodent complementation group 2 (mutant UVS, equivalent to XP-D)(A}, and 10 a human TTD group A lysate
{TTDIBRSV)(B), and tested for its capacily to restore the NER defect using an in vitro cell-free repair assay
{Wood et al, 1988). The level of correction of NER activity using purified BTF2 is of the same order {lanes
6, Fig.2A and B) as the level of complementation reached when the extract of group 2 is mixed with a group
4 extract (Fig.2A, lane 2) or with the TTD-A extract (Fig.2B, lane 2). No significant correction is observed
when the purified BTF2-fraction is added to rodent complementation group 4 (mutant UV47) extract (Fig.2A,
lane 7). The upper panel shows {he ethidium-bromide stained DNA gel, the lower panel the autoradiogram of
the dried gel, the presence of P-dATP indicates repair synthesis. The positions of AAF-damaged and non-
damaged DNA substrates, 250 ng each, are indicated by plus {4} and min (-) respectively. Lanes 1-3 contain
in total 200 ug of cell-free extract (in complementations 100 pg of each extract was used), the others tangs

contain 100 pg, the protein contribution by the BTE2 fraction is negligible.

ERCC3 (Wermeulen et al. 1994),

Systematic screening of TFIIH for NER pro-
teins

To examine whether besides XPB/ERCC3
(p89) additional NER factors are hidden in the
TFITH/BTFZ complex, we have systematically
screened the existing human and rodent NER
mutants for complementation by BTF2. The final
fractions of TFIIH purification show at least 5
tightly associated proteins, including p89 (XPB/-
ERCC3), p62, pd4, pdi, p34 (Gerard et al
1991; Schaeffer et al. 1993). A purified BTF2-
fraction (hydroxyapatite chromatography, gel
patternt and properties see (Gerard et al. 1991))
was inserted by microneedte injection into fibro-
blasts of all known excision-deficient XP, XP/CS
and TTD complementation groups. The injected
cultures were exposed to UV and incubated with
tritiated thymidine to permit visualization of the
repair synthesis step of NER by in sifu autoradio-
graphy (unscheduled DNA synthesis, UDS), The
results swmmarized in Table 1, show that 3 out
of 8 NER-deficient human complementation

groups are corrected by the purified BTF2 tran-
scription factor. Figure 2A, B and C show
micrographs of BTE2 injected multi-nucleated
fibroblasts of XP group D, TTD-A and the new
XP group B patient with TTD symptoms. The
repair activities in injected cells reach the levels
of normal fibroblasts assayed in parallel, indica-
ting full correction of the excision defect (see
also Table 2).

The restoration of NER could also be ex-
plained by correction of expression of one or
more critical repair genes whose transcription is
impaired by mutations in BTF2 subunits. There-
fore, purified BTF2 was checked for its repair
capacity in an in vifro repair assay {van Vuuren
et al. 1993; Wood et al. 1988), where neither
transcription nor translation can occur, because
ribonucleotides and aminoacids are facking. The
results in Fig. 3 and Table 1 show that the BTF2
fraction not only corrects the repair defect in
rodent group 3 (the equivalent of XP-B), as re-
ported earlier (van Vauren et al. 1994) but also
the -rodent group equivalent to¢ XP-D (CHO
group 2, defective in ERCC2) (Flejter et al.
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Fig. 4. Correlation between transcription activation and correction of the NER defect in XP-D/ERCC2 and
TTD-A mutant cells using different fractions from the HAP chromatography column, BTF2-derived in vive
NER-correcting activily, was quantifatively determined, after microinjection, by counting the grains above the
nuclei {(UV-induced UDS) of injected cells and expressed as % of the UDS-level of repair-proficient control
cells (C5RO) assayed in parallel (feft black bar) (Vermeulen et al. 1986). The hatched bars indicate the average
UDS level (determined by counting grains above 50 nuclei} of multikaryons injected with BFE2. The black bars
represent UDS in non-injected neigbouring cells. The in vive NER-activity profiles for respectively: XP-B
{(XPCSIBA) (A), XP-D (XP1BR) (B} and TTD-A (TTD1BR) (C) are compared to the in vitro repair capacity,
for rodent complementation group 2 (ERCC2 mutant UV5) extracts (D} and to the transcription activity, as
determined in a BTF2-dependent i vifro transcription run-off assay using the Adenovirus late promoter (E).
Note that the UV5 (group 2) extract in panel D (like the XP-D cells in panel B) has a considerable residual
repair. The lower aclivity seen in the higher salt fractions (lanes 16-18) is attributed to a inhibition of repair
incorporation by increased salt {Wood et al. 1988).

1992) and an extract from a SV40-transformed
TTDIBR cell line (FTD group A). In contrast,
no significant NER restoration is observed in
extracts of UV-sensitive mutants from groups 1,
4 and 5 (defective in ERCCl, ERCC4 and
XPG/ERCCS respectively). These findings ex-
tend the specificity of the repair-correcting acti-
vity of TFIIH, and confirm the in vivo results
obtained by microinjection. Furthermore, they
demonstrate that besides XPB/ERCC3, also
XPD/ERCC2 and TTDA must have a direct in-
volvement in NER. The in vitro and in vive
correction of ERCC2 mutants confirmed the i
vitro data of Drapkin et al. who used a partially
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purified TEIIH preparation {Drapkin et al, 1994).
However, the TEIIH/BTE2 purified fractions
used in this study do not contain a XP-C correc-
ting activity, in contrast to the observations made
by these authors.

Relationship of XPIWERCC2 and TTDA with
the core of TFIIH

Te further strengthen the link between NER
and the TFITH complex, the full elution profile
of hydroxyapatile chromatography, the final puri-
fication step of BTF2 {Gerard et al. 1991), was
quantitatively screened for NER-activity by mi-
croinjection as well as by in vifro complemen-



tation. The XP-D and TTD-A correcting activi-
ties coelute with the activities of XP-B correc-
tion and transcription initiation (Fig.4). Identical
results were obtained after cosedimentation in
glycerol gradients (van Vuuren et al. 1994 and
unpl. results).

Independent evidence for a physical associ-
ation of the XPD/ERCC2, XPB/ERCC3 and
TTDA proteins with each other and with other
components in the TFIIH complex can be ob-
tained from antibody depletion experiments, A
crude repair-proficient HelLa extract was incu-
bated with a monoclenal antibody against the
p62 TFIH subunit (Fischer et al. 1992), immo-
bilized on protein A sepharose beads, and after
centrifugation to remwove bound proteins, the
extract was tested for rematning repair capacity.
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Fig. 5. Western blot analysis of p62 and p89 depleiion
of & repair-proficient HeLa extract. Moroclonal anti-
body (Mab3C9) against the p62 subunit of BTF2(-
TFIIH) coupled to protein-A scpharose beads was
incubated with a repair-proficient extract prepared
from Hela cells. To verify the removal of p62 and
simultaneous removat of other components of BTE2
the remaining cell-free extract and the bound fraction
were analysed by immuncblotting using monoclonal
antibodies against p62 itself (lanes -4} and against the
p89 (XPB/ERCC3) subunit of BTF2 (lanes 5-6), Lane
1 contains the protein fraction bound to the anti-p62
beads, refeased by SDS (the strong bands at 55 and 25
kDa represent the heavy and light chains of the
antibodies released from the beads)., Lanes 2 and 5
HeLa whole celt extract treated with the anti-p62
beads. Lanes 3 and 6: HeLa whole celf extract treated
with protein-A beads alone (control). Lane 4 untreated
HeLa whole cell extract. In lanes 2-6 equal amounts
of sample were loaded.

Fig. 6. Effect of injection of antibodies against
XPD/ERCC?2 on transcription and repair of normal
cells. Micrograph A demonstrates the effect of injec-
tien of ERCC2? antibodies on UV-induced UDS of
normal fibroblasts, assayed by a 2 h incubation in *H-
thymidine immediately following UV-irradiation.
Micrograph B shows the effect of injection of XPL/-
ERCC2 antiserum on RNA synthesis of control (wild-
type) fibroblasts assayed by a [ h pulselabelling with
3H-Uridine. The UDS and RNA synthesis assays were
performed 20 k after injection of the antibodies. The
strong reduction of autoradiographic grains above the
nuclei of injected dikaryons (arrows) compared to
non-injected cells indicates a virtually complete
inhibition of RNA and repair syathesis. The heavily
labelled nucleus in A is from a cell in S-phase at the
time of incubation. Note that these preparations have
a higher background labelling than the micrographs
shown in Fig.1.

Western blot analysis verified that the amount of
p62 was strongly reduced (Fig.5), In the in vitro
correction assay, the p62%#* HelLa extract had
lost most of its repair activity when compared
with the repair level of nuutant extracts alone and
a mock-treated extract (Table 2, footnote). To
examine whether other NER factors were co-de-
pleted the treated extract was tested for its com

97



Table 1. Tnvelvement of BTF2 in different buman and
rodznt NER-deficient complementation groups

NER-deficient Correction of NER defect
complemertalion graups by BTF2
microneedle injection

hieman mutants

XP25RO XP-A -
XPCS1BA Xp-B +
XP21IRO Xp-C -
XPIBR XP-D +
XP2RO XP-E -
XP1261.0 XP-F -
XP2BI Xp-G -
TTDIBR TTD-A +
in ¥itro repalr assay
TTDIBRSY TTD-A +
rodent mutants

43.3B group 1 -
uv s group 2 +
27,1 group 3 +
UV 41 group 4 -
Uv 135 group 5

plementing capacity using both the in vifro assay
and the microneedle injection. Previously, we
have demonstrated that XPB/ERCC3, but not
XPG/ERCCS, is simultaneously removed with
p62 {van Vuuren et al, 1994). Table 2 shows that
most XPD/ERCC2 and TTDA activities are also
removed, whereas XPA, ERCC1, ERCC4 and
XPG/ERCCS are not significantly eliminated
(Table 2 and unp. res.). This is confirmed by the
Westernblot analysis revealing depletion of
XPB/ERCC3(p89) at the protein level (Fig 5,
lanes 5-6). The same co-depletion patterns were
observed with a monoclonal antibody against p89
(XPB/ERCC3)(table 2). Furthermore, depletion
experiments using monoctonal antibodies against
two other components of TFITH, pd4 (the human
homolog of yeast SSL1) and p34, revealed tight
association with repair (Humbert et al. 1994 and
results not shown). As with crude Hel.a extracts,
antibody depletion of purified BTF2 (Hydroxy
apatite and heparin purification fractions) using
p62 menoclonal antibodies resulted in simultane-
ous removal of the XPB/ERCC3, XPD/ERCC2
and TTDA factors (Table 2}. The depletion and
correction experiments provide strong evidence
that 3 repair factors are physically associated
with 3 different TFITH subunits and, thus, likely
constitute an integral part of transcription factor
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BTF2.

Table 2 also shows that small amounts of
correcting activities persist in the Anti-p62-
treated extract. This is largely due to incomplete
removal of p62 (as shown by the Western blot
analysis in Fig.5). However, it is not fuily
excluded that a small fraction of the ERCC2,
ERCC3, and TTDA meolecules exist dissociated
from (the p62 part of) TFIIH, or reside in forms
of TFIH lacking p62. The same holds for the
anti-p89 experiments. A somewhat looser associ-
ation between ERCC2 and the p62-ERCC3 core
of TFHH is also derived from independent dis-
sociation studies by Schaeffer and coworkers
(Schaeffer et al, 1994}, Further indications for
exchange of various TFIIH subunits can be
deduced from the in wire complementation
between ERCC2- and TTDA-deficient extracts
shown in Fig 3a (lanes 1-3), each of these
extracts being defective in a different component
of the same complex. In line with this also
extracts defective in XPD/ERCC2 and XPB/-
ERCC3 exhibit complementation in vitro (van
Vuuren et al. 1993} and microinjection of free
{recombinant) ERCC3 protein is able to induce a
partial but clear correction of the repair defect of
XP-B cells in vivo (van Vuuren et al. 1994). We
conclude that a complex containing at [feast
XPD/ERCC2, XPB/ERCC3, TTDA and p62 and
possibly also pdd (SSLI) and p34 is implicated in
NER and that subunits of this complex can ex-
change in vive and to some exient also in vitro.
It is plausible that this complex represents the
entire multisubunit TFITH transcription factor.

Is TTDA identical to any of the cloned TFIIH
subunifs?

A prediction of the findings reported above is
that one of the components of BTE2 is responsi-
ble for the repair defect in TTD-A for which no
repair gene has been isolated yet. Therefore,
cDNAs enceding the cloned TFITH subunits p62,
p44 and p34 (Humbert et al. 1994} and XPD-
/ERCCX(p80) and XPR/ERCC3(p89) were inser-
ted into a mammalian expression vector and
injected into the nucleus of TTD-A fibroblasts.
Prior to injection the ¢cDNA-containing vectors



were checked for their ability to specify proteins
of the predicted size. None of these genes (p62,
pdd, p34), nor any of the cloned NER genes
(ERCCI, XPD/ERCC2, XPB/ERCC3, CSB/-
ERCC6, XP4, XPC, and the genes HHR23A and
B (Masutani et al. 1994)) were able to exert
correction of the repair defect, whereas micro-
injected ERCC2 and ERCC3 were able to restore
UDS to XP-D and XP-B cells, respectively, in
the same experiments. It appears that the TTDA
factor is yet another non-cloned component of
TFHH.

Evidence for direct involvement of XPD/-
ERCC?2 in transeription in vive.

The data described thus far tightly link the
repair protein XPD/ERCC2 with transcription
factor TFIIH/BTE2, however, they do not de-
monstrate that the protein is directly involved in
transcription. Recently, Schaeffer and coworkers
(Schaeffer et al. 1994) have shown that a p80
protein associated with TFIIH is identical to
XPD/ERCC?2 and that this protein stimulates the
TFIIH-dependent én vitro transeription reaction.
In addition Prapkin and coworkers have shown

that an antibody directed against ERCC2 is able
to inhibit the in vitro transcription reaction
{Drapkin et al. 1994). To verify whether the in
vitre tesults can be extrapolated to the in vive
situation we have conducted antibody microinjec-
tion experiments into living normal cefls, As
shown in Figure 6A and quantitatively in Table
3 introduction of antibodies against XPD/ERCC2
causes a strong inhibition of UV-induced UDS,
consistent with the direct role of the protein in
NER (Fig.2 and 3) and similar to the effect
observed using antibodies against another repair
protein ERCC1 that is not detectably associated
with purified BTE2 (Table 3), In addition, a
strong inhibition of general transcription (as
measured by a [h tritiated uridine labeling) is
found (Fig.6B), which is absent in the injections
with ERCC1 antisenun {(Table 3). Similar, but
less pronounced effects on transcription and UDS
are exerted by a less powerful serum against the
XPB/ERCC3 component of TFIIH (Table 3, see
also: (van Vuuren et al. 1994)). These results
indicate that XPD/ERCC2 like XPB/ERCC3 is
involved in transcription in vive,

Table 2. Effect of immuaodepletion of BTE2 components on NER activity

Immunodepleted
taterial

Repair assay

Tested cellsfexiracts
{compl. group}

NER activity (% of control)

protA anti p62  anti p89  residual'
depl. depl. depl.
microneedle crirde Hel a XP25R0O {XP-A} 99 100 94 2
injection lysate XPCS2BA  (XP-B) 103 39 33
XPIBR {(XP-1D) 98 4] 39 21
TTDIBR {TTD-A) 102 29 23 8
microneedle BTF2 XPCS2BA  (XP-B) 02 37 a5 12
injection (Ifeparin 5PV, TTD6VI {XP-B) 130 42 44 44
fraction 12) XPIBR (XP-D} 94 37 38 23
TTDIBR {TTID-A} 100 33 5 8
in vitro crude Hela 27.1 (group®) 100 35 ND? 34
repair lysnee? Uv-s (group2) 100 32 ND 24
TTDI1BR (TTD-A) 100 32 ND 27

! residual NER activity: ameunt of sepair exhibited by mulated cells/extracts.
¥ p62-depleted crude extract exhibils a residual incorporation of 35% comparcd to a protA-treated control extract, which is close

1o incarporation hy mosl mutant extracls.
* ND: net determingd,
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Fig. 7. Model for involvement of defects in transcription and repair in human disease. (see text for explanation).

DISSCUSION

The findings reported here have implications
in several directions. At the molecular level the
identification of at least three repair factors in
TFITH endows this complex with a dual functio-
nality and extends the functional overlap between
two quite different processes, basal transcription
and NER. At the clinical level the identification
of a link between TTD and XP/CS group B ex-
tends the association between TFITH subunits and
TTD and supports the notion that CS, TTD and
some forms of XP represent different manifesta-
tions of one large clinical continnum. The con-
nection between TFITH and TTD provides new
clues to understand the basis of the complex
clinical features displayed by these disorders and
potentially & number of other, strikingly related
syndromes.
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Mechanistic implications for transcription and
repair.

A minimum of three NER factors is found to
be associated with transcription factor TFIIH. In
addition to XPB/ERCC3 (Schaeffer et al, 1993),
we demonsirate that XPD/ERCC2 and TTDA re-
side in this complex. We provide evidence for
the involvement of the XPD/ERCC2 helicase in
transcription in vive. Circumstantial data support
the idea that the transcription proteins p62, pd4
and p34 are also implicated in NER (Humbert et
al, 1994; van Vuuren et al. 1994), {this paper).
As previously anticipated (Bootsma and Hoeijma-
kers 15993) the human homolog of SSLI, a yeast
repair factor which was linked to translation
before (Yoon et al. 1992) was recently identified
as the p44 subunit of TFIIH (Humbert et al.
1994). Table 4 summarizes the current evidence
for the involvement of different human BTFE2/



TFIHH and yeast factor b subunits in repair. It is
possible that the TTDA protein is identical to the
(non-cloned) p41 BTF2 subunit. Together these
data suggest that most, if not all, components of
the transcription complex participate in excision
repair, converting this complex into a functional
unit participating in at least two processes.

It is still difficult to estimate how many
polypeptides constitute TFITH. Because of the
absence of XPD/ERCC2 as a major protein in
the meost pure BTF2 preparation (Schaeffer et al.
1994, Drapkin, 1994), it is likely that the five
predominant bands present in the final stages of
BTF2 purification (Gerard et al. 1991) are de-
rived from the most tightly associated protein
fractton constituting the core of the complex.
Protein profiles of the rat homolog {factor §) sug-
gest the presence of at least eigth polypeptides
{Conaway and Conaway 1989). Thus BTF2 could
well be considerably larger in vive and form a
"supercomplex” of which the more loosely bound
factors have a tendency to {partly) dissociate
during purification. This could also explain the
absence of a XPC-correcting activity in our
TFIIH purifications, whereas others found associ-
ation of XPC with TFIIH, but not in the final
purification fraction (Drapkin et al. 1994).
Alternatively, it is possible that the XPC-correc-
ting activity represents a spurious copurification
with TRITH, Association of XPC with TFIIH is
somewhat unexpected, since XPC is thought to
be selectively involved in the global genome
(transcription-independent) NER pathway (Vene-
ma et al. 1990).

BTF2 possesses a bidirectional unwinding acti-
vity involving XPB/ERCC3 and XPD/ERCC2
(Schaeffer et al. 1994), which may promote
transition from a closed to an open initiation
complex, It is likely that TFITH can be utilized as
an independent unit in the context of transcription
and NER; e.g., for loading and/or translocation
of the preinitiation complex or a NER scan-
ning/incision complex or for the repair synthesis
step. The TFIIH matants XP-B, XP-D, and
TTD-A display defects in both the "transcription-
coupled” as well as the "global genome” NER
subpathways, so the complex is likely to play a

role in the core of the NER reaction mechanism
(Sweder and Hanawalt 1993),

Clinical heterogeneity and pleiotropy associ-
ated with mutations in TFITH,

The spectrum of diseases linked with TFITH is
heterogeneous and pleiotropic, including seem-
ingly unrelated symptoms, such as photosensi-
tivity, brittle hair and nails, neurodysmyelination,
impaired sexual development, ichthyosis, and
dental caries. Both the rare XP group B and the
more common group D present pronounced clini-
cal heterogeneity: classical XP (only in group D},
atypical combination of XP and C8, and TTD
(Johnson and Squires 1992; Vermeulen et al,
1994; this paper). The occurrence of patients
displaying TTD symptoms within XP group B,
extends the parallels between XP group B and D
and their respective gene products noted before
(Weeda et al. 1990). Clinical variability in TTD
is even observed within families and also appa-
rent from the close association with at least 7
disorders (shown in Fig.7) appearing in the
OMIM daiabase (McKusick 1992). The occur-
rence of TTD in 3 NER-deficient complementa-
tion groups argues against a chance association
between genetic loci separately involved in NER
and in brittle hair. Consistent with this notion,
mutations in the XPD/ERCC2 gene have been
detected recently in TTD(XP-D) patients (Broug-
hton et af, 1994),

How can we rationalize the pleiotropy and
clinical heterogeneity in the above mentioned
conditions? The symptoms associated with a sole
NER defect are displayed by the most common
XP groups, A (totally deficient in NER) and C
{defective in the *genome overall’ repair subpath-
way). Patients in these groups present a relatively
uniferm clinical picture involving photosensiti-
vity, pigmentation abnormalities, predisposition
to skin cancer and, in the case of XP-A, accele-
rated neurodegeneration {which is not associated
with neurodysmyelination), but no CS and TTD
symptoms. The gene products affected in these
groups are not vital and therefore do not appear
to be essential for basal transcription.

Obviously, the hallmarks of a pure NER
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Table 3. Effect of amtibody injection on repair and
transcription

Injected antiserum % inhibiticn  inhibition of
of NER' trans¢ription’
rabbit anti ERCCY? 97 0
rabbit anti ERCC3? 43 48
rabbit anti ERCC2 87 85
preimmune rabbit setom 2 7

! compared o UDS level observed in uninjected cells on the

same slide.
? compared (0 transeription level (assayed by Lh pulse labelling

with *H-uriding) observed in uninjected cells on the same slide.

¥ van Vuuren et al. {1994}

deficiency do not include the salient features of
CS and TTD. Ii is tempting to link these with the
additienal transcription-related function. Indeed,
it would be highly unlikely when all mutations in
the three subunits of this bifunctional complex
would only affect the repair function and leave
the inherent transcriptionat role entirely intact.
This interpretation is supported by the haywire
phenotype of the Drosophila ERCC3 mutant,
involving UV sensitivity, central nervous system
abnormalities, and impaired sexual development,
as found in XP-B {(Mounkes et al. 1992). Sper-
matogenesis in Drosophila is very sensitive to the
level of B2 tubulin (Kemphues et al. 1982},
Mutations in the Drosophila ERCC3 gene seem
to affect B tubulin expression, causing male
sterility (Mounkes et al. 1992}, In mamunals, B-
tubulin mRNA is selectively regulated by a
unigue cotranslational degradation mechanism
{Theodorakis and Cleveland £992). It is possible
that this renders B-tubulin expression particularly
sensitive to the level of transcription and thereby
to subtle mutations in BTE2, resulting in the
inmmature sexual development found in TTD and
CS. Similarly, reduced trapscription of genes
encoding ultrahigh sulfur proteins of the hairshaft
may account for the observed reduced cysieine
content in the brittle hair of TTD patients (Min
and Pittelkow 1990). Low expression of the
myelin basic protein, whose transcription is
known to be rate-limiting in mouse (Readhead et
at. 1987), may cause the characteristic neurodys-
myelination of C§ and TTD (Peserico et al.
1992; Sasaki et al. 1992). A comparable explana-
tion is proposed for the poor enamelation of teeth
in CS and TTD (McCuaig et al. 1993; Nance and
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Berry 1992), The skin abnormalities typical of
TTD often involve ichthyosis. Various classes of
ichthyoses show abnormalities in the preduction
of filaggrin (Fleckman and Dale 1993). Thus,
mutations in TFIIH which subtly disturh its
transcription function may affect a specific subset
of genes whose functioning critically depends on
the level or fine-tuning of transcription. Recent
studies indicate (hat the requirement for basal
transcription factors may vary from promoter to
promoter depending on the sequence around the
initiation site, the topological state of the DNA,
and the local chromatin structure (Parvin and
Sharp 1993; Stanway 1993; Timmers 1994).
These mechanisms can easily explain the pro-
nounced clinical heterogeneily even within fam-
ilies.

Upon close inspection (Bootsma and Hoeij-
makers 1993), many parallels can be found
between CS and TTD. To a varying degree, CS
patients exhibit features prominent in TTD, such
as thin, dry hair and scaly skin (Nance and Berry
1992). TTD has recenily been recognhized to
include neurodysmyelination (Peserico et al.
1992), bird-like facies, dental caries, and cataract
{McCuaig et al. 1993), hallmarks normally
associated with CS. This suggests that CS and
TTD are manifestations of a broad clinical con-
tinuam, consistent with the notion that mutations
in different subunits of the same {TFITH) com-
plex give rise to a similar set of phenotypic
features. In this proposition, defects in ihe classi-
cal CS genes CSA and ERCC6/CSB (Troelstra et
al. 1992), as well as XPG/ERCCS (Bootsma and
Hoeijmakers 1993; Vermeulen et al, 1993}, are
expected to somehow affect basal transcription as
well.

Model for involvement of transcription and
repair in C8 and TTD: deduction of the exis-
tence of transcription syndromes.

A tentative model proposed for the actiology
of the defects in the conglomerate of CS, TTD,
and related disorders is shown in Fig.7. In this
model, mutations in BTF2 factors inactivating
only the NER function result in a XP phenotype
as observed in the classical XP patients of XP



Table 4, The NER connection of BTF2/TFilH

NER proteins associated

NER proteins with

Polypeptides identified in

with BTF2 yeast factar b SDS-PAGE
XPB/ERCC3 RAD25/SS12 p8e
XPD/ERCC2 RAD3 p8o
TTDA ? ?

P62 TFB{? p62
pa4! SSL1t pid

? pdl?

1 p34

Factors for which the involvement in NER is unequivocally demensirated are in boldface,
! NER function based on inference from {presunied) NER involvement of yeast homelogs.

! references: Park (1992); Feaver (1993).
? reference: Feaver {1993),

* some alleles are UV sensitive, suggesting that they are deficient in NER.
% the refalionship between p41 and TTDA is aot yet known.

group D, If, in addition, the transcription func-
tion is subtly aifected, the photosensitive forms
of combined XP/CS and TTD are found. Theore-
tically, mutations causing a (still viable) tran-
scription problem without NER impairment are
predicted. The notion, that the new TTD XP-B
members have only a mild repair defect (see
table 2), but nevertheless display TTD features
not exhibited by the more repair-deficient origi-
nal XP-B cases, fits perfectly into this reasoning,.
Indeed, a significant proportion of TTD patients,
as well as clinically characteristic CS patients, is
not noticably photosensitive and has normal NER
(Lehmann 1987; Lehmann ef al. 1993; Nance
and Berry 1992), These findings extend the
implications to non-repair-defective disorders.
Therefore, and in view of the pronounced
heterogeneity inherent to the model, we propose
that also the Sjogren-Larsson (270200}, RUD
(308200, ICE (146720), OTD (257960}, IFAP
(308203), CAM(F)AK (214550), Rothmund-
Thompson (268400}, and KID (242150} syn-
dromes (for references, see Baden 1991;
McKusick 1992) also fall within this category.
Interestingly, sonte of these diseases show oceur-
rence of skin cancer.

In conclusion, our findings provide evidence
for the presence of a wide class of disorders that
we propose to designate collectively as "tran-

scription syndromes”. A prediction from our
model is that these patients carry mutations in
transcription factors, that do not affect the NER
process. This proposition is testable. The expla-
nation put forward here for this class of disorders
would introduce a novel concept into human
genetics. It can be envisaged that similar pheno-
mena are associated with subtle defects in transla-
tion, implying the potential existence of "(ransla-
tion syndromes" (as suggested earlier on comple-
tely different grounds; Fisher et al. 1990).
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The human BTE2 (FFIIH} (ranscription factor is a
multisubunit protein involved in transeription initiation
by RNA polymerase IT (B) as well as in DNA repair, In
addition te the previously characterized p62 and
p8Y/ERCC3 subunits, we have closted two other subuniis
of BTF2, p44 and p34, The gene encoding pdd appeared
to be the human counterpart of SSLI, a gene invelved
in {ranslation and UY resistance in yeast, Interestingty,
the p34 subunit alse has homology with a domain of
SSL1, supgesting that it corresponds {o an as yet
unidentified protein involved in DNA repair. Both pdd
and p34 possess zine finger domains that may mediate
BTEF2 binding to nucleic acids.

Key words: BTF2 (TFIIHYDNA repair/SSL1/transcription
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Introduction

BTF2 (TFIIH) is an essential ¢lass H transcription factor that
has recently been shown to play a role in nucleotide excision
repair (NER) (Schaeffer et al., 1993}, This basal factor
participates in the formation of the preiniliation transcription
complex, which includes the TFOA, TFIID, TFIB, THIE,
and TFIF basal transeription factors and RNA polymerase
[1 (B) onto & minimal promoter {containing the TATA box
and cap site) (Conaway and Conaway, 1991; Zawel and
Reinberg, 1992}, BTF2, like its homologs the rat faclor &
and the yeast factor b, is abselutely required for the basal
in vitro transcription of most protein coding genes. Lidle
is known about the role of BTF2 in the transeription reaction,
although a kinase activity which is capable of phosphoryla-
ting the carboxy-terminal domain (CTD?} of the lazge subunit
of RNA polymerase I, ard a DNA-dependent ATPase
activity have been found to be associated with BTF2 and
its rat and yeast homologs (Bunick ef al., 1982; Sawadogo
and Roeder, 1984; Conaway and Conaway, 1988; Feaver
etal., 1991; Dahmus and Dynan, 1992; Lu et af., 1992;
Serizawa et al., 1992). These two activities may be
responsible for the obligate ATP hydrolysis required for
completing transeziptional initiation.

A role of BTF2 in NER was recently suggesied when one
af the subunits (the 89 kDa polypeptide; p89) was identified

as the ERCC3 gene product, a presumed helicase associated
with DNA repair (Weeda et al., 1990; Schaeffer er al.,
1993; van Vuuren et af., 1994), Mutations in this gens
confer sensitivity to sonlight (UV) and a predisposition to
skin cancer manifested by xeroderma pipmentosum group
B (XP-B}, a severe form of this repair syrdrome, which also
exhibits the clinical haltmarks of another DNA repair
disorder, namely Cockayne’s syndrome. Further experi-
menls, using both an ix vive microinjection repair assay and
an in vitro NER system based on cell-free extracts (Wood
et al., 1988), confirmed that the p89/ERCC3 subunit of
BTF2 is directly involved in the excision repair reaction (van
Vuuren ef al,, 1994). More recent resuits have shown that
the ERCC2 80 kDa polypeptide is also associated with the
BTE2 complex, although not as tighily as p89 (Schaeffer
et al., 1994),

The dual function of BTF2 in these two important, but
otherwise quile distinct, mechanisms of DNA metabolism
has recently generated some coatroversy as to whether BTF2
is indeed a transceiption repair coupling factor, or whether
components of BTE2 finction independently in each of the
two pracesses (Sweder ef al., [993). A means to resolve
this disparity lies in the cleniag of ali subunits of BTF2,
which will permit the elucidation of their individual roles
and that of the entire complex in DNA repair and
transcription, As a step toward this goal, we report here the
cloning of two additional subunits of this multifunctional
complex. Analysis of these components provides indications
that BTF2 may be involved in yet another basic cellufar
process: translation.

Results

Cloning and exprassion of the p44 and p34
polypaptides of BTFZ/TFIIH

The BTF2 (TFIIH) transcription factor was purified as
previously described (Gérard ef al., 1991). A concentrated
hydroxyapatite fraction was subjected to SDS ~PAGE and
electrotransferred onto a PYDF membrane. The 44 kDa
(p44) and the 34 kDa (p34) polypeptides were then
individually digested with trypsin, before being resolved by
reversed phase chromatography. Amino acid sequences
ohtained from tryptic digests of pd4 or p3d4 were used to
synthesize degenerate oligonucleotides for screening a Hela
AZAPI cDNA library. Muitiple positive clones were
obtained, and seqeencing revealed that for each, one clone
contaired the entire open reading frame (ORF). The p44
and p34 cDNAs (Figure 1) possess ORFs of 1185 and
909 bp respectively that encode proteins of 395 and 303
amino acids, with calculated mol. wis of 44 451 and 33 920
Da respectively, which is in good agreement with the
previously estimated mof. wi of the purified protein on an
SDS get (43 and 35 kDa respectively; Gérard o al., 1991).
Moareover, when overexpressed in Escherichia cofi. both
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Fig. 1. Sequences of pid (A) and p24 (B) BTF2 polypepiides, and
aligaments with $5L1 (A and C). Positicas of the amino acids are
indicated on G left. The peptides that wene microsequenced from the
purified 44 and 34 kDa polypeptides are undedined. The zinc finger
motifs in p$+ and p34 are boxed or in bold characters {see text). The
SSL1 sequence has been aligned with the p$d sequence and
homologies are indicated by | (threshold 1), @ (threshold 0.5) or |
(threshold 0.1). The mwxleotide sequences of pdd and p34 subunits can
be found in the GenBank database under the accession numbers
Z30094 and 230093, respeciively.

recombinant palypeptides (rp44 and rp34) exhibit the same
electrophoretic mobitity oa SDS—PAGE as the endogeneous
BTF2 p44 and p34 palypeptides according to immunoblotting
experiments depicted in Figure 2A (compare lane | with
lanes 2 and 3 respectively). In both cases the micyosequenced
peptides were observed in the deduced amino acid sequences
confirming the identity of the clones (Figure 1A and B).

Searches in DNA and protein databases revealed a
significant overall homelogy between pd44 and the yeast
protein SSLE (Figure 1A). SSLI is a yeast zinc finger prolein
previously identified as the product of a stem—loop
suppressor gene assoctated with initiation of rranslation
(Yoon et al., 1992), At the amino acid level, p44 and SSL1
have a 58% similarity and a 40% identity. p44 as well as
SSL1 contains the motif Tyr-X-Cys-X;-Cys-Xi-Phe-
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Fig, 2. Wester blot analysis of endegenous and recombinant pd4 and
034 (A} and copurification of BTE2 polypeptides with transcription and
helicase activities over the hydroxyapatite grzdient (B). {A) An 5DS
gel was loaded with either 2 pl of a heparin HPLC fraction (lana 1),
or 0.01 pl of 1he pelleted frection of either 1p4d (lane 2) or rp34

(lane 3). After tmansfer to nitrocellulose, the polypepiides ware detected
using monoclonal antibodies raised against each subunt, (B) The BTF2
hydrowyapatite fractions were tested i a standard run-off transceription
assay lacking BTE2 (2 ul}, in Western blot {10 pd} for the presence of
the four cloned subunits of BTF2 {p39, p62, p44 and p3d) and ina
helicase assay (2 ul). The arrows on the right indicate respectively the
309 nucleotide rranscript (Transeription), the BTFZ potypeprides (WB)
or the oligonucleotide (24 o) displaced from the single-stranded DNA
{Helicase).

Xg-His-X;-Lev-His (amino acids 358 —380) characteristic
of TFIA-like zinc finger proteirs that have been
demonstrated 1o interact with DNA (Jacobs, 19927 Berg,
1993). We also noticed in pd4 as well as SSLI, a repeat
of the motf Cys-X;-Cys-X,-Cys/His-Xs-Cys-X;-Cys
interrupted by a Cys-X;-Cys-X;1/Xz;-Cys-X5-Cys demain,
Swiprisingly, the first type is also present in p34. Alignment
of the three sequences in this region {Figure 1C) highlights
the conservation of the cysteire residues among the three
polypeptides, which also suggests that p44 and p34 must
share some common function, e.g. in the ineraction with
the DNA template. Preliminary results suggest that pd4
indeed interacts with the DNA promoter (unpublished
resulls). No other known motifs were found, but we noticed
that the p34 is rich in leucine and isoleucine residues (20%
over the entire sequence) which confers a very hydrophobic
character 1o the polypeptide.

The p44 and p34 polypeptides are bona fide subunits
of BTFZ

When overexpressed in E.coli, the p44 and p34 polypeptides
remained in an insoluble form (up to 98%) and were
therefore subjected 10 dematuration —renaturation with
guanidium hydrochloride. In this condition a small part of
the proteins was recovered in a soluble form that was used
in the following experiments.

The recombinant polypeptides p44 and p34 did rot
substitute for the BTF2 activity when added either alone or
in combination with the two other bactedally expressed BTF2
subunits (p62 and p89) in a BTF2-dependent in vitro
transcription system {data not shown). Indeed, this was
expected since our purification evidenced at least an



additional polypeptide in BTF2 (Gérard ef al., 1991).

Human BTF2 (TFIH), the rat factor & and the yeast b
factor have been found to contain several activities including
a DNA-dependeat ATPase (Roy er al., 1994), a CTD kinase
capable of phosphorylating the CTD of the [argest subunit
of RN A polymerase II (Peaver ef al., 1991; Lu ot al., 1992:
Serizawa er al., 1092} and a helicase (Schaeffer ef al., F993),
thus suggesting the presence of putative helicase motifs,
ATP-binding sites, or kinase meotifs in the various BTF2
subunits. None of the above motifs was detected in either
pdd or p34 and o kinase, ATPase or helicase activities could
be found associated with p44 cr p34 when tested in the three
enzymatic assays under the conditions used for the native
BTF2 complex (data not shown). Furthermore, no
stimufation of any of these activities was observed upon
addition of pdd or p34.

Despite cur irability to detect any of the aforementioned
biological activities associated with the two polypeptides,
several lines of evidence indicate that both pd44 and p34 are
indeed subunits of BTFZ (TFIIH). First, monocional
antibodies raised against the pd4 (Ab-p44) and p34 (Ab-p34)
polypeptides recognized the 44 and 34 kDa polypeptides
(Figure 2B, middle panet) that cofractionated with BTF2
transcription activity (upper panel) and the helicase activity
(lower panel) through the HAP chromatography (sixth step
of the purification; Gérard ef al., 1991) as well as on the
glycerol gradient sedimentation step (data not shown; see
also Figure 3B, upper penel). Furthermore, both p44 and
p34 perfectly coclute with the previously described p62 and
P89 (lanes £0—14) that have previously been showa to
belong to BTE2 wranscription factor (Fischer et al., 1992;
Schaeffer er al., 1993); the CTD kinase and the DNA-
dependent ATPase activities were also found to coelute with
the four BTF2 subunits (uapublished results; Roy er al.,
£994). 1dentical results were also observed with the phenyl
fractions {fifth step of cur purification procedure; Gérard
et ., 1991), Thus, in the three last steps of the purification
scheme (using three different separation techaiques based
either on the hydrophobic character, the charge or the
sedimentation constant of the BTF2 complex), p44 and p34
are always found tightly associated with the various activities
and polypeptides characteristic of BTF2, In addition, when
the BTF2 multisubunit complex is treated with 1 M KCI
before glycerol gradient sedimentation, the four polypeptides
cosediment in a region corresponding to ~200-250 kDa
{unpublished resulls).

Second, to cenfirm that p44 and p34 betong to the BTF2
multisubunit complex, two additional sets of experiments
were performed: an immunoprecipitation (Figure 3A) and
a glycerol gradient shift (Figure 3B) in which either of the
wwo previously described monoclonal antibodies was used
to precipitate or to shift all the BTF2 subunits. A partially
purified BTF2 fraction eluted from the heparin column
(Gérard er al., 1991), was incubated either with protein
A—agarose beads alone (— Ab, lanes 3 and 7) or with
protein A —agarose beads to which anti-pd4 (lane 2) or anti-
p34 (lane 6} antibodies or an antibody against an unrelated
polypeptide (Ab control, Janes 4 and 8) were bound, Afler
extensive washing with a buffer containing 0.15 M KCI, the
remaining proteins were analyzed by SDS--PAGE (Figure
3A). The anti-pd4 or anti-p34 antibodies immwunoprecipitate
hoth p34 and p44 in addition to p62 and p8&9 (lanes 2 and
6. respectively), while the prolein A —agarose, either alone
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Fig. 3. The monoclonal antibodies raised against p#4 or p34
immunoprecipitate BTF2 (A) and displace this complex in a glycerol
gradient (B). (4) 50 pf of the BTF2 heparin HPLC fraction wer
incubatad for 2 h at 9°C with ¢ither o antibady (lanes 3 ard 7), anli-
pdd antibody (lane 23, anti-p24 antibody (ape 6), or an unrelated
wontrol antibedy (lancs 4 and 8). These mixtures were incubated with
protein A—Sepharose, The beads were washed and loaded onto an
SD3—polyacrylamide gel. After elecurophoresis and transfer onzo
nitrocellttose, the varipus BTF2 subunits (as indicated by arrows on
the left) were detecied with the camesponding antibody. Lanes 1 and
5t 2 pl of BTF2 heparin HPLC fraction. (B} 100 pl1 of heparin HPLC
BTEZ fraction were incubated for 2 h at 4°C with cither no antibody
{upper panel), anti-p$4 antibody {middie panel) or anti-p34 antibody
{lower panel). After centrifugation for 12 h at 300 000 g on 2
10-30% glycerol geadient, 15 fractions were collected and znalyzed
by Westem blotling using anti-p62, anti-p4d and anti-p34 antibodies.
The armows indicate the position of the four BTF2 subunits. The heavy
{H) and lighz chain (L) subunits of the antibody are alse illuminated by
the secord anti-mouse antibody,

or coupled to the contrel antibody, precipitated none or
negligible amounts of p89, p62, pd4 and p34 polypeptides
(lanes 3, 4, 7 and 8). Thus, both of the antibodies raised
against either p44 or p34 are able to coprecipitate p62 as
well as p89 in addition to their corresponding antigenic pdd
and p34 subunits. No transcription activily was recovered
cither from the protein A —agarose heads on which Ab-pd4
or Ab-p34 were immobilized or from their corresponding
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Fig. 4. Inhibition of i vitre transeription by anti-p44 or anti-p34
antibodigs, The BTF2 heparin HPLC fraction (10 pl) was preincubated
for T h at 4°C with either ne antibody {lane 1), increasing amounts of
anti-p4d {lares 24}, anti-p34 {lanes 7—-9) or control (fanes 12 and
13} antibedies, or with a 100% inhibitory amount of anti-p# (lanes 5
and 6, and 14 and 15) or anti-p34 (lanes £0 and 11, and 16 and 17)
antibodies. The reaction was then corplemented with the other basat
transcripgion factors, RNA polymerase I, DNA template and as
indicated, inereasing amounts of eithes BTF2 hydrosyapatite fraction
(lanes § and 6, and 10 and 1), mpd4 Janes 14 and 15) or 1p34, (Janes
[6 and 17y, Afier 15 min of incubation at 25°C, the nuclentides were
added and transeription was allowed to proceed for 45 min at 25°C.
The transcripts were analyzed as previously reported. The arrow
indicates the 309 nucleotide long specific transcript.

supernatants due 10 the inhibitory effect of the antibody (see
also below).

In another set of experiments, BTF2 was preincubated
either alone (BTF2) or with either Ab-pd4 (BTF2 + Ab-
pd4) or Ab-p34 (BTF2 + Ab-pl4) before glycerol gradient
centrifugation (Figure 3B). In both cases, and thus
independent of the nature of the antibody, pd4 and p34 were
shified from fractions 79 in the absence of antibody (upper
panel) to fractions 8—11 in the presence of either antibody
(middle and lower panels). The p62 subunit as well as the
p89 subunit (see Figure 3B) followed p4d ard p34, thus
demonstrating that the antibodies were able to displace the
other subunits of BTF2. Altogether, these data demonstrate
that pd4 and p34 are strongly associated with the previously
characterized p62 and p8% BTF2 subunits as well as with
all the enzymatic aclivities exhibited by BTF2.

Finally, the antibodies were tested for their ability 10
prevent BTF2 transcription activity in an in vitro transcription
assay {Figure 4). Increasing amounts of either purified Ab-
pdd, Ab-p3d or Ab-control were incubated for | hat 4°C,
with a fixed amount of partially purified BTF2 (heparin
HPLC fraction; Gérard er al,, 1991). The mixture was then
added to the in vitro transcription system containing RNA
polymerase 1I, the Ad2 MLP template ard all basal
transcription factors except BTF2, before addition of
nucleotides, As shown in Figure 4, transcription was reduced
as a function of the concentration of Ab-p44 and Ab-p34,
whereas transcription was not inhibited when increasing
amounts of the control antibody were added (compare Janes
2—4 and lanes 7—9 with lanes 12— 13, respectively). To
establish further that inhibition resulted from the specific
interaction between the two antibodies and BTF2, increasing
arnounts of BTF2 were added to an in vitro transcription
reaction that was previously 100% iahibited after additien
of each of the two antibodies. In both cases, we were abie
to restore the transeription activify as shown by the synthesis
of a specific transcript of 309 nucleotides (see lanes 3 and
6 and lanes 10 and 11, respectively). Increasing amounts
of rp44 or rp34 did not restore BTF2 transcription activity
(lanes 14--17). In conclusion all of the above data
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Fig. 5. inhibition of in vitre NER activity. Monoclonal amibodies
against p34, deplete a repair-proficient Hela eatract from repair
capacity. A cell-free Hela extract was incubated with anti-p24
antbody immobilized on protein A—Sepharose CL-48 beads. After
removal of the proteins bound 1o the antibody by centrifugation, the
supemnatant was tested i an dn viro NER assay for repair and
complementation activities (Wood et o, 1988). The in vitra NER
assay contained 230 ng AAT-damaged plasmid (+) and an equal
amount ef non-damaged plasmid {~). The upper panel (autoradio)
detected the [-)2PJJATP incorportion tfat indicates the repair
activity and the lower panzl {EtBr) shows the ethidium bromide stained
DNA gel. Lane 1: Hela extract (H) treated with protein A beads as a
non-depleted control. Lane 2: Hela exwract depleted with Ab-p3d
{dH). The depleted HeLa extract was mixed {f:1) with extracts of
redent complementation group 3 (ERCCI lane 3), group 2
(ERCC2—; Jane 5) or group 4 (ERCC4A~; lane 7). The eatmcts were
also tested in the absence of Hela extract, group 3 (lane 4). group 2
tfane 6) and group 4 {lane 8). Lace 9: detection of complementation
activily using 1wo unrelated eatracts (groups 3 and 4},

unambiguously demonstrate the participation of both p44 and
p34 in BTF2 transcription activity.

Inhibitlon of in vitro NER activity by anti-pd4 or anti-
p34 antibodies

Since the anibodies were able 1o immunoprecigilate the
BTFZ complex, we have tested their effects on NER activity.
Antibody depletion experiments were thus performed using
an in vitre NER system (Wood ef af., [988; van Vuuren
er al., 1993). Repair-proficient Hel.a whole cell extracis
were incubated with anti-p34 antibody that was immobilized
on protein A —Sepharose beads, After removal of the beads
by centrifugation, the supernatant was tested for its repair
capacity. The anti-p34 depleted Hela extract (Figure 5,
lane 2) showed a clear reduction in repair activity in
cemparison with the non-depleted HeLa extract (lane 1},
Furthermore, Western blot analyses confirmed the depletion
of p44 and p34 {(data not shown). In order to determine
whether additional NER faciors were simultaneously
removed, the treated extract was mixed with rodent repair-
deficient extracts of complementation group 2, 3 or 4. The
depleted Hela extract had lost the ability to restore repair
activity for BRCC2 {lane 5) and ERCCJ (lane 3) but not
ERCC4 (lane 7). These findings indicate that the anti-p34
antibody not only removed p89 (ERCC3), but also ERCC2,
a 80 kDa polypeptide that we recently found associated with
BTF2 (Schaeffer et al., 1994), which is in agreement with
immunoprecipitaticn experiments using the heparia fraction



(van Vuuren er af., 1994). Similar resulls were obtained
using the ami-p44 amibody (data not shown).

Discussion

Here, we report the cloning and characterization of two
additional subunits of BTF2 that appear to be intimately
assaciated with the p62 subunit which shares homology with
the 74 kDa subunit (TFB1) of yeast transcription facior b
{Gileadi et al,, 1992} and the p89 subunit that cerresponds
to the product of the ERCC3 gene (Schaeffer ¢t al., 1993).
All our data demonstrate unequivocally that both poly-
peptides are subunits of BTF2, First, p44 and p34 copurified
not only with the other identified subunits of BTF2 (p8% and
p62) but also with the previousiy characterized enzymatic
activities of BTF2 (helicase, DNA-deperdent ATPase and
CTD kinase), Second, all subunits can be immuno-
precipitated or shifted on a glycerol gradient with monoclonal
antibodies raised against p44 or p34 (or p62; not shown).
Third, the Jatter antibodies inhibil an in vitro transcription
assay, and this inhibition can be relisved by addition of
purified BTF2.

Preliminary experiments to reconstitute the transeription
activity using the four recombinants subunits of BTF2 (p89,
p62, pd4 and p34) either alone or in combination were not
successful. This may be due to the lack of correct foldiag
of the protein in £ colf, but also, and most likely, to the
absence of seme other component{s) of the BTF2 factor. It
also remains possible that additional polypeptides that are
not strongly associaled with BTE2 (three other pelypeptides
were found to coelute with the five polypeptides of BTF2;
Fischer et al., 1992) can modulate the function of the ‘core’
BTF2 o select its implication in either transcription or NER
but it is still unclear which ones constitute the transcriptional
‘core’ or the repair function of BTF2, In a similar context,
we also noticed that the most purified fraction of the & factor,
the rat homolog of BTF2, contains at least seven polypeplides
{Conaway and Conaway, 1989). Although we have demon-
strated that the recombinant ERCC3, the p89 subunit of
BTF2, contains a DNA helicase activity (Schaeffer e al.,
1993), we were unable 10 detect any enzymatic activity such
an ATPase, or CTD kinase associated with pdd or p34, In
fact, none of the characteristic motifs for such function were
obvious when considering their amino acid sequence.
Instead, both proteins contain various zine finger motifs, such
as Cys-X;-Cys-X),-His-X;-His, or Cys-X;-Cys-X;5-Cys-
Xy-Cys, that may mediate the binding of BTF2 (o the DNA
template. More interesting is the observation that there is
some common zinc finger 1o both p44 and p34 proteins that
may suggest some similarity in their function. It will be
interesting to determine which of the identified zinc fingers
is reponsible for the DNA binding and if so, if such a
polypeptide displays sequence specificity.

The duat role of BYF2 in NER as well as in transeription
initially suggested by the identification of ERCC3 as one
subunit of BTF2, is further strengthened by the following
observations. First, antibodies against p44 or p34 were able
to deplete both the in vitre NER system and in vitro
transcription. This strongly suggests that pd< and/or p34 are
either directly involved or are associated with one or more
polypeptides of the BTE2 protein complex that are absolutely
required for either of the two reactions. Secondly, p44 has
significant homalogy (58% similarity) with SSLI, a protein

that has been shown to play a role in UV resistance in yeast
as well as translational inifiation (Yoon et al,, 1992). Thus,
pdd is most likely the human homolog of SSLI.

The relationship between p44 and the function of SSLI
is difficult to rationalize with the observations reported by
Yoon et al. {1992) who strongly assert that SSL1 acts at the
translation initiation level. SSL1 was identified in a search
for screening for suppressors of an artificial stem—loop in
the 5'UTR of the selectable HIS4 mRNA that is assumed
to block translation. The role of SSLI in iranslation was
further confirmed by the fact that an extract of ts— SSL1
suppressor strains presents a decrease of protein synthesis
from exogenously added mRNA in a cell-free in vitro
teanstation system. In the same search for suppressors, they
isolated SSL2, the yeast counterpari of ERCC3/p8% (Gulyas
and Donahue, 1992). Thus, our findings link a second
presumed translation regulating protein with the basal
transeription factor BTF2, This is consistent with the genetic
cross studies of Gulyas and Donahue (1992) who showed
that SSL1 and $5L.2 interact with each other, This interaction
likely occurs in the yeast homolog of BTF2, the transcription
factor b, which aiso coatains the TFB1 subunit (Gileadi
el al., 1992; p62 BTF2 homolog), and suggests that SSL1
is a component of the yeast factor b. The reported role of
the SSL1/p4d protein in translation (Yoon et al., 1992) and
the claimed involvement of the S5L.2/pR9 subunit {(Gulyas
and Donahue, 1992) in this process, when correct, would
extend the multiple functioning of BTF2 from repair and
transcriptipn to protein synthesis. BTE2Z was shown te
contain BRCC3, a 3' —35' helicase, and to be associated with
the ERCC2 5' -3 helicase (Schaeffer et al., 1993, 1994).
This bidirectional unwinding capacity would allow reading
of the coding strand in transcription initiation, removal of
the damaged sequence in DNA repair and ribosomal
binding/scanning of the mRNA in translation. In light of all
these data, it appears now that at least two subunits of BTF2,
i.e. p8% (ERCC3) and pdd (SSL1), may be involved in
several essential functions of the cell such as transeription,
DNA repair and translation. The further characterization of
BTF2 and the reconstitetion of the whole cemplex will
reprasent a major step towards the understanding of its role
in eukaryotic gene expression.

Materials and methods

Isolation and saquance of cONA cionas

Microsequencing of the polypeptidas, sreening of the HeLa ¢<DNA |ibrary
constructed in the AZAPR vector (Stretzgene) and sequencing of te positive
clones were as described {Fischer et al, 1992). The 1.2 kb pid cDNA
was generated by PCR using the fellowing oligenucleotides:
5" -TGAAACATATGGATGAAGAACCTGTAAAGAACT-3" and
§"-CACCGGATCCTCAAACACCTGAAGGAGCTGGA-3'. The resultant
PCR fragment was inserted into the Ndel—BamHI site of pETlla
(Novagene).

To sutclone the p34 ORF, the pETM plasmid (Novagene) cut by
MNeol —BamHE was ligated 1o an Nrol — By EH—~BamHI adaptor, The 1028
bp Neol-—BstEH fragment containing the entire ORF of p24 was ¢loned
in the modified pET24 digested by Acol and BEILL

Exprassion of racombinsint pd4 and p34

E. coli strain BL21(DE3} (Novagens) containing the pET1EapH or pET3d-
P34 plasmids were grown in LB medium supplemented with ampicillin
{100 pg/ml) at 37°C. Coltures were induced with isopropyl-3-o-
thingalactopyranoside (0,4 mM) at an optical density at 600 nm of 0.6. After
T hat 37°C, the vells were collected by centrifugation and the pellet was
sesuspendad in 56 mM Tris—HCT oH 8, | mM EDTA pH 8, 100 mM
KC#. The cells were then frozen, thawed and Lysed by sorication un ice.

113



Soluble and non-soluble fractions were collected after centrifugation.
Renaturation of the recombinant polypeptides was performed as described
(Hagar and Burgess, 1980).

Production of antibodies

The antibodics against rpH {1 HS) and rp34 2B1) were produced as describad
(Fischer ef al., 1992). The p44 antibody was raised to a polypeptide from
amino acks | to 17, For p34, the entire protein char was overexpressed
in £. coli was used. The anti-p62 and anti-p89 monoclonal antibodies were
as describad in Fischer ef ol (1992} and Schaefler et al, (1993) respactively,
The monectonal antibodies were purified from ascite fluids by caprilic acid
and ammonium sulfate precipilations.

immunaoprecipitation

The BTF2 heparin fraction was incubated for 2 b at 4°C with the antibodies
and then for | hwith protein A—Se FF (Phanmacia) in TGI0EK150
(50 mM Tris—HC1 pH 7.9, 0% glycerol, 0.1 mM EDTA, 150 mM KCl)
containing | mg/ml BSA. Beads were washed twice with TGI0EKE0
containing 0.§% NP40 and 1 mg/ml BSA ard once with TGI0EKI50
conwaining 0.15% NP40, and resuspended in SDS-- PAGE loading buffer.
After SDS— PAGE and transter ta nitrocetlulose, the various polypeptides
werz detected with the comesponding antibodies.

Other technigies

The purification of BTF2 and all the baske transeription factors required
for the transcription run-off assay were as previoosly described (Gérard
et al, 1991). The in virro NER assay was as describad (Weeda er of., 1990).
Muwanis 27.1 (ERCCI™) and UV140 (ERCCY ) are as describad by Wood
and Burki (1982) and Busch e al. (£994) respectively.
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Summary

A network of DNA repair processes protects the genetic information of organisms
from accumulation of deleterious mutations. Alterations in DNA can be due to chemical
instability intrinsic to the DNA itself or to exposure to genotoxic agents. Nucleotide excision
repair (NER) is one of the most important repair mechanisms in the celi that removes a broad
range of structurally unrelated lesions, for instance lesions induced by UV-light. If not
repaired, lesions may disturb essential cellular processes as transcription, recombination,
replication, or lead to mutations. 'This might result in malfunction of the cell, inborn defects
or even onset of carcinogenesis. The consequences of a NER-defect in man are illustrated
by three hereditary disorders: xeroderma pigmentosum (XP), Cockayne’s syndrome (CS),
and a photosensitive form of trichothiodystrophy (TTD). A wide variety of clinical symptoms
are associated with these disorders. XP patients show an exireme sensitivity to sun(UV)light
and an elevated risk to develop skin cancer. CS and TTD patients display a milder sensitivity
to UV-irradiation than XP patients and do not exhibit a predisposition to skin tumours. In
addition, they show distinct features as growth abnormalities, mental retardation, and, a
specific hallmark of TTD, brittle hair and nails. Genetic heterogeneity has been defined by
identification of at least 10 different complementation groups defective in NER, seven in XP
(XP-A to XP-G), two in CS (CS-A and CS-B), and one in TTD (TTD-A). In rodent cell
lines at least 11 groups have been found, which show extensive overlap with the human
groups, The clinical picture is even more confusing, since cerfain XP patients belonging to
group B, D, and G show combined features of XP and CS, while some TTD patients have
been classified into XP groups B and D.

To understand in more detail the complex molecular mechanism of NER, it is
necessary to isclate and identify the genes involved and their encoded products, The work
described in this thesis focuses on the characterization of different repair proteins. The
development of a *bona fide’ in vitro NER assay has been essential to study the function
and/or interaction of distinet repair components. The assay is based on damaged DNA
substrates and protein extracts of rodent or human cells. The repair enzymes recognize the
damage and remove the damage-containing patch, and the remaining gap is filled by de nove
DNA synthesis, This last step can be detected by auioradiography when [PP]-labelled
nucleotides are included in the reaction mixture. The assay can be used to purify biologically
active repair factors; for example XPA, XPG, and XPC/HHR23B complex have been
isolated from extracts of repair-proficient cells.

The first evidence of a mammalian repair protein complex is described in Chapter 2,
Complementation groups have been defined as correction of the repair defect when two
different cells were fused in vivo. Analysis in vitro of repair-deficient extracts revealed
results, which do not correlate with data observed in vive. When two extracts of different
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radent complementation groups 1, 4, 11, or human XP-F were mixed, they could not restore
the repair synthesis to normal levels. However, when they are mixed with extracts of rodent
groups 2, 3, 5, or human XP-A, correction to wild-type levels is found. This is the first
indication that repair proteins ERCC1, ERCC4, ERCC11, and XPF affect each other. A
possible explanation for the differences between the in vive and in vitro findings is, that
proper complex formation is only possible in vive, while ir vitro subunits of the complex
cannot be exchanged. A repair-proficient Hel.a exiract depleted for ERCCI also lost the
activity to correct extracts of rodent groups 4, 11 and human XP-F, but not the activity to
complement the repair defects of rodent groups 2, 3, 5, and human XP-A. The immuno-
depletion studies confirm the hypothesis of such a repair complex. Since the ERCC4 and
ERCCI1 genes have not been cloned yet, it cannot be excluded that one of these genes
corrects the human XP-F deficiency.

Chapter 3 describes the partial characterization of the ERCC1/4/11/XPF complex. A
subunit of approximately 120 kDa could specifically be immunoprecipitated, suggesting that
at least one additional subunit of the ERCCI compiex still has to be identified. The ERCC1
complex displays PNA-binding affinity without pronounced preference for single-stranded,
double-stranded, or UV-damaged DNA. Using non-denaturing gradient gels the molecular
mass of the complex was measured as ~280 kDa, much larger than previously observed by
giycerol gradient sedimentation studies (~ 120 kDa). The size of 280 kDa for the complex
would better accomunodate the presence of ERCC1 (33 kDa), the precipitated subunit (120
kDa}, and at least one additional component.

An unexpected link between NER and transcription initiation is reported in Chapters
4 and 5. The experiments were done in collaboration with the group of Dr. J.M. Egly
(Strashourg). Purified fractions of basal franscription initiation factor TFIIH were found to
correct the repair defects of complementation groups XP-B, XP-D, and TTD-A, both in an
in vive microinjection repair assay and in an in vitro NER assay. Immunodepletion studies
suggest that probably the entire TFIIH complex is directly implicated in excision repair.
Expression of an FRCC3 mutant containing a Lys—Arg replacement in the ATP-binding
domain, which is expected to have lost all helicase activity, displays a dominant-negative
effect on DNA repair as well as on transcription, after injection into repair-proficient
fibroblasts, Antiserum against XPB and XPD injected into normal cells causes also a strong
inhibition of both repair and transcription activities, These data indicate that XPB and XPD
are involved in transcription fn vivo, extending the evidence for involvement of these subunits
in transcription in vitro as observed by Dr. J.M. Egly and coworkers. Furthermore, cell
fusion experiments established the existence of a new TTD complementation group, since the
repair defect in patient TTD6VI is identified as a defect in XP group B. The specific
association between at least three TFIIH subunits and TTD supports the idea that TTD, and
those forms of XP with combined XP/CS features belong to one broad clinical entity,
Probably some clinical symptoms that arc atypical for a NER defect, such as
neurodysmyeliniaton, impaired sexual development, britile hair, and growth abnormalities,
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can be explained by subtle mutations, that affect the transcriptiona role of TFITH.

Two other subunits, p44 and p34, of TFIIH have been cloned (Chapter 6). The gene
encoding p44 appeared to be the human homolog of yeast SSLI. Both proteins p44 en p34
contain certain zinc-finger domains, which might bind TFIiH to the DNA template.
Antibodies against p44 and p34 are able to precipitate p62 and XPB, other subunits of
TFIIH, and inhibit the transcription reaction in vitre. Again immunodepletion of repaii-
proficient extracts reduces repair activity to mutant levels. This depleted extract cannot
complement the repair defect of rodent groups 2 and 3, which are the equivalents of human
groups XP-D and XP-B respectively.

The dual role of TFITH in DNA repair and transcription might explain the diverse
phenotypes found, when a subunit of TFIIH is impaired. For instance, mutations can
influence only the NER function, resulting in a classical XP-phenotype as observed in some
patients of XP group D. If in addition the transcriptional role of TFIIH is subtly affected,
combined XP/CS features and photosensitive forins of TTD can be expected. These findings
support the hypothiesis that mutations can cause viable transcriptional problems without any
NER impairment. Indeed, several TTD and C8 patients with no photosensitivity and normal
NER have been described, providing evidence for the existence of a new class of disorders
that can be designated as “transcription syndromes’. However, this proposition has to be
confirmed in the future.
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Samenvatting

Een netwerk van DNA herstelprocessen beschermt de genetische informatie van
organismen fegen de accumulatie van schadelijke mutaties, Veranderingen in het DNA
kunnen veroorzaakt worden door de chemische instabiliteit van het DNA zelf of door
blootstelling aan genotoxische agentia. Nucleotide excisie herstel (verder afgekort als NER
afkomstig van de Engelse uitdrukking "Nucleotide excision repair”) is een zeer belangrijk
herstelproces in de cel en verwijdert een variatie aan lesies, bijvoorbeeld lesies geinduceerd
door ultraviclet licht. Wanneer lesies in DNA niet hersield worden, kunnen ze mutaties
veroorzaken of andere cssentiéle processen in de cel verstoren, zoals transcriptie,
recombinatie of replicatie, met als mogeliik gevolg afwijkingen bij de geboorte of de
ontwikkeling van kanker. De consequenties van een hersteldefect in de mens worden
gefllustreerd door drie erfelijke ziekiebeelden: xeroderma pigmentosum (XP), Cockayne’s
syndroom (CS) en trichothiodystrophy (TTD). Naast TTD-patiénten die overgevoelig zijn
voor ultraviolet licht bestaat er een groep van TTD-patiénten die niet sensitief is voor licht.
Deze laatste groep heeft geen defect in het NER-proces, Een brede variatie aan klinische
symptomen wordt geassocieerd met deze ziektebeelden. XP patiénten vertonen een zeer
extreme gevoeligheid voor ultraviofette straling en hebben een sterk verhoogde kans op de
ontwikkeling van huidkanker. CS en TTD patiénten zijn in tegenstelling tot XP veel minder
gevoelig voor uliraviolet licht en hebben geen verhoogde kans op huidtumoren, maar zij
vertonen andere kenmerken zoals groei- en ontwikkelingsstoornissen. Specifieke symptomen
van TTD patiénten zijn broze haren en nagels. Teaminste 10 verschillende genen betrokken
bij DNA herstel zijn tot nu toe geidentificeerd in de mens: 7 in XP (XPA tot XPG), 2 in CS
{CS4 en CSB) en 1 in TTD (TTDA). In knaagdieren zijn al 11 herstelgenen gevonden,
waarvan somunige identiek zijn aan de humane genen. Het klinisch beeld is echter
ingewikkelder dan geschetst, omdat sommige XP patiénten ingedeeld in groep B, Den G
gecombineerde XP/CS kenmerken vertonen en er TTD patiénten zonder een verhoogd risico
op huidkanker bestaan met een hersteldefect in XPB of XPD.

Om dit complexe mechanisme van DNA herstel te begrijpen is het noodzakelijk om
alle genen, betrokken bij dit proces, en de eiwitprodukten afgeschreven van deze genen te
isoferen. Het werk beschreven in dit proefschrift concentreert zich op het karakteriseren van
verschillende DNA hersteleiwiiten. De ontwikkeling van een ’'bona fide' in vitro
herstelmethode heeft belangrijk bijgedragen aan de analyse van de functies en/of interacties
van de verschillende hersteifactoren, Deze methode is gebaseerd op het gebruik van een
beschadigd DNA substraat en eiwitextracten uit gekweekle knaagdier- of menselijke cellen.
De hersteleiwitten herkennen de schade in het DNA en verwijderen het stukje DNA met de
lesie. Daarna wordt de enkelstrengs opening opgevuld door normale DNA synthese. Dit
nicuw gesynthetiseerde DNA kan met behulp van autoradiografie gedetecteerd worden, indien
radio-actief gelabelde nucleotiden aanwezig zijn in het reactiemengsel. Deze in vitro methode
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is ook erg nuitig bij het zuiveren van biologisch aktieve herstelfactoren uit normale cellen.
Op deze manier zijn XPA, XPG en het XPC/HHR23B eiwitcomplex geisoleerd.

De eerste aanwijzing dat hersteleiwitten een complex vormen in zoogdieren wordt
beschreven in Hoofdstuk 2. Wanneer cellen it twee verschillende patiénten na fusie elkaars
defect kunnen corrigeren in vivo, worden ze gedefinieerd als verschillende complementatie
groepen. Analyse van herstel-deficiénte extracten toont in bepaalde combinaties een verschil
in de in vivo en in vitro respons aan, Wanneer twee extracten van de complementatie groepen
1, 4, 11 of XP-F gemengd worden kunnen ze elkaars defect niet corrigeren, Al deze
extracten kunnen echter wel het defect repareren van de groepen 2, 3, 5 en XP-A, Dit is de
cerste aanwijzing dat de hersteleiwitten ERCC1, ERCC4, ERCCIlI en XPF elkaar
beinvloeden, waarschijnlifk door de vorming van een complex in vive waarin de individuele
componenten niet uitgewisseld kunnen worden in vitro, Na verwijdering van ERCC1 uit een
extract van herstel-competente HeLa cellen is dit extract niet meer in staat tot correctie van
groepen 1, 4, 11 en XP-F, terwijl de aktiviteit om extracten van groepen 2, 3, 5 en XP-A
te complementeren nog steeds aanwezig is. De aanwijzing dat hersteleiwitten een complex
vormen wordt versterkt door de resultaten van deze immuundepletie studies. Aangezien de
ERCC4 en ERCCII genen nog niet gekloneerd zijn, is het niet vitgesloten dat één van deze
genen het defect in XP groep F kan complementeren.

Hoofdstuk 3 beschrijft de partiéle karakterisering van het ERCC1/4/11/XPF compiex.
Eén component met een massa van ~ 120 kDa kan specifiek geprecipiteerd worden. Het feit
dat ERCC4 of ERCC11 identiek zou kunnen zijn aan XPF suggereert dat ten minste nog &én
component van het ERCC1-complex geideatificeerd moet worden. Het ERCC1-complex kan
binden aan DNA zonder voorkeur voor enkelstrengs, dubbelstrengs of UV-beschadigd DNA.
Met behulp van een niet-denaturende gradient gel is de massa van het complex bepaald op
~280 kDa; dit is echter groter dan het eerder gevonden resultaat met glycerol gradient
sedimentatie { ~ 120 kDa). De massa van 280 kDa zou beter de aanwezigheid van ERCC1
(33 kDa)}, de hier geidentificeerde component {120 kDa) en ten minst nog &één additionele
component kunnen herbergen.

Een onverwachte relatie tussen DNA herstel en transcriptie wordt besproken in de
Hoofdstukken 4 en 5, Deze experimenten zijn uitgevoerd in samenwerking met de
onderzoeksgroep van Dr. J.M. Egly (Straatsburg). Gezuiverde fracties van de basale
transcriptie initiatie factor TFIIH corrigeren het defect van de complementatie groepen XP-B,
XP-D en TTD-A, zowel in de in vitro methode als in een in vive methode door middel van
microinjectie in cellen. Immuundepletie studies suggereren dat mogelijk het gehele TFITH-
complex direct betrokken is bij excisie herstel. Expressie van een FRCC3 mutant, waarin het
aminozuur lysine is vervangen door arginine in het ATP-bindings domein met als gevolg
verlies van helicase aktiviteit, vertoont een dominant negatief effect zowel op DNA herstel
als op transcriptie na microinjectie in normale fibroblasten. Injectie van antiserum gericht
tegen XPB of XPD remt in sterke mate beide processen, DNA herstel en transcriptie, in
normale cellen. Deze gegevens geven een indicatie dat beide eiwitten XPB en XPD betrokken

121



zijn bij transcriptie in vivo, terwijl deze betrokkenheid in vitro al gevonden is door Dr. Egly
en medewerkers. Verder bevestigen celfusie experimenten het bestaan van een nieuwe
complementatie groep voor TTD patiénten. Het hersteldefect in patiént TTD6VI is
geidentificeerd als een defect in XP groep B. De relatie tussen tenminste drie componenten
van het TFITH-complex, namelijk XPB, XPD en TTDA, en TTD versterkt de veronder-
stelling dat zowe! TTD als de XP vormen met gecombingerde XP/CS kenmerken tot één
breed klinisch zicktebeeld behoren. Sommige klinische symptomen, die ongewoon zijn voor
een hersteldefect, zoals de afbraak van de myeline schede hetgeen neurofogische afwijkingen
in CS patiénten veroorzaakt, en groei- en ontwikkelingsafwijkingen, zijn mogelijk
geassocicerd met mutaties die de functie van TFIIH in transcriptie subtiel beinvloeden,

Twee andere componenten van TFITH, pd44 en p34 zijn gekloneerd (Hoofdstuk 6). Het
gen dat codeert voor pd4 blijkt de humane homoloog te zijn van SSLI in gist. Beide eiwitten
p44 en p34 bevaiten bepaalde zink-vinger domeinen, die mogelijk belangrijk zijn bij de
binding van TFIIH aan DNA. Antilichamen gericht tegen pd44 en p34 zijn in staat andere
componenten van TFIIH, p62 en XPB, te precipiteren en remmen de transcriptie in vitro.
Normale extracten waarnit pdd of p34 verwijderd zijn met antilichamen, vertonen een
duidelijke reductie van de hersielaktiviteit tot het niveau van herstel-deficiénte cellen.
Tegelijkertijd heeft dit extract de mogelijkheid verloren om de knaagdier complementatie
groepen 2 en 3 te complementeren, welke homoloog zijn aan XP-D en XP-B.

De functie van TFIIH in zowel DNA herstel en transcriptie verkiaart mogelijk de
diverse fenotypes, die gevonden worden als een component van dit complex defect is.
Mutaties kunnen bijvoorbeeld enkel de functie in DNA-herstel befnvloeden met als gevoig
een klassiek XP fenotype zoals gevonden in sommige patiénten van XP groep D. Wanneer
tegelijkertijd de rol van TFIHH in transcriptie subtiel is aangetast kunnen gecombineerde
XP/CS kenmerken en lichtgevoelige vormen van TTD verwacht worden, Deze bevindingen
versterken de hypothese dat mutaties subtiele problemen in transcriptie kunnen veroorzaken
zonder dat het DNA-herstelproces wordt beschadigd. Inderdaad zijn er TTD en CS patiénten
beschireven, die niet gevoelig zijn voor ultraviolet licht en lesies in het DINA normaal kunnen
herstellen. Het klinisch beeld van deze pati€énten verschaft aanwijzingen voor het bestaan van
een nieuwe klasse van ziektebeelden, die aangeduid kan worden als *transcriptie syndromen’,
maar het bewijs voor deze veronderstelling moet nog gevonden worden.
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ATP
cdk

CG
CHO
CPD
CS
CTD
DNA
E.coli
ERCC
HAP

kb

kDa
MMC
MW
NER
PCNA
Phr

pol II
RNA
RP-A (hSSB)
(6-4) photoproduct
S.cer
S.pombe
TCR
TFIIH (BTF2)
TRCF
TTD
ups
uv

XP

Abbreviations

N-acetoxy-2-acetyl-aminofluorene
adenosine triphospate

cyclin dependent kinase
complementation group

Chinese hamster ovary

cyclobutane pyrimidine dimer
Cockayne’s syndrome

carboxy terminal domain
deoxyribonucleic acid

Escherichia coli

exciston repair cross complementing
hydroxyapatite

kilobase

kilodalton

mitomycin C

molecular weight

nucleotide excision repair
proliferating cell nuclear antigen
photolyase

RNA polymerase II

ribonucleic acid

human single strands binding protein
pyrimidine (6-4) pyrimidone photoproduct
Saccharomyces cerevisiae
Schizosaccharomyces pombe
transcription-coupled repair
transcription initiation factor IH
transcription repair couplings factor
trichothiodystrophy

unscheduled DNA synthesis
ultraviolet light

xeroderma pigmentosum
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