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The known is finite, the unknown infinite; intellectually 

we stand on an island in the midst of an illimitable ocean 

of inexplicability. Our business in every generation is to 

reclaim a little more land. 

Het bekende is eindig het onbekende oneindig; verstandelijk 

staan we op een eilandje midden in een onmetelijke oceaan 

van onverklaarbaarheid. Het is onze plicht in elke generatie 

een beetje meer land droog te leggen. 

T.H. Huxley (1887) 
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GENERAL INTRODUCTION 

For all living organisms, it is of vital importance to maintain intact the genetic 

information stored in the nucleotide sequence of DNA. Numerous environmental and 

genotoxic agents can affect the DNA and lead to, for example, mutagenesis or 

carcinogenesis. Study of the mechanism of UV-carcinogenesis has become even more 

pressing given recent concerns about atmospheric ozone depletion (Mimms, 1994; Watson, 

1995), because such atmospheric alterations would result in increased UVB at the earth's 

surface. 

Carcinogenesis appears to be a multistep process through which normal cells progress 

from benign, through transitional stages to the fully malignant forms of cancer by the gradual 

accumulation of genetic errors (Bishop, 1995). Therefore, normal cells have an intricate 

quality control mechanism that recognizes and mends damage to the DNA helix. 

A number of distinct DNA repair pathways have been identified. Such mechanisms 

counteract the process of carcinogenesis, and include nucleotide excision repair (NER), 

recombination repair, post-replication repair, mismatch repair. base excision repair and 

photoreactivation (reviewed in TIBS, DNA repair; Special issue vol 20, 1995). Impressive 

advances in our understanding of the biologic significance of these DNA repair pathways 

have come from studying human conditions in which the relevant genes are involved. 

The NER pathway is one of the most important pathways, since this recognizes and 

removes a wide range of DNA lesions. The fundamental importance of this mechanism is 

illustrated by three rare, autosomal, recessive, clinical conditions: xeroderma pigmentosum 

(XP), Cockayne syndrome (CS) and trichothiodystrophy (TID). Of the three disorders, XP 

has been studied in the greatest detail. The discovery that this cancer-prone syndrome is 

caused by defective NER was made in 1968 by Cleaver. NER-deficiency patients show a 

marked sensitivity to sun exposure. UV -exposed skin of XP patients shows pigmentation 

abnormalities and a greater than lOoo-fold increased risk of cancer, caused by defects in one 

of at least 7 different genes (XPA to XPG) (Cleaver and Kraemer, 1994). This clinical 

heterogeneity is also observed in CS, in which two complementation groups, CS-A and CS

B, are distinguishable. The phenotype of CS patients includes sun sensitivity, but less severe 

than in XP, and stunted growth, neural dysmyelination and disturbed sexual development. 

Unlike XP, neither CS nor TID patients show an elevated risk of (skin) tumor formation 

(Lehmann, 1987). The rare inborn disorder TID manifests the CS symptoms in addition to 

other hallmarks such as brittle hairlnails and ichthyosis (ltin and Pittelkow, 1990). 

In contrast to the UV-sensitive xeroderma cells, ataxia telangiectasia (AT) cells are 
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abnormally sensitive to killing by ionizing radiation. AT is also an autosomal recessive 

human disorder, whose clinical features include progressive cerebellar ataxia, 

immunodeficiency, a greatly elevated incidence of cancer, hypersensitivity to ionizing 

radiation and radiomimetic chemicals, and an abnormal resistance to inhibition of DNA 

synthesis by ionizing radiation (Gatti el al., 1991). Recently, the gene defective in AT, which 

encodes a I-phosphatidylinositoI3-kinase was identified (Savitsky el al., 1995). AT patients 

are likely to be defective in cellular checkpoint controls which normally function to allow 

repair in cells with damaged DNA, presumably contributing to the genetic and chromosomal 

instability characteristic of the disorder. A variant of AT, the Nijmegen Breakage Syndrome, 

manifests similar clinical and biochemical features as AT, with the major difference being 

a lack of the neurocutaneous features characteristic of the former syndrome (Weemaes el al., 

1994). Although cells from AT patients are ionizing radiation sensitive, they have not been 

shown to be defective in recombinational repair. A possible explanation is the high rate of 

intrachromosomal recombination demonstrated in some transformed AT cell lines (Meyn, 

1993). 

Recombinational repair mechanisms are major pathways for the repair of X-ray 

induced double strand breaks (DSBs). The physiological relevance of DSBs is exemplified 

by their role in the process of V(D)J recombination in B- and T- lymphocytes, and is 

inherent to the process of meiosis (Weaver, 1995a/b). Much evidence points to the marked 

genotoxicity of DSBs; DSBs are recombinogenic, and strong circumstantial evidence 

implicates DSBs in the formation of chromosomal aberrations. The latter might induce 

cancer. 

Postreplicatioll repair has been suggested to be defective in the variant form of 

xeroderma pigmentosum (Lehmanll el al., 1977). Another clinical condition that probably 

is associated with replication is Bloom syndrome (Ellis e( at., 1995). The post replication 

repair mechanism fixes the gaps in the daughter strand by strand exchange rather than by 

repairing the actual lesion itself. However, no definite clinical conditions corresponding to 

defects in postreplication repair genes have been identified as of yet. 

Mismatch repair has been found to replace nucleotides misincorporated into DNA, 

thereby increasing the overall fidelity of DNA replication. Hereditary nonpolyposis colorectal 

cancer (HNPCC) is the most common form of genetic predisposition to colon cancer; defects 

in any of the several mismatch repair genes can cause HNPCC (Kolodner, 1995, for a 

review). 

Base excision repair (BER) involves repair of alkylated bases such as Nl-alkylguanine 

and N3-alkyladenine by DNA glycosylases and apurinic/apyrimidinic endonucleases (Seeberg 
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et aI., 1995, for a review). Alkyltransferases can remove alkyl groups from the Q'-position 

of guanine and the O'-position of thymine. 

Photoreactivation (PHR) is a light-dependent enzymatic process in which DNA 

photolyases catalyze the repair of cis,syn·cyclobutane-dipyrimidines. The PHR enzyme has 

been shown to bind dimers in both prokaryotes and eukaryotes. Recent data suggest that a 

structural PHR homolog exists in placental mammals. However, unlike their lower eukaryotic 

counterparts, the existence of photoreactivating activity in placental mammals is a matter of 

controversy. The PHR protein has been shown to also playa role in NER in lower species. 

Thus the dimer binding by the mammalian enzyme may participate in an alternative pathway 

for dimer recognition. Hence, it is possible that this activity participates in NER (Sancar, 

1990). 

Isolation of genes involved in different DNA repair pathways has provided major 

insights into the relationship between DNA damage, mutagenesis, and carcinogenesis. Of the 

available approaches, four major strategies for isolating new human repair genes can be 

discerned: (I) gene transfer via transfection into repair-deficient mutants, (2) protein 

purification and gene cloning facilitated by amino acid sequencing, (3) heterologous 

hybridization if a homolog of another, evolutionarily related, species is available, or (4) 

computer-assisted screening of DNA and protein databases using sequence comparison 

algorithms. The rapidly-expanding list of cloned and characterized genes indicates that some 

DNA repair proteins are not restricted only to damage control, but also to basal transcription, 

cell cycle regulation, and other cellular processes. Clues for (dual) functions could come 

from approaches such as purification and association studies, from sequence analysis, or from 

transgenic animals. 

Overview and scope of this thesis 
The aim of the work described in this thesis was to isolate and characterize the human 

equivalents of the S. cerevisiae RAD23 NER gene. Presumably because of evolutionary 

divergence, it was not possible to clone the RAD23 human equivalent via intermediate 

species such as Schizosaccharomyces pombe and Drosophila melallogaster. As a direct result 

of the human genome project, using computer algorithms two human partial cDNAs were 

identified based on homology to the baker's yeast S. cerevisiae. Since NER genes have 

proved to be highly conserved during eukaryotic evolution (Hoeijmakers, 1993alb), S. 

cerevisiae was a valuable starting point from which to attempt to clone higher eukaryotic 

homo logs of a gene known to be involved in NER. Because NER is the major mechanism 
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for the repair of UV-induced DNA damage, a brief review of DNA damage and repair is 

given in Chapter II. 

Computer-assisted analysis was an important tool for the identification of the two 

human RAD23 homologs, and at a later stage, for the analysis of functional domains and 

motifs. Evolutionary duplication occurred in the cases of RAD23 and RAD6 DNA repair 

genes. The use of computer algorithms as a tool for cloning and functional sequence analysis 

is described in detail in Chapter III. Both human homologs of the RAD23 gene, designated 

HHR23A and HHR23B, were identified by computer search - also described in Chapter III. 

A number of other homologous genes were identified, cloned and partially characterized, 

further emphasizing the value of these comparisons. Via computer analysis of the EST 

database, another xeroderma pigmentosum group E (XPE) equivalent gene was also 

identified. Cloning of this cDNA is also described in Chapter III. Other human genome 

project clones showing homology to lower (model) species were cloned, mapped, and 

analysed as described in Chapter III. 

Complementation group C of XP represents one of the most common forms of this 

cancer-prone NER syndrome. Purification to homogeneity of the XPC-correcting activity 

revealed a tightly associated complex of XPC and the HHR23B protein, as described in 

Chapter IV. No mammalian mutants could be identified with a defect in either of the HHR23 

genes. The chromosomal localization of both HHR23 genes described in Chapter V revealed 

no clues, which could have indicated their dysfunction in clinical defects or syndromes. 

Intriguingly, the HHR23B and XPC genes whose products form a tight complex, are located 

close to each other on chromosome 3p25.1. The fact that the RAD23 gene was duplicated in 

evolution leading to two genes in human and in mouse, might explain the lack of mutants due 

to functional redundancy of the gene products. Cloning and characterization of the mouse 

RAD23 equivalents and identification of a repeated element in the RAD23 cognates with 

homology to a C-terminal domain in one of the ubiquitin-conjugating (E2) enzymes, are 

described in Chapter VI. This represents - in addition to the N-terminal ubiquitin like domain 

- a second link with the ubiquitin system. Chapter VII shows the necessity of the HHR23B 

protein for NER ill vitro. Chapter VIII describes the biochemical behaviour and subcellular 

localization of both HHR23 gene products and the XPC protein, whilst the last Chapter IX 

deals with future directions and conclusions. 
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II 

DNA repair mechanisms 





DNA REPAffi MECHANISMS 

Introductory comments 

The biological basis of UV -radiation-induced cancer has been under investigation 

for a number of years. UV carcinogenesis is a prominent feature of the class of DNA 

repair-deficient xeroderma pigmentosum (XP) patients (Cleaver, 1968; McKusick, 1992; 

Pearson et al., 1994). Study of individuals such as those with the rare disorder XP attains 

a wider importance, as their genetic deficiencies may reflect the defects involved in the 

increasingly widespread, UV-related, non-hereditary skin cancer. A detailed 

understanding of the genetic ramifications of DNA damage from various sources is vital 

to the continued health of all living organisms; gene mutations in human somatic cells 

probably underlie a variety of pathological processes such as cancer and possibly ageing. 

These considerations provide relevance and motivation for the study of mechanisms which 

prevent DNA damage. The most important DNA lesions are the non-repairable lesions, 

since these are most likely to be mutagenic andlor lethal. Although repairable lesions can 

also be mutagenic, for example, when repair time is limiting (Brendel and Ruhland, 

1984). 

[n an attempt to further the understanding of the fundamental mechanistic aspects 

of DNA repair, especially after cellular UV exposure, a number of genes involved in 

these pathways have been cloned. The present chapter reviews the current state of 

knowledge of the DNA lesions processed by the different repair pathways, with an 

emphasis on UV-induced DNA damage. The NER pathway responsible for removal of the 

major UV lesions can be subdivided into the transcription coupled repair (TCR) and 

global genome repair (GGR) subpathways. 

The use of yeast as a relevant model system for NER by which to isolate higher 

eukaryotic homologs is discussed. The cloned yeast DNA repair genes can be classified 

into three major epistasis groups, covering nucleotide excision repair (RAD3), 

postreplication repair (RAD6), and the recombination repair (RAD52) pathways. This 

chapter also addresses the clinical conditions (XP, CS, TID) resulting from a defect in 

the human homologs of the RAD3 epistasis group NER genes. Next, the actual and 

postulated roles of genes involved in DNA metabolism in the process of multistep 

carcinogenesis are considered. The chapter concludes with a section on GGR, which 

involves the XPC protein, a protein shown to interact with one of the human gene 

products (designated HHR23B) isolated as part of the work described in this thesis. The 

HHR23B protein, together with the HHR23A product are two human homologs of the 
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yeast DNA repair gene RAD23. These gene products have an unexpected relatioru;hip with 

ubiquitin, which is discussed in detail in the last part of this chapter. The information 

covered in the present chapter provides a background to the experimental work 

subsequently presented in Chapters IJI to IX. 

DNA lesions 

Lesions: causes and consequences 

Several protective mechanisms are known for maintenance of genetic stability. 

DNA damage on parental template strands can lead to miscoding mutations or deletions in 

case lesions are not repaired before DNA replication occurs. When DNA damage arises 

without environmental pressure, it is regarded as spontaneous damage. DNA is the main 

biological target for (UV-and ionizing-) radiation-induced damage. The effects of UV

irradiation are largely confined to external epithelial surfaces, although it may give rise to 

distant effects (e.g., immunomodulation). In the skin, low dose of UVB can induce 

selective alterations that include photoimmunosuppression of the normal immune response 

(Vermeer and Hurks, 1994). In contrast, ionizing radiation exposure can directly 

contribute to internal malignancies, given its penetrating nature. Most mutagens induce 

mUltiple types of lesions, each with different mutagenic properties resulting in a variety of 

mutations. For instance, some lesions might directly miscode or distort the DNA helix, 

whereas strand breaks in the DNA probably give rise to deletions or to chromosomal 

rearrangements. 

Mutagenesis studies have been highly useful in identifying those genes in which 

the mutation causes a phenotypic change, such that mutants can be isolated through 

selective killing of cells or organisms carrying the wild-type gene, or where phenotypic 

change is recognizable. The distribution of CPD lesions over the genome appears to be 

random. However, (promoter) areas of transcribed genes that have a more "open" 

structure, possibly are more prone to DNA damage by certain genotoxic agents (Tardiff el 

01., 1994). Moreover, the surrounding sequence context can also affect the distribution of 

particular lesions. 

Mutagenic and carcinogenic properties of many carcinogens depend upon their 

conversion to electrophilic derivatives that are capable of reacting with DNA. The 

covalent binding of carcinogens to DNA is causally related to tumorigenesis (Friedberg el 

al., 1995; Tardiff el 01., 1994). The process of malignant transformation is currently 

envisaged to incorporate the sequential acquisition of genetic lesions at loci intimately 

16 



involved with the control of cellular proliferation and differentiation. This highlights the 

importance of removal of adducts from DNA. The biological impact of DNA damage is 

also exemplified by the existence of human genetic diseases where deficiencies in DNA 

repair are associated with a high risk of cancer, e.g., xeroderma pigmentosum. Figure I 

and Table I summarize the most well characterized DNA lesions, together with examples 

of DNA-damaging agents causing these lesions. 

Pyrimidine dimer 
(UV) 

~ 

~ 
6·4 pholoproduct 

(UV) 

Strand break 
(X-ray) 

~ 

t 
Inter strand crosslink 

(nitrogen mus:tard, 
clsp!alin, psoralef1) 

Bulky adduct 
(NAAAF) 

Base loss 
(Alkylab'ng agents) 

! 

t 
fntraslrand adduct 

(dsplalin) 

! 

t 
Modified base 

(AJkyla\ing agents) 

Figure 1 Schematic representation of different lesions on a DNA helix. Modified and adapted from 

Bohr, 1991 and Friedberg et al. (1995). 

Major type of lesions 

Single and double strand breaks 

Pyrimidine dimers and 6-4 photoproducts 

Alkylated bases, alkyl-phosphotriesters 

Inter- and intra-strand DNA crosslinks 

DNA damaging agents 

Ionizing radiation, bleomycin 

UV ligbt (254 llIll) 

Alkylating agents 

Psoralen + 340 om UV, mitomycin C, 

cis-platinum 

Bulky adducts Aromatic amines 

Table I Summary of the most common DNA lesions with the DNA damaging agents causing them. 

Modified and adapted from Friedberg et at. (1995). 
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X-ray induced lesions 

Ionizing radiation is one of the most common carcinogenic agents to which 

humans are exposed because of background radiation and artificial sources such as 

medical diagnostic and therapeutic exposures (Goodhead, 1994; Peto and Darby, 1994). 

During the organogenesis period (weeks 8 to 15) of pregnancy, ionizing radiation is 

particularly harmful to the developing fetus. Ionizing radiation induces a broad spectrum 

of lesions in cellular DNA. The classes of lesions occurring are DNA strand breaks (both 

double- and single-stranded), base-free (AP) sites, and modified DNA bases which vary 

widely in their relative frequency and biological effects. 

DNA double strand breaks (DSBs) are highly biologically damaging lesions. 

Chromosomal aberrations can, with a high degree of likelihood, be shown to arise 

directly from DNA DSBs in the cell (Obe et al., 1992). Single strand breaks (SSBs) can 

be introduced by direct ionization of the DNA and by radicals formed in the surrounding 

aqueous medium. Furthermore, SSBs can occur as intermediates in recombination repair 

or nucleotide and base excision repair reactions (see Figure I and Table 1). 

UV -induced lesions 

SUIl exposure is required for vitamin D production, but can also contribute to 

photoageing and non-melanoma skin cancer. Sunlight can be divided into visible light, 

ranging from 400 nm (violet) to 700 nm (red), infrared radiation, > 700 nm, and 

ultraviolet radiation (UVR), < 400 nm. UVR can be subdivided into three different 

categories, all having different biological effects. The UVC (200-280 nm) rays do not 

reach the earth, since these rays are absorbed by the ozone layer. UVB (280-315 nm) 

represents less than 0.5% of the terrestrial sunlight. However, this part of the spectrum is 

primarily responsible for almost all biological effects following exposure to sunlight: 

sunburn, suntan, and, after many years, premature ageing of the skin and skin cancer. 

UV A (315-400 nm) rays are the least harmful; nevertheless, they can produce sunburn, 

tanning, skin ageing and skin cancer (Hawk, 1991). 

The depth of UVR penetration into the skin is directly related to the wavelength. 

The more energetic photons of shorter wavelength are absorbed more superficially. 

Erythema is the most clinically apparent event of the sunburn reaction that introduces 

damage to the cell membranes and transient disturbances in DNA, RNA and protein 

synthesis. The primary cause of the erythema is the UVB portion of the UV spectrum. 

Photosensitivity is a general term to indicate an abnormal sensitivity of the human skin to 

sun exposure. The effect of non-ionizing radiation is not only limited to the skin. It can 
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also affect the eyes by inducing cataract, and it may have an immunomodulatory effect. 

The major UV-induced lesion is the cyclobutane pyrimidine dimer, formed 

between two adjacent pyrimidines (Figure I). Dimers have been shown to play a 

significant role in mutagenesis and cell death. Another UV-induced lesion that plays an 

important role in the mutagenic effects of UV light is the pyrimidine-pyrimidone (6-4) 

photoproduct, also formed at dipyrimidine sites. The ratio of dimers to (6-4) 

photoproducts is about 3: I (Mitchell and Nairn, 1989). 

Alkylaling agents 

Alkylating agents react with N- and D-atoms in DNA. These compounds include a 

wide variety of chemicals which are proved or suspected carcinogens. The most 

prominent types of adducts are phosphotriesters and alkylated bases. Potential reaction 

sites for alkylation have been identified in all four bases; however, not all of them have 

equal reactivity. 

Crosslinking agents are those alkylating agents which are capable of reacting with 

two different nucleophilic centers of the DNA. Inter- and intra-strand DNA crosslinks 

represent an important class of chemical damage to DNA, since they prevent DNA strand 

separation and can form complete blocks to DNA replication and transcription. For this 

reason, a number of agents such as nitrous acid, mitomycin C, nitrogen mustard and 

sulfur mustard, various platinum derivatives (such as cis-platinum (II) diaminodichloride), 

and certain photoactivated psoralens, have been used extensively in cancer chemotherapy. 

In addition, UV radiation (254 nm) and ionizing radiation can contribute to the formation 

of inter-molecular DNA crosslinks. However, cross links represent a small fraction of 

DNA damage caused by radiation. 

The anti-tumor drug cisplatin causes inter-strand cross links between guanines or 

adenines in opposing strands (Fig. I). Reaction of cisplatin with nucleophilic sites of the 

DNA not only results in the formation of intrastrand crosslinks, but also monoadducts and 

illterstrand crosslinks. 

In the presumed repair deficiency syndrome Fanconi anemia (FA), patients show a 

pronounced sensitivity to crosslinking agents (Auerbach, 1995). The FA group C gene has 

been cloned by complementation of the intrinsic sensitivity of these cells to DNA 

crosslinking agents (Wevrick et al., 1993), and, recently, the genes for FA group A 

(Pronk et al., 1995) and D (Whitney et aI., 1995) were mapped, by linkage analysis and 

microcell mediated gene transfer respectively. 
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Bulky adducts and base analogs as a source of DNA damage 

Aromatic amines such as N-acetoxy-2-acetylaminofluorene, N-2-acetyl-

aminofiuorene, and N-hydroxy-aminofluorene are associated with an increased incidence 

of cancer in humans. AAAF predominantly reacts at the C'-position of deoxyguanosine 

residues, causing (predominantly) dG-AF and dG-AAF adducts. DNA damage induced by 

4-nitroquinoline (4-NQO) and AAF is often referred to as "UV radiation-like" because 

these chemicals produce bulky base damage of the type that, like cyclobutane pyrimidine 

dimers and (6-4) photoproducts, is repaired principally by the NER pathway. 

Analogs of the four naturally occurring bases in DNA can be incorporated from 

the appropriate triphosphate substrates during DNA replication. These base analogs can 

cause mutations when present in template DNA undergoing DNA replication. 

Lesions: removal and evolution 

The evolutionarily long-established repair mechanisms are capable of detecting and 

removing a wide variety of DNA lesions. Valid interspecies extrapolations can only be 

performed when the mechanism of action of carcinogens and the protective DNA repair 

pathways are roughly similar. That DNA repair pathways are conserved throughout 

evolution, has been established in a number of ways, including sequence conservation and 

genetic confirmation by mutants from different species that resemble each other in 

phenotype with respect to sensitivities to various DNA damaging agents, induced 

mutagenesis, and lesion removal (reviewed by Friedberg el at., 1995). The next section 

deals in detail with the genes involved in these different repair pathways and the 

mechanisms. 
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DNA REPAffi: GENES AND MECHANISMS 

Pathways and evolution 

Evidence that genetic factors can influence cellular radiation sensitivity comes 

from UV- and ionizing radiation-sensitive yeast and mammalian mutants. Identification of 

genes contributing to radiation resistance and cancer prevention is a significant goal of 

this thesis. Many genes that are involved in prevention of cancer play a role in DNA 

repair processes (Cleaver and Kraemer, 1994). The yeast S. cerevisiae is a convenient 

model organism for the study of DNA repair in eukaryotes. A large number of DNA 

damage-sensitive mutants in S. cerevisiae have been identified (Haynes and Kunz, 1981). 

These mutants show many repair defects similar to the mammalian repair-defective cells 

(Friedberg, 1991; 1994). Yeast mutants abnormally sensitive to killing by radiation are 

designated as rad with identifying locus and allele numbers. The locus members 1 to 49 

refer to genes which primarily affect sensitivity to UV radiation or to both UV - and 

ionizing radiation. Locus numbers greater than 50 designate genes which primarily affect 

sensitivity to ionizing radiation. As one of the most simple eukaryotes, S. cerel';s;ae has a 

number of important. basic characteristics that are at least partially conserved throughout 

eukaryotic evolution. These include chromatin structure, cell cycle regulation, 

transcription, and DNA replication. This conservation has been proved to extend to the 

principal features of DNA repair, exemplified by the high level of sequence conservation 

between yeast and human genes, and the involvement of these genes in other conserved 

processes such as transcription. On the other hand, major differences exist between yeast 

and mammals, for example, in some aspects of recombination, mitosis, certain types of 

modification of DNA (e.g. methylation), and of chromatin (e.g. poly ADP-ribosylation), 

as well as in the importance and mechanisms of RNA splicing and cell/nuclear division. 

The defective proteins in most of these UV and X-ray sensitive mutants are now 

being elucidated, and seem to be evolutionarily preserved based on sequence similarity. 

Moreover, cloned human genes are able to correct the defects in rodent mutants, and 

sometimes even yeast mutants, confirming the functional significance of structurally 

conserved genes. 

Functional relationships of the rad genes emerged from analysis of single and 

double mutants to killing by DNA-damaging agents. III a case where the double mutant is 

no more sensitive than the most sensitive, single mutant parent, the interaction is termed 

epistatic. Epistasis has been taken to imply that the gene products mediate steps in the 
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same repair pathway. The three postulated epistasis groups are named after one of their 

most prominent member genes: RAD3, RAD6, and RAD52, involving nucleotide excision 

repair, postreplication repair and recombination repair, respectively. These pathways are 

subsequently discussed in this chapter. 
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Nucleotide excision repair 

The RAD3 epistasis group includes genes that are involved in nucleotide excision 

repair (NER). Mutants of this group are sensitive to UV but not to X-rays and show 

enhanced UV -induced mutagenesis. These loci are known to control excision of 

pyrimidine dimers and (6-4) photoproducts, which are recognized by the NER pathway. 

Besides the RAD mutants of S. cerevisiae and the naturally occurring XP/CSITTD 

patients, laboratory-induced mutant rodent cell lines have been generated. By introducing 

human DNA (genes) into these mutant rodent cells, the NER defect could be 

complemented and the responsible gene cloned. For more detailed discussion of genetic 

complementation, and specifically with respect to NER, see Friedberg et al. (1995). Via 

this procedure, at least five Excision Repair Cross Complementing (ERCC) genes have 

been identified. The number of identified NER-related genes is still increasing. Many of 

these NER genes have been found to be related to rare genetic diseases such as XP and 

CS, characterized by skin hypersensitivity to sunlight. Table 2 summarizes most of the 

yeast, rodent and human NER counterparts involved in NER syndromes identified to date. 

Yeast gene UV-scnsitivity HWllan gene Rodent gene Features/function 

RADI(a) very high XPF ERCC¥b) incision 5' side 

RAD2(C) very high XPG(d) ERCC5 incision 3' side 

RAD3(') very high XPD(I) ERCC2 5'->3' helkase 

RAD4(~) very high XPC(b) unknown strong ssDNA binding 

RAD7(i) moderate unknown unknown repair of inactive chromatin? 

RADlO'j) very high ERCCl(t) ERCCt incision S' side. XPA-illteraction 

RAD14(1) very high XPNm) unknown Binds UV-damaged DNA 

RAD16iO) moderate uUi..'llO\Vll unknown Putative helicase 

RAD23(o) moderate HHR23NP), unknown ubiquitin fusion proteins 
HHR23B'p) unknown 

RAD25(q) very Wgh XPB(r) ERCC3 3'->5' helicase 

RAD26(!) marginal CSWl) ERCC6 Putative helicase 

RAD2S'"' nOI UV' CSA'" ERCeS WD-repeat protein 

Table 2. 
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Table 2. Yeast DNA excision repair genes with their human and rodent cognates. 

(a) Reynolds et al., 1987, (b) TIlOmpsoll et at., 1994, (e) Madura and Prakash, 1986, (d) 

O'Donavan et at., 1994; Macllllles et al., 1993 (e) Naumovski el al., 1983. 1985. (f) 

Weber et al., 1990, (g) Gietz and Prakash, 1988, (h) Legerski and Peterson, 1992 and 

Masutani et al., 1994, (i) Perozzi and Prakash, 1986, (j) Reynolds et al .. 1985, (k) van 

Dnin et al., 1986, (I) (01) Bankmallll et al., 1992, (n) Bang et at., J992, (0) Perozzi and 

Prakash, 1986, (p) Masutani et al., 1994, (q) Gulyas and Donahue, 1992; Park et al., 

1992, (r) Weeda et at., 1990, (s) van Gool et at., 1994, (0 Troelslra et at., 1992, (u) not 

officially assigned yel, (v) Henning et al., 1995. 

The names of Ihe XP genes have superseded Ihose of Ihe corresponding ERCC 

genes (Lehmann el al., 1994). Two subpalhways can be discerned in NER, the fast 

transcription-coupled repair mechanism (TCR) and the slower global genome repair 

mechanism (GGR). The NER mechanism and the functions of some of the gene products 

involved in the different steps will be discussed below. A major finding in recent years 

has been that many of the genes shown to be involved in UV-sensitive, laboratory-induced 

mutant rodent cell lines have also been the genes implicated in a number of human 

recessive diseases (eg. XP,CS). This is addressed in more delail in the section on the 

relation to cancer and reflected in the columns of Table 2. 

NER: mechanism and machinery 

The molecular mechanism of NER has been studied in considerable detail in E.coli 

(Grossman and Yeung, 1990; Van Houten, 1990), The same basic steps have been 

demonstrated to occur in yeast and human, including incision of damaged DNA, repair 

synthesis, ligation, and preferential repair of pyrimidine dimers in actively Iranscribed 

genes, as depicted in Figure 2. A complex network of many different NER enzymes is 

involved in Ihe excision and replacement of damaged sites on the DNA helix, Structural 

and functional similarity has been observed for eukaryotic gene products (yeast to human) 

involved in NER, which is less pronounced for prokaryotes. 

In the initial stage of NER, damage recognition probably involves proleins such as 

XPA and XPE. The yeast RAD14 gene encodes a highly hydrophilic protein similar to the 

human XPA protein, that is absolutely required for the incision process (Bankmann el al., 

1992). One of the three subunits of RPA (RPA2) was found to interact with XPA 

(Matsuda el al., 1995). This single strand DNA binding heterotrimer has been found to 

cover a region of approximately 30 nucleotides, similar to the estimated patch removed 

after incisions made by specific DNA endonucleases. XPA is a 31 kD protein, containing 

a nuclear localization signal and a zinc-finger motif, that was found to interact direcIly 
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Figure 2. 
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Schematic representation of a model representing the basic sleps and the enzymes involved 

in the NER pathway: (A) Damage recognition, (B) Lesion marcatioll. (C) Local 

unwinding, (D) Dual incision, (E) Release of damaged patcb, (F) GapfiJling by DNA 

synthesis and ligation. 

wilh DNA; it has a slrong affinity for UV- or cisplatin-darnaged DNA (Jones and Wood. 

\993). XP-A patients occur. like XP-C patients. at a relatively high frequency compared 

to the other complementation groups. In addition to the cutaneous lesions. pathological 
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changes of the central and peripheral nervous system have been described (Cleaver and 

Kraemer, 1994). There appear to be two types of xeroderma pigmentosum, group E: a 

DDB-positive form and a DDB-negative form. The damage-specific DNA-binding protein 

(DDB) or XPE has been purified to near homogeneity from human placenta and HeLa 

cells (Hwang and Chu, 1993; Keeney ef al., 1993) and from primate cells (Abramic ef 

al., 1991; Takao ef al., 1993). The DDB activity copurified with a heterodimeric 

complex consisting of 124 and 41 kD proteins. Microneedle injection of DDB into XP-E 

cells stimulated DNA repair to normal levels in those XP-E strains that lacked DDB 

activity (Keeney ef al., 1994). However, no stimulation was observed in other xeroderma 

complementation groups, and in XPE cells that did contain DDB activity. To date, no 

mutations have been described to occur in any of the subunits. Recently, a second human 

DDB(XP-E)-like large subunit was identified, as described in Chapter III. Identification of 

a putative XPE large subunit equivalent is also covered in Chapter III (Van der Spek, 

unpublished results). The yeast gene was recently found to be essential for viability, 

suggesting an additional function besides a possible repair function (Lombaerts, 

unpublished results). This is in contrast to the mild repair defect of XP-E cells. However, 

the latter can be explained by our finding of a second human XPE-like gene, that might be 

functionally redundant to the original human XPE gene. 

The DNA helix at the site of the lesion is thought to be unwound by two 

xeroderma-associated proteins, XPB and XPD. Both XPB (in yeast RAD25) and XPD 

(equivalent to yeast RAD3) exhibit DNA helicase activities, in the 3'''''5', and 5'..,,3' 

directions, respectively (Schaeffer ef aI., 1994). Moreover, XPB and XPD are 

components of the TFIIH complex, required for basal transcription initiation of RNA 

polymerase [[ transcribed genes (Schaeffer ef al., 1993). The link with basal transcription 

points to an essential role for these proteins and for the entire complex. S. cerevisiae 

RAD25 was shown to be an essential gene. RAD25 (Park ef al., 1992), also known as 

SSL2 in yeast, shares 55 % identical and 72 % similar amino acids with the human XPB 

protein. Patients belonging to the XPB complementation group have conditional mutations 

that might slightly affect the transcription function of the protein, since the gene is 

essential for viability. Notably, however, the NER function of the XPB protein can be 

severely reduced in these patients. The XPBIERCC3 gene complements the repair defect 

of rodent group 3, whereas the XPDIERCC2 gene corrects the UV sensitivity of CHO 

complementation group 2 (Table I). TID patients with mutations in the XPD gene, 

affecting DNA repair and probably to some extent the transcription activity as well have 

been described by Broughton ef al. (1994). The yeast RAD3 protein is expected to be the 
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functional homolog of XPD (Weber ef al .• 1990). RAD3 appeared essential for RNA 

polll transcription and yeast cell viability (reviewed by Friedberg ef al., 1995). 

The exact incision event around the lesion requires the ERCClIXPF complex, 

XPG, RPA (hSSB) and additionally, the multiprotein complex TFIIH (for a recent 

summary see Jaspers and Hoeijmakers, 1995). The 43 kDa ERCCI protein, homologous 

to the yeast RADIO protein (van Duin ef al., 1986), has not to date been correlated with 

a human disorder (van Duin ef al., 1988). Specific association of ERCCI and XPA has 

been reported by Li ef al., 1994a). From ill vifro repair studies, it became apparent that 

the ERCCI protein is associated with the proteins correcting ERCC4, XPF and ERCC II 

mutants (van Vuuren ef at., 1993; Biggerstaff ef al., 1993). The gene defective in UV 

complementation group II (ERCCII) is however, not yet cloned. From yeast, it is known 

that the RAD I and RAD 10 proteins form a stable complex involved in making the 

incision 5' of the lesion (Bailly ef al., 1992; Bardwell ef at., 1994). Very likely, the 

corresponding human cognates ERCC4 and ERCC I will exhibit a similar enzymatic 

activity. 

The human ERCC5 protein, homologous to the yeast RAD2 protein appeared to be 

defective in human XPG patients (O'Donavan and Wood, 1993). The XPG gene product 

was shown to encode an 133 kDa DNA endonuclease, homologous to FEN-I, that cleaves 

the damaged DNA strand 3' to the lesion (O'Donovan ef al., 1994; Harrington and 

Lieber, 1994). Additionally, XPB, XPD, and XPG patients with combined xeroderma and 

Cockayne's syndrome exist. Other cases have been described in which a repair defect in 

the XPB and XPD genes causes a TID phenotype (Stefanini ef al., 1993a, 1993b). Highly 

purified TFliH fractions specifically correct the NER defect of the XPB, XPD, TIDA 

NER complementation groups in an ill vitro assay as well as with microneedle injection. 

Evidence for dual function of at least part of this complex came from activity studies that 

proved co-elution of transcription and repair activity in fractionation studies (van Vuuren 

ef at .. 1994; Vermeulen ef al., 1994). Some features such as dwarfism and brittle hair 

can be explained by a defective transcription mechanism and not by a defective repair 

apparatus (Vermeulen ef at., 1994). 

The completion of the NER reaction involves patch-displacement, gap-filling and 

religation. Enzymes required for these last steps are DNA polymerases E and/or possibly 

5, and ligase I, in combination with the accessory replication factors PCNA. RPA and 

RF-C (Coverley ef at., 1991; Li ef al., 1994b). 

/11 vitro reconstitution of the NER process can be expected to further dissect the 

individual steps and the protein-protein interactions involved in this pathway. Classical 
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biochemical separation and purification of individual DNA repair enzymes has formed the 

basis for the reconstitution of the NER pathway. All ill vilro system to mimic the NER 

reaction using damaged naked DNA as a substrate was designed by Wood el al. (1988) 

and independently by Sibghat-Ullah el al. (1989). In this system, cell extracts were tested 

for repair capacity of damaged plasmid DNA. Another cell-free DNA repair system with 

UV-irradiated SV40 minichromosomes as a substrate was described by Sugasawa el al., 

1993. Reconstitution of the NER process has been reported recently by Aboussekra el al. 

(1995). From the above studies, it appeared that most of the factors affected in the known 

mammalian NER mutants are essential for the NER reaction. The ill vilro repair assay has 

provided mechanistic insight into the NER reaction with respect to the separation of the 

incision and excision/gap filling steps and the identification of additional factors such as 

PCNA (Shivji el aI., 1992) aud RPA (Coverly el al., 1992). Additionally, the 

identification of a protein complex containing ERCCI and XPF (Biggerstaff el al., 1993; 

Van Vuuren el al., 1993) is a consequence of the ill vilro repair analysis. 

In yeast and mammalian cells, NER-mediated repair of (6-4) photoproducts occurs 

more rapidly than repair of CPDs (Friedberg el al., 1995). Repair of the transcribed 

strand of active genes is a much faster process for some lesions, but not for 6-4PPs, than 

that of the remainder of the genome. TCR involves repair of DNA lesions on the 

transcribed strands of expressed genes. This is in contrast to lesions that occur on the 

non-transcribed strands of active genes, or in unexpressed genomic domains. The latter 

two are processed by the global genome repair pathway (Bohr, 1991). A CPO on the 

transcribed strand arrests RNA polymerase II, whereas a CPO on the nontranscribed 

strand has no effect on polymerase elongation (Hanawalt, 1994). 

Oefects in transcription coupled repair are present in the human disease, CS. Both 

CS-A (ERCC8) and CS-B (ERCC6) genes are cloned, and their products seem to act in a 

complex. Indications for an interaction between CSA and CSB proteins were obtained by 

the use of the yeast two-hybrid system (Henning el al., 1995). The CSA gene maps to 

human chromosome 5 and the CSB gene was previously shown to be localized on IOq 11.2 

(Troelstra el al., 1992). The CSA gene encodes a WD-repea! protein which may interact 

with the 44kOa subunit of TFIIH (Henning el al., 1995), which is provocative with 

regard to its role in RNA polymerase II-mediated transcription. WO-repeat proteins are 

associated with different cellular metabolic events such as RNA processing, gene 

regulation, cell cycle regulation, regulation of cytoskeletal assembly and signal 

transduction (reviewed by Neer el al., 1994). 

Some xeroderma pigmentosum group G patients manifest typical clinical features 

of CS. Based on the relation of CSA and CSB with TCR, this suggests also some relation 
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for XPG with RNA polII transcription. The initiation of transcription from eukaryotic 

protein coding genes is a complex process requiring RNA polymerase II and an array of 

transcription factors (reviewed by Koleske and Young, 1995). Mutations in XPG might 

perturb conversion of the form of TFIIH required for transcription to that required for 

repair, and vice versa (Henning ef al., 1995). 

Both NER and RNA polII mediated basal transcription involve multiprotein 

complexes consisting of many different subunits in yeast and human (Svejstrup ef al., 

1995; Drapkin ef al., 1994). Because of the dual function of XPB and -D in NER and 

transcription, other proteins that are part of this transcription initiation complex might 

possess a NER function, or might be involved in transcription syndromes as postulated by 

Vermeulen ef al., 1994. Table 3 summarizes the human and yeast TFIlH subunits known 

to date, together with the properties of these gene products. Studies on the involvement of 

these factors in NER deficient mutants and transcription syndromes are ongoing. 

Table 3. 

Human gene Yeast gene Features/fwlction 

ERCC3/XPD RAD2S/SSL2 3'->5' helicase 

ERCC2/XPD RAD3 5'~>3' helicase 

p62 TFBI unknown 

pS2 TFB2 unknown 

p44 SSLl 2 Zn" -fingers 

MOIS/CDK7 Kin28 CDK-like kinase 

p34 Scp34(~ SSLI-Iike Zn"-finger 

cyclinH cell homology to cyclins 

MATI TFB3 ring Zo" -finger 

Human and yeast TFIIH components with their features. Functional and structural 

equivalence of both hWllall and yeast TFllH subunits summarized above are reviewed by 

Roy et al. (1994b) and Feaver et al. (1993), respectively. (a) S. cere1!isiae homologue 

present in GClIebank database. 
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Postreplicatioll repair 

Members of the RAD6 group are sensitive to UV and X-rays and control 

postreplication repair (Lawrence, 1994). Moreover, defects in damage-induced 

mutagenesis have been reported for several mutants of this epistasis group (Lawrence, 

1994). Some of the UV-sensitive yeast mutants are not epistatic with the mutants of the 

RAD3 epistasis group. A number of these mutants constitute genes required for DNA 

damage-dependent mutagenesis such as RAD6, RADH (SRS2), RAD]8, REV], and REV3. 

Postreplication repair contributes to the overall fidelity of the DNA replication process. A 

number of distinct gene products have been associated with postreplication repair, 

including RAD6 (error-prone repair & error-free repair), RAD18 and RAD5 (exclusively 

error-free repair), and the RAD9, RAD15 and REV gene products (reviewed in Friedberg 

elal., 1995). 

Studies on E. coli have provided a paradigm for postreplication repair (also known 

as daughter strand gap repair): little is known of this repair mechanism in eukaryotes. 

The gaps in the daughter strand, rather than the lesion itself, are repaired by this process. 

This mechanism indirectly leads to a form of tolerance to DNA damage, by leaving a gap 

opposite the lesion in the template strand, and DNA synthesis restarts dowilstream of this 

lesion. The E.coli RecA protein is involved in homologous pairing and strand exchange 

with the undamaged sister molecule. Strand transfer past the lesion is followed by 

endonuclease cleavage at the Holliday junction, and finally, polymerases fill the gap of 

the parental strand. 

The RAD6 protein has been extensively biochemically characterized and is one of 

twelve or more ubiquitin-conjugating (E2) enzymes (Ciechanover, 1994). RAD6 specifies 

a ubiquitin-conjugating enzyme that is shown to be able to ubiquitinate histones 2A and 

2B ill vilro (Jentsch el al., 1987; Sung el al., 1988). Histone ubiquitination is thought to 

be implicated in the modulation of chromatin conformation, required for various DNA

metabolizing processes; this could explain the extremely pleiotropic phenotype of rad6 

mutants, including defects in postreplicatioll repair, induced mutagenesis, meiotic 

recombination, and sporulation (Siede, 1988). Structural and functional conservation of 

two human homologs of the yeast RAD6 was shown by Koken el al. (1991). 

RADI8, a member of the RAD6 epistasis group, forms a distinct protein complex 

with RAD6. Unlike RAD6, RAD18 is a DNA-binding protein containing a cysteine-rich 

sequence (Zn"-finger) motif common to a number of diverse proteins that are thought to 

interact with DNA (Freemont el al., 1991). The RAD6-RADI8 ubiquitin-conjugating

DNA binding complex might target either chromatin-modulating proteins that block DNA 

30 



repair enzymes or components of the DNA repair machinery for degradation (Bailly ef 

al., 1994). Genes such as RAD6 and RAD1S and possibly RAD5 (REV2) are associated 

with mutagenic effects. The REV1 and REV3 genes are essential for UV mutagenesis, 

however, their mutants only show a modest level of UV sensitivity. 

Single strand gaps occur opposite lesions that are generated by the postreplication 

repair pathway. Homologous recombination, mediated by the RAD52 gronp, is thought to 

be necessary to repair these single strand gaps. From this it can be concluded that the 

classification of genes into different epistasis groups does not necessarily exclude their 

involvement in different pathways. 

A number of S. cerevisiae yeast radiation checkpoint loci have been repofted, 

including RAD9, RAD17, RAD24, MECl, MEC2, and MEC3 genes. Checkpoint control 

proteins recognize DNA damage and initiate DNA damage processing. The most 

extensively studied mutant of this class is the rad9 null mutant, which has been assigned 

to the RAD6 epistasis group, based, however, on limited phenotypic characterization 

(Friedberg ef al., 1995). Cells treated with DNA·damaging agents such as ionizing 

radiation, arrest cell cycle progression. with 02 arrest being a classical response (Uu et 

al., 1995). The G2 phase of the cell cycle is important for determining whether a cell will 

survive or die. Analysis of S. cerevisiae mutants has revealed that the rad9 (and 

additionally radl7 and rad24) mutants are defective in this G2 arrest following radiation 

(Weinert and Hartwell, 1988). The rad9 gene has been cloned and is shown to encode a 

protein with a predicted molecular mass of 148 kDa (Schiestl ef al., 1989b). No apparent 

homolog of other species has been pub I ished to date, although a human homolog of this 

gene may now have been identified (see unpublished work presented in Chapter III). 

RAD9 is not essential for growth of unirradiated cells, and deletion mutants appear to be 

viable (Weinert and Hartwell, 1990). An unusual characteristic of this mutant is the 

increased rate of chromosome loss in rad9 cells growing under normal conditions. 

Mutations such as rad9 inactivate feedback controls that detect DNA damage and allow 

time for lesion processing before cell division, and thereby abrogating lethal chromosome 

damage (Weinert and Hartwell, 1988). Recently, RADI7, RAD24 and MEC3 proteins are 

suggested to activate endonuclease activity that degrades the AC nucleotide stretch of 

DNA near telomeres (Lydall and Weinert, 1995). The RAD9 protein is suggested to act 

in another subpathway as an inhibitor of the exonuclease complex (Lydall and Weinert, 

1995). Through mechanisms such as genomic instability, lesions in these controls are 

known to play an important role in the genesis and progression of cancer (Hartwell and 

Weinert, 1989), indicating the relevance of identification of equivalents from higher 

species. 
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Recombination repak 

The third (RAD52) epistasis group of S. cerevisiae contains mutants principally 

involved in recombinatiollal repair. Recombination is olle of the most important repair 

processes involved in repair of DNA-double strand breaks (DSBs). DSBs can be induced 

by ionizing radiation, and by radiomimetic chemical agents, including endogenously

produced radicals (as discussed in the section on DNA lesions - Chapter II). 

Homologous recombination and V(D)J recombination pathways both playa role in 

processing DSBs in vertebrate cells. V(D)J rearrangement occurs physiologically in the 

progenitors of 8- and T-Iymphocytes. During B cell differentiation, the functional genes 

encoding Ig heavy (H) and light (L) chains are generated by two types of joining. One 

type generates the exons encoding the variable (V) regions of the immunoglobulin chains; 

this is V(D)J recombination (reviewed by Lewis, 1994). The other type reconstructs a 

rearranged gene encoding an IgH chain by replacing the segment encoding a given 

constant (C) region (which determines the class of an immunoglobulin) with one encoding 

another, different C region; this is the immunoglobulin class switch (Weaver, 1995alb). 

V(D)J recombination is initiated by specific DNA cleavages at recombinational signal 

sequences and it has been suggested that components of the RAD52 epistasis group for 

double-strand break repair could participate in this process (Jeggo el al., 1995). 

In cells undergoing meiosis, DSBs are involved in the formation of synaptonemal 

complexes, which cannot be resolved without recombination. The distribution of DSBs 

formed at recombination hotspots parallels that of meiotic crossovers. Presumably, these 

hotspots are more accessible for enzymes involving these modifications. 

Most of the RAD52 epistasis group mutants were isolated on the basis of their 

sensitivity to ionizing radiation, exemplified by defective repair of DSBs (Friedberg el 

al., 1995). At least eight genes: RAD50, -51, -52, -54, -55, -57, MREll and XRS2 belong 

to this epistasis group, as discussed in Table 4. However, the defect in this group of 

mutants is not restricted to the repair of X-ray induced DNA damage, but also involves 

meiotic recombination and/or mating type switching in yeast. 

The mechanism is subdivided into three steps; the presynaptic, synaptic and post 

synaptic phase. During the first stage, DSBs are introduced and the DNA ends are 

processed. The synaptic phase covers repair synthesis after the search for homologous 

DNA, and the alignment of homologous DNA templates. Finally, during the last stage of 

the recombination process Holliday structures are formed. These recombination 

intermediates are resolved after branch migration of the junction (West, 1992; Heyer, 

1994). 
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Table 4. 

Yeast gene X-ray sensitivity Human gene Features/function 

RADSO") Wgb unknown NTP-binding, coiled-coil protein 

RAD51tb) very high HHRSI Strand exchange?, RecA-like 

RAD52(C) very high HHRS2 Binds RAD51, not vital 

RAD54(d) very high HHRS4 Putative helicase 

RAD55(e) high XRCC3? Strand exchange?, RecA-like 

RAD56(f) moderate unknown not cloned 

RAD57(g) high unknown Strand exchange?, RecA-like 

MREll(b) high hMREll Binds RAD50 

XRS2li) high unknown No homology apparent 

Yeast RAD52 epistasis group recombination repair proteins with their hWllan cognates 

known to date. (a) Raymond and Kleckner, 1993 (b) Shinoliara et af., 1992, (c) Adzwna et 

al .. 1984, (d) Emery er al., 1991, (e) Lovett, 1994, (f) Friedberg, 1988, (g) Kans and 

Mortimer, 1991, (b) Johzuka and Ogawa, 1995, (i) Ivanov e( al .. 1994. 

The RAD50 gene is required for two interrelated events of the meiotic prophase: 

chromosome synapsis and recombination. Both processes are involved in proper 

segregation of chromosomes at the first meiotic division (Alani et af., 1990). The RAD50 

protein harbours a nucleotide-binding domain and a 'coiled-coil' region. Coiled-coil 

proteins are suspected to play a crucial role in chromosome condensation and/or 

maintenance of a condensed state (Gasser, 1995). The RAD50, MREII, and XRS2 mutants 

are deficient in repair of damaged DNA and in meiotic recombination. The MREII 

protein was found to interact with RAD50 and XRS2 proteins (Johzuka and Ogawa, 

1995). The MREll, RAD50, and XRS2 mutants are proficient in mating-type switching 

and mitotic recombination; it has been suggested, that the corresponding enzymes are 

required for the introduction of DSBs, pointing to a role in the incision event during 

meiotic recombination. 

The RAD5l, RAD52, and RAD54 genes seem to have a role in general 

recombination and in DNA repair that involves recombinational activity (Game, 1993). 

Mutants in these loci confer the most extreme X-ray sensitivity. Defects in RAD51, 

RAD52, or RAD54 genes block both the repair of double-strand breaks and the radiation

induced mitotic recombination process. Human genes structurally homologous to the 

RAD51, (Shinohara et af., 1993) RAD52 (Muris el af" 1994), RAD54 (C. Troelstra & 
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R. Kanaar, unpubl. observation), and MREll (Petrini ef 01., 1995) have recently been 

identified. 

The RecA protein of Escherichia coli plays an essential role in genetic 

recombination in prokaryotic organisms and promotes synapsis and strand-transfer 

between homologous DNA molecules (West, 1992). RAD51, RAD55, RAD57, and 

DMCI proteins share significantly homologous regions with the RecA protein (West, 

1992). These sequence similarities may reflect functional biochemical similarities. The X

ray sensitive rad55 mutant is deficient in X-ray induced mitotic recombination and this 

mutation appeared meiotically lethal (Lovett, 1994). Because of the cold-sensitive 

phenotype of both RAD55 and RAD57, it has been suggested that these gene products 

form a protein complex. This was confirmed by interaction shown with the two-hybrid 

system (Hays ef 01., 1995). The rad56 mutant is moderately sensitive to X-rays, but not 

much is known about this mutant. The RAD53 gene (allelic to the MEC2/SPKlISADI) 

encodes a protein kinase, identified as being defective in the S-phase arrest (Zheng ef 01., 

1993; Allen ef 01., 1994). To date this mutant is not regarded as a member of the RAD52 

DSB repair pathway. 

The other subset of recombinatorial enzymes specifically involves DNA end

binding. The DNA-dependent protein kinase (DNA-PK) is involved in double-strand 

break repair and lymphoid V(D)J recombination (Weaver, 1995b; Jackson and Jeggo, 

1995). DNA-PK consists of three subunits: the Ku autoantigen heterodimer (p70, pSO) 

which has DNA end-binding activity (Gottlieb and Jackson, 1993), and the kinase (p450) 

DNA-PK which is defective in scid mice (Fulop and Phillips, 1990; Biedermann ef 01., 

(991). The mechanistic overlap between rejoining DNA double strand breaks and V(D)J 

recombination is illustrated by rodent mutants defective in both processes: correction of 

some of the mammalian XRCC (X-ray Repair Cross Complementing) complementation 

groups and the scid mutant, with the Ku complex cDNAs, demonstrate this overlap 

(Jackson and Jeggo, 1995). The scid (severe combined immune deficiency) phenotype is 

characterized by an immune defect and radiosensitivity. The immune defect is caused by 

the inability to perform correct V(D)J recombination, whereas the inefficient rejoining of 

DSBs causes the radiosensitivity (Roth ef al., 1992). Several X-ray sensitive hamster 

mutant cell lines (XRCC5, XRCC6, and XRCC7) are now known to have genetic defects in 

these Ku complex-related genes. XRCC5-7 mutants arrest in the G2 phase of the cell 

cycle upon DNA damage, and appear to have wild-type GI-S phase cell cycle delays in 

response to DNA damage (Sipley ef al., 1995). 

A number of high molecular weight kinases have been identified that participate in 
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meiotic and V(D)J recombination, chromosome maintenance and repair, cell cycle 

progression, and cell cycle checkpoints (Hartley el al., 1995; Hunter, 1995; Keith and 

Schreiber, 1995). Dysfunction of these enzymes (e.g. DNA·PK, ArM: AT mutated) can 

result in medical disorders ranging from a loss of immunological function to cancer 

(Savitsky el al., 1995). In humans, many chromosomal aberrations, which are often 

involved in carcinogenesis, originate from erroneous recombination. The processing of 

double·strand breaks thus represents an important cellular property with a relevance that 

exceeds DNA repair alone. 

Other repair pathways 

Apart from the three epistasis groups described above, other repair mechanisms 

exist, including: base excision repair (BER), mismatch repair, and photoreactivation. 

Most species possess more than one pathway (such as NER, BER and PHR) to ensure the 

repair of the major toxic and mutagenic UY photoproducts. 

The BER pathway mends oxidative DNA damage and damage caused by alkylation 

(Seeberg el al., 1995) and other types of damage, such as UY·induced thymine glycols. 

These lesions are recognized by DNA glycosylases (e.g. DNA uracil glycosylase), which 

excise the lesion, leaving an apuriniciapyrimidinic (AP) site. Next, AP endonuclease 

action leaves a one· nucleotide gap in the DNA. DNA polymerase B is the gap·filling BER 

polymerase in mammalian cells whereas DNA ligase III is thought to be the major ligase 

involved in this pathway. Another mammalian factor that might be involved in this 

pathway is XRCCI, which forms a complex with DNA ligase III (Caldecott el al., 1994). 

The XRCCl gene corrects the defective DNA strand break repair and the sister chromatid 

exchange in the rodent mutant XRCCI (Thompson el al., 1990). 

The mutagenic potential of lesions such as O'i-alkylguanine and Ol-alkylthymine is 

obviolls since DNA polymerases read these damaged bases respectively as adenine and 

cytosine. The repair of these lesions involves DNA·alkyltransferases (reviewed by 

Friedberg el al., 1995). 

The E.coli PHR gene is required for Iight·dependent photoreactivation, which 

directly reverses CPDs back to normal pyrimidines (Sancar, 1990). This enzyme enhances 

also light·independent nucleotide excision repair of UY·induced DNA damage. The 

evolutionarily preserved homologs of this photolyase enzyme involved in repair of 

thymidine dimers are discussed extensively in Chapter III. 

DNA mismatch repair mends mispaired bases that are formed during DNA 

replicatiou, genetic recombination and as a result of damage to DNA (Modrich, 1994). 
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Eukaryote species contain a mismatch repair system related to the bacterial MutHLS 

system. Considerable evidence exists that this pathway plays an important role in 

maintaining replication fidelity. and processing recombination intermediates. Genetic 

defects in mismatch repair genes are known to play an important role in cancer

susceptibility syndromes and may play a role in sporadic cancers (Fishel and Kolodner, 

1995). For example hereditary nonpolyposis colon cancer, characterized by microsatellite 

instability. 

36 



Repair syndromes and cancer 

Genome instability. an early phenomenon in the tumor progression process, can be 

caused by defects in fundamental cellular processes such as DNA replication or repair, 

cell cycle arrest and apoptosis. Such genomic instability appears to pave the way for two 

other types of genetic events associated with tumor progression in humans. One of these 

types of genetic events is the altered expression/mutation of proto-oncogenes. The second 

type of event is the loss or inactivation of tumor suppressor genes which normally confer 

cellular growth control or growth restraint. The loss of function of such tumor suppressor 

genes can be caused by events such as deletions, point mutations or methylation (reviewed 

in Counts and Goodman, 1995). Areas of widespread hypomethylation, regional 

hyper methylation and increased cellular capacity for methylation have been associated 

with neoplasia (Baylin ef aI., 1991), and may affect the transcription, replication and 

mutational rate of genes. However, methylation changes may not be major contributors to 

carcinogenesis. Loss of genetic information occurs in both sporadic cancers and human 

familial cancer predisposition syndromes. Studies with somatic cell hybrids have clearly 

shown that when malignant cells are fused with normal cells, the resulting hybrid cells are 

non-tumorigenic (Harris ef al., 1969; Stanbridge, 1976). This phenomenon of tumor 

suppression indicated that a gene (or genes) from a normal cell might replace a defective 

function in the cancer cell, thereby rendering it responsive to normal regulators of cell 

growth. 

Cytogenetic analysis and molecular restriction fragment length polymorphism 

analysis indicate that specific chromosomal deletions are often associated with particular 

human malignancies (Stanbridge, 1990). In certain cancers, only a single tumor 

suppressor locus has been identified, whereas in others multiple loci are proved to be 

involved. Identification of cancer predisposition genes is relevant for early cancer 

detection and intervention strategies. 

Carcinogenesis appears to be a multistep process in which an initiation event is 

followed by promotional events leading to tumor progression (Nowell, 1994). When DNA 

damage is not repaired before replication takes place, somatic mutation or chromosomal 

rearrangements or gene amplifications might occur and give rise to tumorigenesis. 

Incomplete, inefficient, and inaccurate repair in hereditary diseases such as xeroderma 

pigmentosum are clearly associated with increased carcinogenesis. This suggests that NER 

is a highly effective tumor prevention mechanism (Weeda ef al., 1990). Table 5 presents 

a provisional listing of syndromes and their features, directly or indirectly associated with 

radiation sensitivity due to a DNA repair defect. 

37 



E 
:J 
<JJ 
B Q) '" c: E ", Q) .~ 
Q) e ;;;: 

E E a. ,m 0 '0 e e 0) c: E ,91 
'5. ~ ~ '0 

c: Q) 0) 

'" ~ 
c: c: 

Q) '0 '" '" E c: ,2 <JJ '" ]l 
Q) i'? ;;;: -E 
'0 "" 0 8 i e 0 ;;;: 0 tii 0 0 0 
~ (,) ';:: iii LL -

Stunted growth IJ • IJ • • • Abnormalities: 

· Skin • • • • • D 
· Skeletal D • D • • D 
• DysmyeUnaUon D • D 0 D D 
· Impaired vIsIon D • • 0 D 
· Impaired hearing D • D 0 D 
· Sexually IJ • • IJ D underdeveloped -
- Mantal deficiency IJ • • IJ D -

PhotosenslUvity • IJ IJ • D D 
Abnormal vascular D D D • D • development 

Cerebellar ataxIa D D D 0 D • 
ImpaIred D • • D • Immune function 

Cancer prone • D • • • • 
Chromosomal D D D • • • abnormalities 

• Presenl 0 Absent 
Symbol desIgnation 

IJ Sometimes present Unreported 

38 



Many of these DNA metabolism-affected conditions are associated with degenerative and 

neoplastic disorders. Carcinogenesis induced by radiation Of chemicals in normal 

individuals might therefore be explained, for example, by inaccuracy of the repair 

mechanism. 

The process of NER is especially important in the skin. Skin cancers seen in 

normal individuals are the same types seen at a high frequency in xeroderma 

pigmentosulll. XP patients develop premalignant actinic keratoses and benign and 

malignant neoplasms at a median age of onset of eight years. Tumors in XP are 

predominantly basal- and squamous- cell carcinomas. The vast majority (97%) of these 

tumors occur on the face, head, aud ueck, the sites of greatest UV exposure. The 

spectrum of internal tumors found in XP patients is, however, different from that in the 

normal population. XP internal cancers are predominantly brain and central nervous 

system tumors, not clearly related to an environmental cause. Cleaver and Kraemer 

described a 2,000-fold increase in ocular ueoplasms in XP patients under 20 years aud a 

1O,000-fold increase in squamous cell carcinoma of the tip of the tongue (Cleaver and 

Kraemer, 1994). Ocular neoplasms occur predominantly in the anterior portion of the eye 

(lids, cornea, conjunctiva), the part that shields the posterior eye from UV radiation. 

Xeroderma pigmentosum patients show a 1000-fold increased frequency of UV

induced skin cancer. CS patients exhibit no pigmentation abnormalities and increased 

(skin) tumors (Lehmann, 1987) and there is a lack of transcription coupled repair, in 

contrast to the increased levels of cancer observed in the global genome repair-deficient 

XP-C patients (as discussed in the next paragraph). CS patients are reported to exhibit 

growth failure, neurodevelopmental 

photosensitivity, sensorineural hearing 

(reviewed by Nance and Berry, 1992). 

and 

loss, 

neurological 

dental caries, 

dysfunction, cutaneous 

and cachetic dwarfism 

In order to gain insight into the function of 

different DNA repair genes and the resulting complex clinical symptoms, mouse models 

have been generated. Besides null-alleles, subtle mutations similar to those found in 

patients have been introduced via gene targeting into mouse embryonic stem cells in an 

attempt to mimic the clinical situation. If a double knock-out (that is, of both alleles) is 

created, the problem of lethality can arise, depending on the importance of the particular 

factor for the process of DNA repair and possible involvement in other essential 

processes. The molecular defect in the genetically heterogenous diseases xeroderma 

pigmentosum, Cockayne syndrome and trichothiodystrophy resides in the nucleotide 

excision repair pathway. For some of the NER genes (ERCC I, XPA, XPC and CSB) 

gene targeting of mouse embryonic stem cells yielded knock-out mice (respectively: 
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McWhir el aI., 1993; Weeda, unpubl. results; Nakane el al., 1995; de Vries et al., 1995; 

Sands el aI., 1995; van der Horst, unpubl. results). Both XPA- and XPC- deficient mice 

were defective in NER and were highly susceptible to UV -B induced skin carcinogenesis 

(de Vries et al., 1995; Sands el al., 1995). These NER-deficient mice thus provide a 

relevant in vivo model to study the high incidence of skin cancer in XP complementation 

group A and C patients. 

Combined XP/CS phenotypes are observed in XP complementation groups -B, -D, 

and -G (Vermeulen el al., 1993). TID patients are characterized by sulphur-deficient 

brittle hair and nails, neurodysmyelination and some other symptoms overlapping with the 

characteristics of CS (Hin and Pittelkow, 1990). The TID patients identified to date have 

a NER defect assigned to XP group B, -D and TID-A. Notably, the CS patients as well 

as lTD patients having a NER defect are not cancer-prone. Transgenic mice should help 

enhance our understanding of mutagenesis and carcinogenesis in the absence of excision 

repair. Mouse models for HHR23A and HHR23B, presently in progress, should provide 

insight into the function of these different gene products in cellular events such as in 

DNA repair. meiosis and carcinogenesis. 

Hereditary nonpolyposis colon cancer (HNPCC) is one of the most common 

inherited cancer susceptibility syndromes (see Kolodner, 1995 for a review). This type of 

cancer is characterized by an early age of onset and is inherited in an autosomal dominant 

fashion with high penetrance. The most common types of tumors observed in these 

families are colon tumors, while other types such as endometrial and ovarian tumors are 

found frequently in the group of patients that does not develop colon cancer. The 

mismatch repair pathway is known to regulate recombination events, repair of 

physical/chemical DNA damage and can trigger cell cycle arrest as part of the checkpoint 

control system (Modrich, 1994). 

Many tumors are associated with chromosomal aberrations that may be involved in 

the initiation or promotion stages of carcinogenesis. Chromosomal alterations have been 

used as biological endpoints to study the mutagenic effects of ionizing radiation and 

chemicals. Analysis of the effect of DNA damage on normal and transformed cell lines 

reveals that mutations that affect cell cycle checkpoints play an important role in the 

development of cancer (Murray, 1992; Hartwell and Kastan, 1994; Carr and Hoekstra, 

1995; Strauss etal., 1995). 

Irradiation of mammalian cells has different effects, depending on where the cells 

are in the cell cycle at the time of irradiation. Cells that are irradiated with X-rays in G I 

phase may not pass the restriction point (checkpoint) and initiate DNA replication until 
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they have repaired the DNA damage. Cells that are irradiated in G2 delay mitosis entry 

until the damage has been repaired. In AT cells, the delay at the checkpoints does not 

occur, which presumably contributes to their genetic and chromosomal instability 

(Hartwell, 1992; Meyn, 1993). Further biochemical elucidation of the pathways involving 

the different XP and other gene products (for example ATM, defective in Ataxia 

telangiectasia (Savitsky el at., 1995)) should provide a better understanding of the basic 

paths leading to carcinogenesis and tumorigenesis. AT cells are abnormally sensitive to 

killing by ionizing radiation, and abnormally resistant to inhibition of DNA synthesis by 

ionizing radiation. Specific chromosomal trallslocations or inversions are associated with 

several types of human tumors, especially of hematopoietic lineage. Lymphomas, usually 

of B-cell origin, and chronic lymphocytic leukemia of the T-cell type are frequently 

observed. There is a high frequency of chromosome breaks, not involving the locus itself, 

leading to translocations and inversions (Boehm and Rabbitts, 1989). 

The autosomal recessive disorders Fanconi anemia (FA) and Bloom syndrome (BS) 

are, like AT, characterized by an increased susceptibility to the development of 

malignancy. At least five FA complementation groups can be distinguished (Buchwald, 

1995; Pronk el al., 1995). FA patients manifest sensitivity to DNA crosslinking agents, 

and predisposition to malignancy. Moreover, bone marrow elements are all prone to be 

affected and cardiac, renal, and limb malformations as well as dermal pigmentary changes 

are characteristic for this disease. The primary dermatologic manifestations are 

pigmentation abnormalities, such as hyperpigmentation, hypopigmentation and cafe-au-tail 

spots in addition to cutaneous malignancies (Fanconi, G., 1967). Because of the 

crosslinking agent sensitivity phenotype, newly identified human genes which are related 

to yeast mutants sensitive to crosslinking agents are prime candidate genes for these 

diseases. An example of such a gene (SNMI) is given in Chapter III. 

The clinical features of Bloom syndrome patients include short stature, SUtl

sensitive facial erythema, hyper- and hypopigmented patches on the skin, immuno

deficiency, male infertility, and predisposition to neoplasia (Ellis el al., 1995). The gene 

defective in the chromosomal instability disorder, BLM localized on chromosome 15 was 

found to encode a protein with homology to the E.coli RecQ helicase, involved in the 

recombination repair pathway (Ellis el al., 1995). 
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NER: XPC, HHR23 proteins and ubiquitin 
This chapter describes in detail some of the components specifically involved in 

the GGR pathway. The schematic representation of the NER pathway shown in Figure 3 

contrasts the situation in normal individuals with the defective situation occurring in XP-C 

and CS patients. In patients with CS, TCR is impaired, but the global NER facility is 

unaffected (Venema et al., 1990). In XP-C the NER defect is limited to GGR, whereas 

repair of the transcribed strand of expressed genes is not affected. Other XP 

complementation groups have been shown to be defective in both TCR as well as GGR. 

XP-C cells, in contrast to other XP and CS complementation groups, show no defect in 

RNA synthesis recovery after UV irradiation (Mayne and Lehmann, 1982). 
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Figure 3 Stylized NER in health and disease. (A) Representation of the two distinct NER 

subpalhways. On the right is shown transcription-coupled repair, characterized by the rapid 

and efficient removal of lesions in the transcribed strand of active genes, whereas the left 

part represents the slower global genome repair pathway. (B) This panel shows the 

situation for XP·C patients. TIle defective pathway is in the slower and less efficient repair 

of bulk DNA, including the non-transcribed strand of active genes (global genome repair). 

(C) CS patients show the converse opposite defect to that of XP-C patients. In this case, 

the defect is restricted to the faster TCR pathway. 

The residual repair in XP-C could be completely abolished by a speciftc inhibitor 

of RNA pol II chain elongation (Carreau and Hunting, 1992). This finding is consistent 

with the fact that XP-C is deficient in global genome repair but not in repair of expressed 

genes. Therefore, residual repair in XP-C cells specifically represents the repair of the 
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transcribed strand of active genes. The defect in XP-C cells cannot simply be a failure in 

opening up inactive chromatin, as such differences in chromatin structure arc not likely to 

exist between the two strands of active genes. Naturally-occurring deletions in the 

promoter region of the adenosine deaminase gene provided convincing evidence that morc 

rapid repair could occur in potentially active genes (compared to the genome overall), in 

the absence of transcription (Venema el ai., 1992). III vilro NER experiments selectively 

reflect the global repair subpathway, since the UV-damaged plasmid used as a substrate is 

not transcribed under these conditions and XP-C extracts are very deficient in NER in 

these assays. Therefore, repair activity cannot be measured in this way in CS cells. 

Two clinical forms of XP exist. One form involves progressive degenerative 

changes of the skin and eyes, whilst the other form also includes progressive neurologic 

degeneration. Within these two clinical forms of XP. complementation analysis allows 

further biochemical classification (Table 6). 

Complemelltation DNA repair capacity Neurological Cancer 

group 

XP-A 

XP-D 

XP-C 

XP-D 

XP-E 

XP-F 

XP-G 

XP variant 

CS-A 

CS-B 

TTD-A 

Table 6 

UDS % of nonnal almonnalities prone 

< 2 severe + 

3-7 variable + 

10-20 nOlle + 

25-50 moderate + 

40-50 none + 

10-20 none + 

2-25 severe + 

100 none +/-

tOO severe 

100 severe 

10 variable 

Summary of repair characteristics and neurological abnonnalities observed in XP 

patients (adapted from Cleaver and Kraemer. 1994). 

The non-neurologic forms of XP involve most patients in groups C, E, and F, plus 

a "variant" form with norlllal excision repair (Cleaver and Kraemer, 1994). The 

neurologic forms consist of most patients in groups A, B, D, and G in which accellerated 
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neurodegeneration occurs. However, neurodysmyelillation possibly caused by a general 

transcription defect is observed in CS, TID, XPB, XPD and XPG patients. In addition to 

their repair function, the gene products involved have an additional role in transcription 

initiation. 

RAD4/XPC 

Experimental work described in Chapter IV of this thesis deals with the association 

of XPC and HHR23B proteins, which form a tight complex (Masutani ef 01., 1994). This 

complex has also recently been described for S. cerevisiae RAD4 and RAD23 proteins 

(Guzder ef 01., 1995a). 

The XPC protein was biochemically identified in two ways, first as a deduced 

amino aeid sequence from a correcting cDNA (Legerski and Peterson, 1992), and 

secondly by microsequencing of purified polypeptides and subsequent cloning of the 

corresponding cDNA (Masutani ef 01., 1994). An Epstein.Barr virus·based cDNA 

expression vector library, that replicates extrachromosomally in human cells, and contains 

a selection marker, was transfected into XP-C cells. Transformant cells were selected by 

hygromyein resistance and UV survival. A 3.5 kb functional cDNA encoding a XPC 

correcting protein was recovered from transfonnants (Legerski and Peterson, 1992). 

Microsequeneing of the large subunit (125 kD) hOlllogenously purified, XP·C correcting 

protein complex, revealed striking homology of the to the deduced amino acid sequence 

of the cDNA identified by Legerski and Peterson (1992). However, at the N·terminus an 

extension of 117 amino acids was found besides a tightly assoeiated small 58 kD subunit 

encoding one of the two human RAD23 homologs as described in detail in Chapter IV. 

As indicated in the previous section on NER, the XPCIHHR23B protein complex 

is specifically assoeiated with the process of GGR. Intriguingly, the similarity in amino· 

acid sequence between the RAD4, Drosophila XPC (Henning ef 01., 1994) and the human 

XPC proteins are not reflected in the DNA·repair deficiency of the yeast rad4 mutant and 

the XP·C patients. The rad4 mutant cells are completely deficient in NER (McCready, 

1994) while XP·C cells retain the ability to repair the transcribed strand of expressed 

c1ass·I1 genes, the "fast" repair of transcriptionally active matrix bound DNA (Venema et 

al 1991). Phenotypically, the yeast rad? and rad16 mutants resemble human xp·C cells. 

Both mutants exhibit wild·type levels of CPD repair of the transcribed strand, whereas 

repressed genes are not repaired as are the non-transcribed strands of active genes 

(reviewed by Hanawalt and Mellon, 1993; Hanawalt, 1994; see also R. Verhage ef 01., 

1994). The strand·specific repair in rad? and radl6 explains the moderate sensitivity to 

UV in these mutants. 
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Mutations of the XPC gene from different XP-C cell lines have been reported to 

be point mutations; however. several frameshift mutations have also been described (Li et 

aI., 1993). The mouse homolog of XPC has extensive sequence homology to the human 

XPC protein (79% identity). Homozygous knock-out mice are viable and showed no 

apparent increased susceptibility to spontaneous tumor formation (Sands el al., 1995). 

However, these mutant mice are highly susceptible to ultraviolet-induced carcinogenesis 

and display pathological skin and eye changes consistent with the human disease (Sands el 

aI., 1995). 

RAD23/HHR23 

The experimental work described in this thesis (Chapters IV, V, VI and VII) 

focusses on the isolation and characterization of the human equivalents of the S. 

cerevisiae RAD23 gene. The yeast RAD23 gene has been isolated by functional 

complementation of the mutant with a cosmid that was localized to chromosome 5L. The 

radI, rad2, rad3 and rad4 mutants are completely unable to repair either CPDs or 6-4PPs 

and all exhibit a very high sensitivity to UV irradiation. This is in contrast to the S. 

cel'evisiae rad23 mutant, which is moderately sensitive to UV and psoraien crosslinks 

(Miller el al., 1982). However, no repair of either (6-4)PPs or dimers is observed in the 

rad23 mutant after 50J/m' (McCready, 1994; Verhage el al., 1995). Therefore, in the 

rad23 mutant, the intermediate UV-sensitivity is not due to a similar defect in GGR repair 

as described for rad7 and rad16 by Verhage el al. (1995). Gene disruption studies have 

disclosed that RAD23 does not have a vital function in yeast. 

The induction of RAD23 mRNA after UV-irradiation observed in S. cerevisiae by 

Madura and Prakash, (1990) is not essential for the removal of CPDs from the global 

genome or for transcription-coupled repair of transcribed strands in expressed genes 

(Sweder and Hanawalt, 1992). 

Some of the yeast DNA damage-inducible genes share a similar 5' upstream 

element (Siede and Friedberg, 1992). This suggests involvement of this sequence in 

transcriptional induction of these genes in S. cerevisiae. In this regard RAD23 resembles 

the other genes, RAD2, RAD6, RAD7, RADI8, PHR, SNMI and RAD54, of which some 

also exhibit increased transcription during meiosis. In contrast to RAD23, the RAD4 gene 

is not induced by UV-Iight damage in wild type yeast cells (Choi el al., 1993). None of 

the mammalian excision repair genes (except for DNA poW only on RNA level) is found 

to be damage-inducible as observed in yeast to date. This inducible feature is likely to be 

more relevant for ulli-cellular organisms, which have to adapt immediately to their 

environment, in contrast to the mammalian cells that are part of a whole organism, with a 
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relatively constant microenvironment. 

Intrinsic radiation sensitivity can be modified by other signalling genes which may 

not be the primary gene defective in radiation response. Potential candidate genes 

influencing radiosensitivity include proto-oncogenes, tumor suppressor genes, genes 

involved in DNA repair, cell cycle regulatory genes, and genes encoding chromatin

associated proteins. 

Analysis of specific single and double mutants of rad7 and rad23 suggest, 

however, a functional relationship between these genes, namely that the RAD23 protein 

can substitute for the N-terminal part of the RAD7 protein (Perozzi and Prakash 1986; 

Schiestl and Prakash, 1989). 

Ubiquitin and repair 

The RAD23 protein is found to encode a ubiquitin-like fusion protein as depicted 

in Chapter III, Figure 1. Mutation analysis has demonstrated that the ubiquitin-like region 

could be replaced by the ubiquitin sequence without affecting RAD23 activity (Watkins el 

al., 1993). However, removal of this conserved domain affected the UV -survival. 

Two distinct proteolytic pathways can be discerned in mammals: the lysosomal 

degradation pathway and the regulatory ubiquitin·conjugation pathway. The bulk of ill 

vivo degradation of abnormal and naturally short-lived proteins is mediated by the 

ubiquitin-dependent pathway. A great deal of mechanistic information exists about 

ubiquitin and ubiquitin·related proteins in diverse species (Ciechanover, 1994). Along 

with selective protein degradation, this pathway covers strikingly diverse functions, 

including DNA repair, cell cycle control, and the stress response. Ubiquitin is an 

extremely strongly conserved and highly abundant protein of 76 amino acid residues that 

is present in all eukaryotic cells. The extreme evolutionary sequence conservation 

suggests that abnormal ubiquitin may be deleterious to cells. This abundant protein is 

distributed in the cytosol, nucleus, and on the cell surface (Ciechanover, 1994). 

Ubiquitin encoding genes are present in two classes within the genome: a class of 

polyubiquitin genes, and a class of ubiquitin·fusion genes. The polyubiquitin genes encode 

from 2 to more than 50 head-to-tail repeats of ubiquitin. In contrast, the carboxy-terminal 

extension proteins encode ubiquitin followed by a downstream C-terminal extension of 76-

80 amino acid residues, the latter encoding essential ribosomal proteins (Finley, el al., 

1989). 

Besides these two classes of ubiquitin, evolutionarily diverged ubiquitin-Iike 

proteins exist. The class of ubiquitin-like proteins is involved in a variety of processes, 
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and the function of the diverged ubiquitin moiety is not known. Although the ubiquitin

like domain is expected to have a similar structure, the antigenic determinants differ 

substantially. Examples of ubiquitin-like fusion proteins are RAD23, GdX, fau, ANIA, 

ANIB, BAT3, NEDD8 (Watkins ef al., 1993; Toniolo et al., 1988; Michiels ef al., 

1993; Linnen et al., 1993; Banerji et al., 1990; Kumar ef al., 1993). 

Proteinases which precisely cleave ubiquitin from proteins and pep tides are 

necessary at various steps of the ubiquitin pathway. [n order to recycle ubiquitin after 

protein degradation, isopeptidases are required to cleave ubiquitin from small peptides and 

conjugates that are reversibly ubiquitinated. C-terminal hydrolases recognize the RGG 

residues of ubiquitin. Similar to GdX, ANla, ANlb, and BAT3, the RAD23 homologs 

bear no intact cleavage site and do not undergo proteolytic processing by a hydrolase. 

The first enzyme, part of the ubiquitin-conjugation cascade, is the ubiquitin

activating enzyme El. After the initial formation of an EI-ubiquitin thiolester, ubiquitin is 

transferred to one of a number of ubiquitin-conjugating enzymes known as E2 proteins. 

All known E2 proteins have a 16 kDa conserved motif in common, to which ubiquitin is 

covalently attached. The last enzyme of the cascade, E3 (ubiquitin-protein ligase), binds 

to cellular proteins and facilitates the transfer of ubiquitin from the E2 to the substrate. 

The lysine 48 residue of ubiquitin can act as an acceptor for covalent ubiquitin linkage. 

The Lys residue is the site of attachment of a multi-ubiquitin chain, whose formation is 

required for the degradation of at least some N-end rule substrates (Chau et al., 1989). 

Addition of multiple ubiquitin adducts to a substrate appears to act as the signal for 

degradation of the tagged protein. Polyubiquitinated proteins are targeted for proteolysis 

by an ATP-dependent 26S multisubunit protease containing the 20S multicatalytic protease 

(Jentsch and Schlenker, 1995). Other proteins are stably monoubiquitinated, for example 

histones H2A and H2B. 

It is of interest that the mammalian E22SK (Chen et al., 1991) is involved in 

catalyzing the formation of Lys-48-linked multiubiquitin chains from ubiquitin alone, and 

shares a domain similar to a repeated region present in the RAD23 protein. Recently, 

RAD23 has been found to be a suppressor of a ubiquitination mutant (Madura, personal 

communication). 

Many proteolytic substrates of the ubiquitin system have been identified. Among 

them are mitotic cyclins, G I cyclins, the tumor suppressor p53, transcriptional regulators 

NF kappa B and its inhibitor, [ kappa B. The programmed degradation of cyclins at 

specific stages of the cell cycle is a dramatic example of regulation by degradation 

(Glatzer et aI., 1991). This is illustrated by cyclin ubiquitination which determines the 

end of mitosis due to proteolysis of the substrate (Murray, 1995). Many proto-
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oncoproteins have rapid turnover rates, attributable to the ubiquitin degradation pathway, 

e.g., N- and C-lIlyc, c10s, and ElA (Jentsch, 1992). 

The so called "N-end rule" was believed to regulate the ill vivo half-life of a 

protein by the identity of its N-terminal residue. According to this rule, the type and 

eventual post-translational modification of the penultimate amino acid residue at the N

terminus of the substrate determines the metabolic stability of this protein (Varshavsky, 

1992). However, the stabilizing or destabilizing capacity of the N-terminus is an 

important structural determinant for recognition by the ubiquitin system but is not the 

only recognition signal for degradation. Proteins with either free or blocked N-termini can 

be recognized via structural domains that are downstream and distinct from this residue 

(Ciechanover and Schwartz, 1994). However, recent data has suggested that the N-end 

rule may be less relevant than previously thought (Ciechanover, 1994), since limited 

subsets of protein substrates obey this rule. 

Alterations in ubiquitin expression have been associated with diseases of the 

immune system (e.g. systemic lupus erythematosus -SLE-) and nervous system (e.g. 

Alzheimer's disease, and Parkinson's disease)(Mayer e( al., 1991). The exact role of 

protein ubiquitination in the course of neurodegenerative diseases or viral diseases is still 

unknown. It is not clear whether changes in ubiquitin expression and regulation contribute 

to these pathological changes, or are a consequence of these disorders. 

The association of ubiquitin with DNA repair became apparent from the yeast 

enzyme UBC2, which proved to be identical to the RAD6 DNA repair protein (Jentsch e( 

al., 1987). As discussed in the previous section, the phenotype of rad6 mutants includes 

slow growth, sensitivity to a variety of DNA damaging agents, and defects in induced 

mutagenesis, postreplication repair, and meiotic recombination. The yeast UBC2 enzyme 

has been isolated as one of the major ubiquitin-conjugating enzymes ill vitro capable of 

conjugating ubiquitin to histones. A second link with repair was found with the RAD23 

ubiquitin-like fusion protein involved in NER. Detailed analysis of the ubiquitin-like part 

of RAD23 is described in Chapter 3. The ubiquitination of chromosomal proteins may 

either alter the chromatin structure directly, or may direct 'patched' degradation of 

chromosomal proteins and allow access of repair enzymes to the sites of lesion. 

In conclusion, the surprising variety of functions mediated by the ubiquitin 

pathway indicates important directions for future research. Insight into the mechanisms of 

the regulation of degradation of specific proteins such as proto-oncoproteins is of 

importance for understanding of the regulation of cellular growth, differentiation, cell 

cycle progression and malignant transformation (Hunter and Pines, 1991, 1994). 
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DNA repair, transcription, cell cycle progression, and ubiquitin conjugation are extensively studied 

processes, and there are many important papers on these subjects. However, a number of recent reviews 

contain extensive lists of references. Therefore, I am only referencing the most recently published articles 

along with some selected older literature. I refer the reader to the previously published reviews as a source 

of most relevant references, and apologize to my colleagues for not being able to cite all of their \vork. 
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CLONING OF REPAIR GENES BY SEQUENCE HOMOLOGY 

Introduction to sequence comparison 
The human genome is estimated to consist of 50,000 to 100,000 genes. Sequence 

similarity programs are important tools that can be used to identify possible protein 

coding regions and to provide clues to gene and protein structure and function. Sequence 

data can sometimes provide unexpected links among diverse biological fields due to 

sequence similarity. One approach to identify homologs of genes in other species and to 

discover new connections is database homology searching. 

Global similarity algorithms optimize the overall alignment of two single 

sequences, which may include large stretches of low similarity. This is in contrast to the 

local similarity algorithms that seek only relatively conserved subsequences. Local 

similarity measures are generally preferred for database searches. 

Genes expressed in human tissues are rapidly being identified by random partial 

sequencing of eDNA clones. Several large genome sequencing centers are analyzing the 

cDNA sequence data, and are using PCR and somatic cell hybrid mapping' panels to 

localize these sequences to individual human chromosomes (Adams ef at., 1991, Wilcox 

ef al., 1991, Gieser and Swaroop, 1992, Khan ef al., 1992, Polymeropoulos ef al., 1992, 

Boguski, 1995, Adams ef al., 1995). Partial sequencing of cDNAs to generate expressed 

sequence tags (ESTs) is a rapid and efficient way to establish a broadly-based profile of 

genes expressed in a particular tissue or cell type. Comparison of ESTs from different 

laboratories with cDNAs of other laboratories has begun to provide a 'computerized 

northern blot' of high sensitivity (Boguski and Schuler, 1995). Strong preference has been 

observed for highly expressed cDNAs in the EST database. Therefore, genes expressed in 

a tissue-specific way, or encoding low-abundance gene products will be difficult to detect. 

At the end of 1995, 391,777 ESTs had been deposited in the public domain dbEST 

database, of which 307,214 are of human origin. These ESTs represent approximately 

10,000 previously identified genes and 20,000 new unknown genes from a total amount of 

approximately 80,000 genes. Roughly estimated, 40% of the genes known to date are 

involved in basal cellular processes such as energy housekeeping, cell structure, and cell 

division; 22 % is thought to be involved in protein synthesis. 

Normalization of eDNA libraries opens the possibility of gridding libraries on 

small filters due to a large reduction in the total number of clones that have to be arrayed. 

Subtractive hybridization is now being used to reduce the population of highly represented 

sequences in eDNA libraries. In this way, an increase in the relative frequency of 
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occurrence of rare cDNA clones has been achieved (Soares el al .• 1994). However. the 

use of subtracted libraries has the drawback that a representation of the transcription 

level. a feature of primary libraries. is not obtained (Adams el al .• 1995). 

Single-run DNA sequencing. such as has been employed so effectively in the EST 

projects (Adams ef at.. 1995). has proved to be an efficient method of obtaining sequence 

data on cDNA clones. The overall accuracy of these sequences is estimated to be about 

97%. based on matches to known genes (Boguski. 1995). The aim of the human genome 

project is to generate an STS/EST-based physical genome map. which facilitates the 

identification of cDNAs localized within 100 kb of a mapped marker (Wilcox ef al .• 

1991). Suitable primers are designed for PCR that are used to amplify the corresponding 

sequence from genomic DNA. In this way. the EST is converted to a sequence tagged site 

(STS) that can be mapped to a genomic location using radiation hybrids or genomic 

clones such as YACs (Venter and Merril. 1992; Durkin ef al .• 1994; Berry ef al .• 1995; 

Soares and Sikela. 1995). Mapping data and finished maps are being deposited in a 

variety of public databases. including GDB or EMBL databases. ESTs that map near a 

locus for a given disease or phenotype can be used as probes for candidate genes for the 

locus of interest. 

At present there are genome sequencing projects for many organisms including 

Bacillus sUbfilis. Caenorhabdifis eiegans. Drosophila meianogasfer. Escherichia coli. 

Saccharomyces cerevisiae, and Homo sapiens. The Haemopliillls illf!flellzae Rd genome 

was the first complete genome to be sequenced from a free living organism (Fleischmann 

ef at.. 1995). The complete nucleotide sequence (580.070 base pairs) of the Mycoplasma 

genifalium genome has also been determined recently (Fraser ef al .• 1995). This species 

contains the smallest known genome of any free-living organism, and therefore may be a 

paradigm for the minimal set of genes (482) necessary for independent life (Goffeau. 

1995). The complete genomic sequence of S.cerevisiae is estimated to be available in 

early 1996. and 90% of the open reading frames (ORF) in C. eiegans are expected to be 

in the public databases by the end of 1997. A recently exploited model organism is the 

Fugu ruhripes (Pufferfish) (Brenner el al .• 1993). This organism has the advantages that 

its genome, although estimated to contain an equivalent number of genes to mammals, is 

ten times smaller. Such features greatly simplify comparative mapping. 

Sequencing of homologous regions of human and mouse genomes can provide 

insights into gene evolution, function and regulation. Comparison of homologous 

sequences from different species greatly increases the amount of information that can be 

extracted from analysis of any particular sequence of a single species. 
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The characterization of variation between DNA sequences elucidates the role of 

mutations, rearrangements and repeat sequences in the evolution of genomes and species. 

Prediction of transcribed regions is currently possible by using computer programs such 

as the GRAIL algorithm (Uberbacher and Mural, 1991). Comparing the genomes of 

virulent and harmless strains of bacteria should further enable identification of disease

causing genes. Analysis of human genome loci will dramatically expand in the coming 

years, and is relevant for identification of those regions most likely involved in genetic 

diseases. As for other areas, these possibilities are also relevant for the analysis of the 

molecular mechanism of DNA repair processes and their involvement in genetic disorders 

and cancer predisposition. This chapter presents the present status of the human genome 

sequencing programme and its use for the field of DNA repair. 

Sequence comparison 

The computer algorithm to perform sequence comparison, Basic Local Alignment 

Search Tool (BLAST), was used to identify those sequences reported in this thesis. The 

S. cerevisiae DNA repair protein sequences of interest were used to query the EST 

database by TBLASTN (Altschul et al., 1990), to determine whether matches occur in 

undocumented open reading frames of higher order species. Sequences of interest were 

periodically re-searched against the databases to identify new matches based on similarity 

to newly deposited sequences. There are a variety of databases available via Email and 

the Internet to query with BLAST (Altschul et al., 1994). For cloning purposes, the 

EMBL, Genbank, DDBJ, and the EST databases including the daily updates were 

routinely checked for new deposited genes of interest. These different databases show 

considerable overlap (Benson et al., 1994). Therefore, to reduce search time, 

"nonredundant" sequence databases have been developed. The latest version of BLAST 

scans a protein database at approximately 500,000 residues per second, requiring 

powerful computer systems. 

The best approach for identification of new clones is to initially compare the 

complete (protein) sequence of interest with the EMBLIGenebank (DNA) databases. 

Depending on the occurrence of non-specific hits that might overwhelm and bury 

significant homologies in a large output list, a little editing can improve the results 

significantly. Low complexity regions are quite common in proteins and usually lead to 

spurious homology results. These low complexity regions consisting of acidic regions, 

basic regions, repeated strings of a single amino acid. certain types of zinc-fingers, and 

other common motifs which appear frequently, are best removed or masked from the 
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sequence of interest to increase the specificity. A sequence can be masked by replacing 

these subsequences with "XU, a character that the BLAST program ignores. 

Additionally, sequence comparison searches using DNA enquiries into DNA 

databases might provide additional overlapping clones not sharing enough homology to be 

detected by a protein to DNA search. It should be noted that DNA sequences are highly 

nonrandom, with locally biased base composition. AT-rich regions and repeated sequence 

elements (e.g., Alu sequences) will produce an enormous output of matches with little 

interest. 

Results from sequence comparison with considerable biological interest were 

selected for cloning by RT-PCR. This paragraph describes some examples of genes 

identified by TBLASTN searches, all having important implications for understanding the 

DNA damage repair processes. A number of genes have now been isolated in this way, 

illustrating the relevance of this procedure. Furthermore, it should be noted that most of 

the findings described here cannot be obtained by low stringency hybridization due to 

large divergence of the DNA sequences of these genes. Evidence for this comes from the 

RAD23 gene that does not cross hybridize with the highly homologous mammalian 

HHR23 genes. 

Examples of other genes that were identified in this way are: Saccharomyces 

cerevisiae XPE, a second human XPE homologous protein, the human equivalent of the 

yeast Sensitive Nitrogen Mustard gene 1 (SNMI) , the yeast RAD26 gene (which is the 

counterpart of the human Cockayne syndrome CSB-protein; van Goal ef 01., 1994), a 

human gene with homology to the photoreactivating enzyme and two S. cerevisiae, mouse 

and human equivalents of the Schizosaccharomyces pall/be DNA double strand break 

repair enzyme Rad21 (McKay ef 01., unpublished results). Additionally, a human protein 

sharing two homologous domains with the S. cerevisiae cell cycle arrest protein RAD9 

was identified. 

Some examples of significant scores obtained with the BLAST algorithm are 

discussed in the next paragraph. 
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Identification of RAD23, SNM1, PHR, XPE, and RAD9 equivalents. 
The overall aim at the onset of this project was cloning of a mammalian equivalent 

of the yeast RAD23 gene. 

Towards this end, an initial attempt was made to clone RAD23 homologs of the 

distantly related yeast species Schizosaccharomyces pombe and the insect Drosophila 

me/anogaster via interspecies hybridization. The S. cerevisiae RAD23 gene was 

subdivided into two non-overlapping parts, giving a 5' and a 3' probe of the RAD23 gene. 

Southern blots containing £CoRI, Ball/HI, Hil/dIII and PstI digested Scllizosaccharoll/yces 

pall/be and Drosophila me/al/ogaster genomic DNA were cross-hybridized with both non

overlapping S. cerevisiae probes. The rationale of this approach is to search for similar 

sized fragments called junction bands, recognized by two non-overlapping probes because 

this points to a long region of sequence homology. No such junction bands were absenTed 

after low stringency hybridization followed by autoradiography indicating the absence of 

long stretches of conserved DNA sequences. As a positive control for these probes, the 

DNA of yeast species closely related to S. cerevisiae were analysed. These showed clear 

junction bands, indicating that the probes used were recognizing the RAD23 equivalents of 

less diverged species (Figure 3. I). From these experiments, it was concluded that the 

cloning of higher order species equivalents of RAD23 was impossible via interspecies 

hybridization, due to too high a degree of evolutionary diversification. 
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Figure 3.1 

Evolutionary walking using yeast S, 

cenNisiae as a model organism. 

(A) Southern blot analysis, 

demonstrating presence or absence of 

junction bands in yeast species. The 

blots were probed with both 5' and a 

3' S. cerevisiae RAD23 PeR-derived 

fragments of about 700 hasepairs (see 

text), 

(B) Phylogenetic tree of 

different yeast species indicating the 

relative eVOlutionary distances hetween 

these yeast strains. 
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Performing a sequence comparison search with the S. cerevisiae RAD23 protein 

sequence revealed a low but potentially significant homology of the C-terminus of RAD23 

with a short part of a partial human eDNA sequence, isolated from a heart eDNA library 

by cross reactivity of acute rheumatic fever sera (Figure 3.2). Because of the correct 

sequential order of the four homologous regions, the percentage of homology for such 

distantly related species, their relative position compared to the yeast sequence and the 

correct position of the stop codon (not shown iu Figure 3.2), it was judged that the human 

sequence was a structural homolog of S. cel'evisiae RAD23. It was decided on this basis 

to clone the full length human gene. The overall homology extended to the N-terminal 

region that was missing on the partial eDNA obtained with the computer search. The full 

length eDNA isolated was a likely candidate for the human cognate of yeast RAD23, 

because of the additional high sequence homology and the presence of the start codon at 

the N-terminus. 

YEAST: 

HUMAN: 

264 SLRQVVSGNPEALRPLLEN1SARYPQLREH1MANPEVFVSMLLEAVG 310 

++RQV+ NP L +LL+ ++ PQL ++1 + E F+ ML E+ G 

174 NIRQVIQQNPALLPALLQQLGQENPQLLQQISRHQEQFIQMLNEPPG 314 

YEAST: 172 AFNNPDRAVEYLLMGIPENLRQPEPQQQTAAAAEQPST 209 

++NNP RAVEYLL GIP + Q + +EQP+T 
HUMAN: 7 GYNNPHRAVEYLLTGIPGSPEPEHGSVQESQVSEQPAT 120 

YEAST: 379 FACDKNEEAAANILFSDHAD 398 

+ C+KNE AAN L S++ D 

HUMAN: 465 YLCEKNEXXAANFLLSQNFD 524 

YEAST: 366 GFERDLVIQVY 376 
OF LVIQ Y 

HUMAN: 435 GFPESLVIQAY 467 

Figure 3.2 Identification of the first human RAD23 equivalent, HHR23A by means of a TBLASTN 

search. Four homologous regions detected by using the S. cerevisiae RAD23 protein 

sequence as a query sequence. The numbers indicate the amino acid residues of the 

fragments identified to be homologous. The amino acid sequence is given in the one letter 

code, X indicates an uncertain amino acid, whereas + indicates similar amino acids. This 

eDNA identified with cardiac autoantigens was cloned from a heart cDNA library and 

deposited into the genbank database with accession number M77024 by Eichballlll e( al., (1991). 
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While cloning of the full length HHR23A eDNA lVas in progress, a second human 

homolog (HHR23B) recently deposited in the database was identified using the TBLASTN 

algorithm. This second candidate eDNA was present in the EST database and had 

diverged at a similar rate as the other human gene from the S. cerevisiae equivalent 

(Figure 3.3). It was concluded that like RAD6 (Koken el aI., 1991), the RAD23 gene has 

duplicated during evolution. Detailed description of the cloning of the HHR23 genes is 

described in Chapter IV. 

A Score = 131 (58.6 bits), Expect = 1.3e-09, P = 1.3e-09 

Identities = 27/66 (40%), Positives = 35/66 (53%), Frame = +3 

RAD23: 333 GEAAAAGLGQGEGEGSFQVDYTPEDDQAISRLCELGFERDLVIQVYFACDKNEEA 397 

G +++ G+++ + ++ TP++ +AI RL LGF LVrQ YFAC KNE+ 
HHR23B: 72 GGGGSGGIAEAGSGHMXYIQVTPQEKEAIERLKALGFPEGLVIQAYFACXKNENL 246 

RAD231 388 AANILFSDHAD 398 
AAN L ++ D 

HHR23B: 247 AANXLLQQNFD 269 

B Score = 236 (105.8 bits), Expect = 3.2e-30, Sum P(2) = 3.2e-30 

Identilies = 48/65 (73%), Posilives = 51165 (78%), Frame = +3 

HHR23A: 300 GEVGAIGEEAPQMNYIQVTPQEKEAIERLKALGFPESLVIQAYFACEKNENLAAN 354 

G G ++ M YIQVTPQEKEAIERLKALGFPE+LVIQAYFAC KNENLAAN 

HHR23B: 81 GSGGIAEAGSGHMXYIQVTPQEKEAIERLKALGFPEGLVIQAYFACXKNENLAAN 260 

HHR23A: 355 FLLSQNFDDE 364 

LL QNFD++ 

HHR23BI 261 XLLQQNFDED 275 

Figure 3.3 Identification of the second hWllali RAD23 equivalent, HHR23B by means of a TBLASTN 

search. The (A) panel shows the result with the yeast equivalent whereas the (B) panel 

shows the outcome for the first hWllall gene product to be identified. The EST02187 Homo 

sapiens cDNA clone HFBCL77 with accession number M85669 is named HHR23B and 

was identified by sequencing of 2375 human brain genes (Adams et al., 1992). 
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Sequence and stmctural homology of the ubiquitin-like domain of RAD23 with the 

ubiquitin protein. 

At the N-terminal region, the RAD23 protein was found by computer assisted 

sequence analysis to contain a ubiquitin-like domain. The biological role of this domain is 

not known until now. Clustering of conserved residues in the close vicinity of the helix of 

the folded ubiquitin protein does suggest a similar function due to a similar structure. 

Deletion of the ubiquitin-like domain impairs the DNA repair function of the yeast 

RAD23 protein (Watkins et al., 1993). Replacement of this domain by the authentic 

ubiquitin sequence restored the repair function (Watkins et al., 1993). Figure 3.4 shows 

the homology between ubiquitin and the class of ubiquitin-like fusion proteins. 

Figure 3.4 

Ubiquitin 
RAD23 
GdX 
fau 
ANla 
ANlb 
BAT3 <_. 
NEDDS 

Ubiquitin 
RAD23 
GdX 
fau 
ANla 
ANlb 
BAT3 
NEDDS 

Alignment of different ubiquitin-like fusion proteins. Arrows indicate further sequence is 

present. 

Computer algorithms (such as Predict protein) can be used to predict the secondary 

structure of a given protein sequence (Rost and Sander, 1993). Proteins are built up from 

combinations of secondary structure elements such as O! helices and 8 strands, which are 

connected by loop regions of various lengths and irregular shape. The interiors of protein 

molecules contain mainly hydrophobic side chains. The main chain in the interior is 

arranged in secondary structures to neutralize its polar atoms through hydrogen bonds. 

The formation of secondary structure in a local region of a polypeptide chain is to some 

extent determined by the primary structure. The similarity of the predicted secondary 

structure of the N-terminus of HHR23 proteins and the homologous ubiquitin protein is 

apparent from Figure 3.5. 
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1.JbiquHin 

•.•. , •..• 1 ...• , ...• 2 ..•. , •••• 3 •••• , .•.• 4 •.•. , ..•. 5 ••.• , .•.. 6 •... , ...• 7 •.•• , .•.. 8 ..•. 

AA MQIFVKTLTGKTITLEVEPSDTIElnlKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG 

'lID EEEEEEE EEEEEE BI!IIIII!IIIIH HHHHEEEE E EEEEEEEE 
ReI 8588886357179987426761578887522656998145421122312036754311256745426776664189 

prH· 0000000000000000000124678887654222001466544433212222122333311122111111211000 

prE- 1688887521478887632100000000000000000001234444234321011111111111247777666410 

prL- 8211111367410001257775211111235767888422111112543356765544466766531100012489 

SUB LEEEEEE LL.EEEEE .. LLL. BlIHHHlll! .. LLLLLL .. H ••••••••••• LLL ••••• LLL.L .. EEEEEE .. LL 

HHR23A 

•••• , •••• 1 •••• , •... 2 ••.. , ..•. 3 •.•. , ..•. 4 .... , .... 5 .••. , •.•. 6 ..•• , ..•• 7 .••. , •... 8. 

AA MAVTITLKTLQQQTFKIRMEPDETVKVLKEKIEAEKGRDAFPVAGQKLIYAGKILSDDVPIRDYRIDEKNFVV~1VTKTKA-> 

PHD EEEEEEEE EEEEEE mmmnnm EEEEEE EE EEEEEEEE 

ReI 944778887366368987237651689887510116988997213145542413157875322153435537776642379 

prH- 011111111000000000000224788887644442111001345322222222221112233323232111111111100 

prE- 026777877522378887531000000000000000000000112456654235411011221111111157777764310 

prL- 862111011377621001357764110011244447888887532211113542367776444465556621001123589 

SUB L .. EEEEEE.LL.EEEEE •• LLL.BlIHHHlll! .... LLLLLLL ..... EE ...... LLLLL .... L ... LL.EEEEE ... LL 

HHR23B 

•..• , ..•. 1 .••. , .•.. 2 .•.. , .... 3 •..• , •.•. 4 •... , .... 5 .•.. , ••.. 6 •... , ...• 7 ..•. , .•.. 8 •... 

AA MQVTLKTLQQQTFKIDIDPEETVKALKEKIESEKGKDAFPVAGQKLIYAGKrLNDDTALKEYKIDEKNFVV~1VTKPKA-> 

PHD EEEEEEE EEEEEE HHHHHHHHHHHH HllliEEEEEE EEE EEEEEEE 

ReI 8378877355268986158542788886511126988996124134432213146664211144546448998641699 

prH- 0000000000000000000123578888765545211100145532222222221212344322221100000000000 

prE- 1678887522378887420000000000000000000000011135554234411011222211111267888764200 
prL- 8311111367521001478764100111244437888887432221112432356775433355666621000135788 

SUB L. EEEEE. LL. EEEEE. LLL .. BlIHHHlll! .... LLLLLLL •••••••••••••• LLL ....... L. L .. EEEEE .. LLL 

Figure 3.5 Prediction of the secondary stmcture of the ubiquitin protein and both HHR23 equivalents 

obtained with the EMBL PredictProteill Email server. This prediction method, designed 

for water-soluble globular proteins, indicates helix (H), strand (E) and loop (L) regions 

(Rost and Sander, (1993). TIle region indicated in bold represents the helix present in 

llbiqllilin and its putative stmctural homologs. 

When comparing homologous amino acid sequences from different species, it has 

been found that insertions and deletions of a few residues occur almost exclusively in the 

loop regions. During evolution, cores are much more stable than loops. The front cover 

of this thesis shows identical amino acids (in blue) and similar amino acids (red) between 

the N-terminal part of RAD23, its homologs and the ubiquitin protein. The space-filling 

representation shows the non-conserved areas looping out of the conserved core. In 

general, cores are much more stable than loops during evolution. Moreover, intron 

positions are often found at sites in structural genes that correspond to loop regions in the 

protein structure. 
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The function of every protein molecule depends on its three-dimensional structure, 

in turn determined by its amino acid sequence, in turn determined by the nucleotide 

sequence of the relevant gene. Knowledge of the three-dimensional structure facilitates the 

rational design of site-directed mutations in a protein. X-ray crystallography and NMR 

spectroscopy are the only ways to obtain such detailed structural information. 

Unfortunately, these techniques involve elaborate technical procedures, and many proteins 

fail to crystallize at all andlor cannot be obtained or dissolved in large enough quantities 

for these experiments (Eisenberg and Hill, 1989). The size of the protein is also a 

limiting factor for NMR (Wright, 1989). 

In the absence of such experimental data, model-building on the basis of the 

known three dimensional structure of a homologous protein is at present the only reliable 

alternative method to obtain structural information. Protein domains with homologous 

amino acid sequences have similar three-dimensional structures, indicating the feasibility 

of model-building by sequence homology (Branden and Tooze, 1990). Comparisons of the 

tertiary structures of homologous proteins have shown that three-dimensional structures 

have been better conserved in evolution than protein primary sequences. Common tertiary 

structures were shown to have arisen independently several times during evolution 

(Kraulis, 1991). In such cases, the different primary sequences are deceptive: similarity 

of structure is not necessarily evidence of common evolutionary ancestry. Sequence 

alignments are often the limiting step for modelling, and an evaluation of the required 

homology between the sequence and the structure that will serve as the modelling 

template is very important (Branden and Tooze, 1990). 

Three dimensional structure data can provide clues about candidate residues to 

mutate, knowing the position and context of residues in close vicinity. Subtle changes in a 

protein not resulting in drastic conformational changes should in many cases not affect 

protein complex formation. Mutation of conserved residues predicted to reside relatively 

closely positioned to each other and exposed on the surface of the protein are the best 

candidate positions for site-directed mutagenesis. Mutation of internal positioned residues 

will probably affect the structure of the protein, and clustered conserved amino acids 

might reflect an enzymatic active site present on the surface of the protein. 

Differences between three-dimensional structures increase with decreasing 

sequence identity, and, accordingly, the accuracy of models built by homology decreases. 

The errors in a model built on the basis of a structure with 90% sequence identity may be 

as low as the errors in crystallographically-determined structures, except for a few 

individual side chains. A test case is illustrative: if a known protein structure is built from 
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another known structure, and 50% identity exists between the sequences, the error in the 

modelled coordinates can be as large as 1.5 Angstrom (Branden and Tooze, 1990). 

However, local errors may be considerably larger. If the sequence identity is only around 

25%, the alignment is the main bottleneck for model building by homology, and large 

errors are often observed. With less than 25 % sequence identity the homology often 

remains undetected. A notable example of this is the structural similarity of protein G and 

ubiquitin (Kraulis, 1991). The deviations between a model built by homology and the 

"real" X-ray structure vary throughout the molecule, the largest deviations occurring in 

loops at the protein surface. 
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SNMI 

The S. cerevisiae SNMI mutant is sensitive to the DNA crosslinking agent nitrogen 

mustard (HN2) (Ruhland et al., 1981). Crosslink repair is of medical interest since the 

cytostatic potency of several anti-cancer drugs is based on the formation of such DNA 

lesions. The SNMI gene proved to be allelic to PS02, and has been assigned by epistasis 

analysis to the RAD3 epistasis group, the latter known to be involved in DNA excision 

repair (Cassier-Chauvat and Moustacchi 1988; Henriques and Brendel, 1990; Richter et 

al., 1992). SNMI is not an essential gene (Haase et al., 1989). Many radiation-sensitive 

Illutants are also cross-sensitive to chemicals of the mono- Of hi-functional alkylating type. 

A TBLASTN search with the S. cerevisiae SNM I protein sequence revealed a 

human cDNA and an Aspergillus I/iger equivalent for this gene. An example of the output 

file of the computer search representing the list with hits for SNM I is given in Figure 

3.6. The S. pOll/be equivalent has been identified and partially sequenced by Morimyo 

(personal communication, 1995). The human gene has been mapped to the region IOq24 

(Sijbers, unpub!. results). No mutants sensitive to crosslinking agents are known to be 

defective in this region of chromosome 10. Moreover, transfection of the gene to 

candidate rodent mutants did not correct their crosslink sensitivity (Sijbers and 

Zdzienicka, unpublished results). 
Smallest 

Sum 

Reading High Probability 
Sequences producing High-scoring Segment Pairs: Frame Score P(N} N 

emblZ47071lsC9375 S.cerevisiae chromosome XIII cosm ..• -2 3471 0.0 3 

emb1X64004!SCSNMl S.cerevisiae SNMI (PS02) gene +1 3471 0.0 1 

emb1X76917!SCSNM12TS S.cerevisiae snm 1-2 ts gene, tern .•• +2 1133 l.ge-IS0 1 

dbj ID420451 HUNKlAAI Human mRNA for ORF. >emblD420451H ... +1 106 3.2e-45 11 

emblA229741A22974 A.niger bphA gene +2 126 1.3e-30 5 

gblR137851R13785 yf61b07.rl Homo sapiens eDNA clan ... +2 106 0.00011 1 

gblu158011CAU15801 Candida albicans chitinase {cht3) ... +2 84 0.25 1 

Figure 3.6 
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P-values (Poisson) smaller than 10-1 represent significant homology (Altschul et al .• 1990). 

As can be concluded from the results table, the first six sequences represent significant 

homology, of which the first three are identical to the S. cer.evisiae query sequence. TIle 

left colwnHs of the table give the database containing the listed sequence file; emb (EMBL 

database). dbj (DNA Database of Japan) and gb (Genebauk). The next column specifies the 

unique sequence identifier. the accession number. In addition to the name, a brief 

description. the reading frame and statistical values (P) and (N) are given. Sequences are 

sorted from most statistically significant (lowest P-value) to the least statisticaHy significant 

(highest P-value), 



Identificatiou of a human DNA sequence with homology to the photoreactivating 

enzyme. 

Most species are thought to possess more than one pathway to ensure the repair of 

toxic and mutagenic UV photoproducts. Prokaryotes and eukaryotes have evolved a 

number of pathways to either remove or cope with CPOs and (6-4) PPs. These pathways 

include NER, BER, and PHR (reviewed in Friedberg el aI., 1995). 

Photoreactivation is a defence mechanism against ultraviolet light in living cells, in 

which photoreactivating enzyme (photolyase abbreviated as PHR) monomerizes UV

induced pyrimidine dimers. This section describes the identification of a human gene 

product highly homologous to the E.coli PHR enzyme. PHR genes are required for light

dependent photoreactivation and enhance light-independent excision repair of ultraviolet 

light (UV)-induced DNA damage (Sancar, 1990). This DNA repair mechanism was 

already present in the early period of evolution, as deduced from sequence similarities of 

the cloned photolyases of various organisms. 

Two classes of photolyases can be distinguished based on sequence homology 

(reviewed by Yasui el al., 1994). Class I members that have been ideutified are: 

Halobaclerilllll halobillm, Slreptomyces grisells, Escherichia coli, Salmol/ella Iyphimilrilllll, 

Saccharomyces cerevisiae, and the Nellrospora crassa photolyase. Examples of class II 

photolyases are identified from Drosophila me/allogasler, Olyzias lalipes (Killifish), 

Carassills allrallis (goldfish), Polorolls lridactylis (rat kangaroo), and the archae

bacterium MetlwIlobacteriu11l thermoautotrophicum. 

The A.lhalial/a, S.alba. and Chlamydomol/as reil/hardlii putative blue-light 

receptors have been shown to encode proteins with significant homology to classI 

photolyases (Ahmad and Cashmore, 1993; Malhotra el al., 1995; Small el al., 1995). 

This finding did shed a new light on the DNA photolyase/blue-light photoreceptor family, 

and suggests a new mechanism for signal transduction and opens the possibility that 

photolyases in addition to their role in repair might function as blue-light receptor. 

The photolyase enzyme consists of an apoenzyme and two chromophores. All 

characterized photolyases contain (reduced) FAD, which is the photochemically active 

chromophore, and a second chromophore. This can either be of the MTHF (5,10-

methenyltetrahydrofolate) type or 8-HDF (8-hydroxy-5-deazaflavin) type. The 1,5-

dihydrotlavin adenine dinucleotide (FADH,) chromophore plays a central role in the 

photolysis reaction. The enzyme binds to dimer-containing DNA independently of light 

and upon absorbing a 300-500 nm photon, breaks the carbon-carbon bonds linking 

adjacent C5 atoms and C6 atoms in the cyclobutane ring of the dimer and thus restores 
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dipyrimidines in the DNA (Sancar, 1990). Both A.tilalialla and S.alba blue-light receptors 

were shown to contain both FADH, and MTHF cofactors, however, no DNA repair 

activity in E.coli could be observed (Malhotra et al., \995). 

Using the class [ Allacystis lIidulalls photolyase protein sequence in a TBLASTN 

search, a human cDNA was identified, homologous to the class [ enzymes. 

Figure 3.7 depicts a partial alignment of the deduced amino acid sequence of the 

human cDNA equivalent to all cloned class [ photolyases. 

Figure 3.7 
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H.h. <. 
A.n. <. 
S.g. <. 
E. c. <. 
S. t. <. 
S. c. <. 
N.c. <. 
H.s. <. 

H.h. 
A.n. 
S.g. 
E. c. 
S. t. 
S.o. 
N.c. 
H.s. 

H.h. .> 
A.n. .> 
s. g. .> 
E.c. 
S. t. 
S. c. 
N.c. 
H. s. 

Partial alignment of Class I pbotolyases from different species. The amino acid sequences 

are given in the one letter code. Identical amino acids are presented by black boxes, 

whereas similar residues (A, S, T, and P; D, E. N, and Q; R, and K; I, L, M, and V; P, 

Y. and W) are given in gray boxes. Species are abbreviated as follows Halobacteriu11I 

haloh/um (H.b.), Allacystis nidulalls (A.n.), Streptomyces grisefls (S.g.), Escherichia coli 

(E.c.), Salmonella typhimuriulII (S.I.), Saccharomyces cerevisiae (S.c.), Neurospora crassa 

(N.c.), and the Homo sapiens (H.s.) photolyase. 



Alignment of different species photolyases enables the identification of common 

characteristics of photolyases in evolution and the determination of the conserved amino 

acid sequences essential for its enzymatic function. The high degree of sequence identity 

apparent from Figure 3.7 reflects an important common functional andlor structural 

domain and strongly suggests that the genes evolved from a common ancestral gene. The 

protein contains highly conserved tryptophane residues found in prokaryote and eukaryote 

PHR equivalents, present throughout the complete protein. However, these tryptophane 

residues are not part of highly conserved repeated units, known as WD-repeats as 

described by Neer ef al. (1994) and Gutjahr ef at. (1995). Recently, the three dimensional 

structure of the E.coli PHR enzyme has been resolved by X-ray-crystallography (Park ef 

al., 1995). Photolyases from prokaryotes, eukaryotes and archae-bacteria make essentially 

identical contacts with the DNA surrounding the dimer lesion (Park ef al., 1995). DNA 

photolyase acts specifically on the major UV photoproduct, cis-s)'1/ cyclobutyl pyrimidine 

dimers. 

The existence of a photolyase restricted to the aplacental mammals was previously 

demonstrated by cloning of the gene from POforo/ls fridactylis (Yasui ef al., 1994) and by 

functional studies done before. However, the presence of photoreactivating enzyme in 

placental mammals is highly controversial (Li ef at., 1993). Sutherland and Bennett 

(1995) identified photolyase activity in human white blood cells, as follow up studies of 

very early claims for existance of PHR activity in a variety of human cells. However, 

others were unable to reproduce these findings (Sancar, 1993) and provided evidence for 

absence of photoreactivation in placental mammals. However, the BLAST search 

mentioned above identified a human cDNA clone with clear overall homology to class I 

photolyases (Figure 3.7). Enzymatic studies should reveal whether this is a bonafide 

photolyase. Since cells in UV -unexposed internal organs, such as testis and brain, of 

higher organisms express this structural homolog of photolyase, this light-dependent 

enzyme may bear a second function. 
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XPE 

The third example of computer assisted sequence identification deals with the 

protein associated with xeroderma pigmentosum group E. Patients affected in this gene 

exhibit mild symptoms compared to other xeroderma pigmentosum complementation 

groups. Neurological abnormalities have not been observed in this subgroup of patients. 

Chu and Chang (1988) identified a nuclear factor that binds to DNA damaged by UV or 

cisplatin, that is absent in cells from complementation group E. The purification and 

characterization of this protein was reported by Hwang and Chu (1993) and Hwang el al. 

(1996). Moreover, the human 127 kD protein was identified and reported to show 

homology to a Diclyoslelium discoidellln (slime mold) gene product purified by Takao el 

at. (1993). Also Keeney el al. (1993) purified the human DNA damage-binding protein 

(DDBI), implicated in XPE, to near homogeneity from HeLa cells. DNA damage binding 

activity copurified with polypeptides of 124 and 48kD, two subunits respectively 

designated DDBI and DDB2 of a heterodimeric protein. Keeney el al. (1994) 

microneedle-injected the purified human DDB protein complex into XPE cells and showed 

that DNA repair was stimulated to normal levels in those XPE strains that lacked the 

DDB activity but not in cells from other xeroderma pigmentosum groups. These data 

strongly indicate that defective DDBI causes the repair defect in a subset of XPE 

patients, which in turn establishes a role for this activity in NER ill vivo. However, 

mutations in DDBI are not yet described that form the definite proof for this hypothesis. 

The gene encoding the large subunit (DDBI) is localized on human chromosome Ilql2-

q 13 whereas the small subunit was assigned to the II p II-p 12 locus (Dualan el at., 1995). 

The protein recognizes various forms of DNA damage, including cyclobutane pyrimidine 

dimers, 6-4 photoproducts, cisplatin adducts, and damage induced by nitrogen mustard 

(Payne and Chu, 1994; Reardon el al., 1993). 

The large subunit (DDBI) was used for a sequence comparison search and 

revealed both a yeast homolog and a second human gene. The TBLASTN result obtained 

with the human DDBI gene product is given in Figure 3.8. A few observations make this 

a very significant match. First, the occurrence of six sequence segments in the correct 

strand and in the correct order. Second, conserved residues in this yeast sequence are also 

conserved in the two C. elegalls equivalents that were identified in the same way. The 

yeast equivalent resides on yeast chromosome XlII (13L), and is being disrupted in order 

to see whether this causes a UV -sensitive phenotype (Lombaerts et al., unpublished 

results). Surprisingly, gene disruption revealed a lethal phenotype, indicating the gene is 

essential in S. cerevisiae. 
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HUMAN: 857 

HUMAN. 488 

HUMAN: 912 

HUMAN. 663 

HUMAN. 967 

HUMAN. 838 

Score = 119 (54.7 bits), Expect = 3.1e-06, Sum P(2) = 3.1e-06 

Identities = 311120 (25%), Positives = 57/120 (47%), Frame = +2 

KLQTVAEKEVKGAVYSMVEFNGKLLSAINSTVRLYEWTTEKELRTECNHYNNlMA 911 
KL+ + + V+ ++ F+G++L ++ +R+Y+ + +K LR N + 
KLEFLHKTPVEEVPAAIAPFQGRVLIGVGKLLRVYDLGKKKLLRKCENKHIANYI 662 

LYLKTKGDFILVGDLMRSVLLLAYKPMEGNFEEIARDFNPNWMSAVEILDDDNFL 966 
++T G ++V+D+ S + + YK E + A D P W+++ +LD D 

SGIQTIGHRVIVSDVQESFrwvRYKRNENQLIIFADDTYPRWVTTASLLDYDTVA 837 

GAENAFNLFV 976 
GA+ N+ V 
GADKFGNICV 847 

Score = 46 (21.1 bits), Expect = 3.1e-06, Sum P(2) = 3.1e·06 

Identities = 11129 (37%), Positives = 13129 (44%), Frame = +2 

HUMAN: 1084 PATGFIDGDLIESFLDISRPKMQEVVANL 1112 
P IDGDL E F + K ++V +L 

HUMAN: 1187 PVKNVIDGDLCEQFNSMEPNKQKNVSEEL 1273 

Figure 3.8 The top line indicates tbe query sequence human DDDi protein whereas the bottom line 

shows the hwnan eDNA encoding a second hWllan homolog of the large subunit. 

The newly identified human homolog tentatively designated DDBI-like was a 

complete randomly sequenced cDNA clone identified by Nomura and coworkers for 

genome sequencing purpose. Cytogenetic analysis has shown the second human homolog 

of XPE to reside on chromosome 16q22-16q23 as shown in figure 3.9. The duplication of 

the DDB I subunit might explain the relative mild symptoms of the XPE patients. It is 

very well possible that both human structural DDBI homologs are functionally redundant 

(van der Spek, unpublished results). 

To identify whether the DDB2 gene has also duplicated during evolution, another 

TBLASTN search was performed. Although no DDB2-like gene was found it was 

discovered that the DDB2 protein shares significant homology to the CSA protein. The 

recently cloned Cockayne syndrome group A gene encodes a WD-repeat protein and is 

claimed to interact with CSB protein and a subunit of RNA polymerase II TFIIH 

(Henning e( al., 1995). Both DDB2 and CSA proteins are made up of highly conserved 

repeating units ending with Trp-Asp (WD). Thusfar, all WD-proteins described are 

regulatory proteins involved in different processes such as cell division, cell-fate 

determination, gene transcription, transmembrane signalling, and mRNA modification. 

Figure 3.10 shows the overall homology for the human DDB2 and CSA proteins. 
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Figure 3.9 III sim hybridization of metaphase chromosomes with biotinylated DDBl~like eDNA probe. 

Based on morphology and banding patlem specific signal was observed on 16q22-16q23, 

panel (A). The Hoechst banding of the same metaphase is given on the right (B) panel. 

DDB2 
CSA 
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WL~FLS~1R~GLEDP!JilR[!3. [lJAE sfjmRVLbfr1?1D~jKru. (2D~:~ERIHt~,m· ........... tBDl 

DDB2 AOOp~LmpeRSI~R~LHQHK~R~WPSVQQGLQQSFLHTLm~YR~QKAAPFDmRATSL 
eSA N~L~Bm ..... ~B~RYM .. ~G~ .......•........ ~VI~YDLENSSmQ .... 
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.... t?Jyy~eKf3!.ieBJlm· ......... LaDmDVHm ..... YBh~B~"i~QUJYmHimGM~TSWF 

mGBT~QrnFK~·ruILR~ASS~NIWFCmLD~]SSR~T~DNV~N~I~L~.D~K'L 
mKBL~W~N~~TAD~NFB~YSHHMm·p~KHe~VmTRG~K~Q~e~KSmses 

WN~RMwruKK~TH~LN~CC~F~rnQT~ .......... ~VR~AmFLYSL 
HI~QGW-JJQEtJLAWWS[iRYmI~I!lSR I' RASGeLITLDr!JHNmK[BQAVES 

... [lIl]RHPmll!A!9f~l!tlt~ .. iE1l:ls '!:lRVYmAfj{~wi!lcP[~ ... !;1~I PH~ .... [IliQ 
ANTfi!IlNGKmL I Lfll!liiVG.m.m1'!MRi!WNSmNWJj. ruTL~YG~eNNl~KKGL~fiT 

DDB2 ... HL~IKAArnH~RYNLDv~.~R~DpmFKmCTPY'L~Jrn .. ~~mSGK~MCQLYrnp 
eSA VSeGernm.BFVt~VmYGSTDA~Y~V~GB~I.~MLKGHY~CC~~FQBWYSGSRl!lc 

DDB2 
CSA 

Ill. SIlIG!EIlI!N[lFN~Grn .. ijLAiljAm . C1]YHI LlilEI .. em. ' 'jlRTRK' 
WI LrJW~YmpVmD DIl1ET[ir KmQ~NIlfA F BDAImJS sLWm;J'" 

Figure 3.10 Sequence alignment of the DDD2 subunit and the CockaYlle syndrome A protein. Identical 

amino acid residues are presented in black boxes, whereas similar residues (A, S, T, P, 

and G; D, E, N, and Q; R, K, and H; I, L, V, and M; F, Y, and W) are given in gray boxes. 
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RAD9 

As indicated in Chapter II, cells of the S. cerevisiae rad9 mutant progress through 

mitosis without arresting the cell cycle to repair c1astogenic insults, and therefore die as a 

result of lethal chromosome damage. Detailed genetic analysis has revealed that the rad9 

mutant is a checkpoint control mutant (Hartwell and Weinert, 1989). A human gene 

product, that shares limited homology to two parts of the yeast RAD9 protein was 

identified as shown in Figure 3.10. Until now, no RAD9 homologs of other species have 

been identified. 

Score = 63 (28.4 bits), Expect = 1.4, Sum P(2) = 0.74 

Identities = 17/60 (28%), Positives = 26/60 (43%), Frame = +2 

YEAST: 116 PVMPTSLRMTRSATQAAKQVPRTVSSTTARKPVTRAANENEPEGKVPSKGRPAKN 175 
PV ++ TQ + T PVT + + EP VP + P+KN 

HUMAN, 444 PVFHSTGQTEEIKTQIINSPEQNALNATFETPVTLSRINFEPILEVPETSSPSKN 498 

YEAST, 211 VETKP 175 
+KP 

HUMAN: 499 TMSKP 503 

Score = 59 (26.6 bits), Expect = 1.4, Sum P(2) = 0.74 

Identities = 14/60 (23%), Positives = 32160 (53%), Frame = +2 

YEAST; 654 DDINTNKKEGISDVVEGMELNSSITSQDVLMSSPEKNTASQNSILEEGETKISQS 108 
++++T K +1 VB + + + Q+ L +SP K +++++E +K + 

HUMAN: 586 NELDTKKESTIMSEVE.LTQELPEVEEQQDLQTSPKKLVVEEETLMEIKKSKGNSL 640 

YEAST, 709 ELFDN 713 
+L D+ 

HUMANl 641 QLHDD 645 

Figure 3.10 Aliglilllent of the two homologous domains shared by the yeast RAD9 protein and a bwnan 

protein identified by sequence comparison. The randomly sampled full-length hwnan 

cDNA clone, derived from a human inmlature myeloid cell line KG-i, was sequenced and 

deposited in the DNA database of Japan with accession number 013633 (Nomura et at., 

1994). 

The human cDNA was cloned and mapped to human chromosome 14q21-14q22 

shown in Figure 3.11. However, no candidate mutants are known to be affected in this 

region except for the X-ray sensitive irslSF mutant. The gene defective in this mutant has 

recently been cloned and is distinct from this gene (Thompson, personal communication; 

1995). 
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Figure 3.11 Til situ hybridization of metaphase chromosomes with the biotinylated human cDNA probe. 

The arrowheads point to the region on chromosome 14q22-14q23 with a specific signal. 

(A) The ill situ hybridization result. (B) The Hoechst banding of the same metaphase. 

X-ray inducibility was checked and found to be not a conserved feature between S. 

cerevisiae rad9 and the human sequence (van der Spek, unpublished results). The same 

holds for a number of other genes that are damage-induced in S. cerevisiae but not in 

mammals such as RAD6, RAD23 and RAD54 as discussed in Chapter 2. 

The human cDNA is encoded by a 2.4 kb messenger RNA expressed specifically 

in testis, thymus and colon tissue (Nomura el al., 1994). Interestingly, elevated RNA 

expression was observed during S phase of the mitotic cell cycle (van der Spek, 

unpublished results). As with some other cell cycle regulatory genes, evolutionary 

diversification could be a likely explanation for the fact that RAD9 equivalents in other 

species have not to date been identifiable using degenerated primers or low stringency 

hybridization. Additionally, these two regions of homology were not found to be present 

in other proteins present in the database, excluding this is a general structural element 

present in many other proteins. Recently, the human gene product was found to have a 

second human homolog, that was identified as a partially sequenced EST with accession 

number T079 12. Whether the sequence homology extends in the not yet sequenced 

remainder of this gene remains to be clarified. Due to the very limited sequence 

homology to the S. cerevisiae RAD9 protein, it will be difficult to prove that these human 

gene products are functional equivalents of the yeast RAD9 gene. However, the stage

specific expression during the mitotic cell cycle in combination with the presence of the 

two conserved domains suggests a function in cell cycle control for the regions shown in 

Figure 3.10. 

84 



Detection of loosely defined functional domains 
In contrast to the approach of sequence comparison against a complete database to 

identify homologous sequences, particular DNA or protein sequences can be checked for 

the presence of precisely- or loosely-defined functional motifs or patterns. An example of 

a routine suitable for identification of specific well-defined domains is Prosite (Bairoch, 

1992). The cloning and sequencing of a gene permits detailed analysis of the function. 

The protein sequences derived from the different species have to be aligned optimally to 

determine conserved residues. From these alignments, it is sometimes possible to 

recognize or deduce patterns or motifs representing a particular function. This approach 

can provide crucial clues to the (putative) function of the gene product under 

investigation. Newly deduced domains can be used to compare to complete databases, to 

see whether they represent a common fold (domain) or a rare motif. The Prosite program, 

although powerful, has some limitations. Notably, the number of motifs in the dataset 

cannot be increased by the user. In other words, Prosite cannot be used to scan for amino 

acid sequences of interest to the operator. Likewise, rigid definition of motifs and 

domains in the Prosite routine restricts detection sensitivity. 

These disadvantages have been overcome by us with a program described here. 

This program allows the identification of more diverged and therefore loosely-defined 

motifs that are clustered in a particular order with variable inter-motif intervals. Figure 

3.12 shows the way in which motifs or domains can be defined, together with an example 

of the identification of the 'helicase' domains present in one of the class of SNF2-type 

helicases, the ERCC6 protein (Troelstra el 01., 1992). 

Figure 3.12A 
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Figure 3.12B 

Figure 3.12 
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MPNEGIPHSSQTQEQDCLQSQPVSNNEEMAIKQESGGDGEVEEYLSFRSVGDGLSTSAVG 
5 10 15 20 25 30 35 40 45 50 55 60 

CASAAPRRGPALLHIDRHQIQAVEPSAQALELQGLGVDVYDQDVLEQGVLQQVDNAlHEA 
65 70 75 80 85 90 95 100 105 110 115 120 

SRASQLVDVEKEYRSVLDDDTSCTTSLRQINKIIEQLSPQAATSRDINRKLDSVKRQKTIl 
125 130 135 140 145 150 155 160 165 170 175 180 

KEQQLKKITAKQKHLQAILGGAEVKIELDHASLEEDAEPGPSSLGSMLMPVQETAWEELI 
185 190 195 200 205 210 215 220 225 230 235 240 

RTGQMTPFGTQIPQKQEKKPRKIMLNEASGFEKYLADQAKLSFERKKQGCNKRAARKAPA 
245 250 255 260 265 270 275 280 285 290 295 300 

PVTPPAPVQNKNKPNKKARVLSKKEERLKKHIKKLQKRALQFQOKVGLPKARRPWESD~ 

305 310 315 320 325 330 335 340 345 350 ]55 ]60 

PEAEGDSEGEESEYFPTEEEEEEEDDEVEGAEADLSGDGTDYELKPLPKGGKRQKKVPVQ 
]65 ]70 ]75 380 385 390 395 400 405 410 415 420 

EIDDDFFPSSGEEAEAASVGEGGGGGRKVGRYRDDGDEDYYKQRLRRn~KLRLQDKEKRL 

425 430 435 440 445 450 455 460 465 470 475 480 

KLEDDSEESDAEFDEGFKVPGFLFKKLFKYQQTGVRWLWELHOQQAGGILGDEKGLGKTI 
485 490 495 500 505 510 515 520 525 530 5]5 540 

+ G OKT 
S 

QIIAFLAGLSYSKIRTRGSNYRFEGLGPTVIVCPTTVMHQWVKEFHTWWPPFRVAILHRT 
545 550 555 560 565 570 575 580 585 590 595 600 
+ ++ 0 + 0+ 

GSYTHKKEKLIRDVAHCHGILITSYSYIRliIQDDISRYDWlIYVILDEGHKIRNPNAAVTL 
605 610 615 620 625 630 635 640 645 650 655 660 

o ++++DE B 
D 

ACKQFRTPHRIILSGSPMQNNLRELWSLFDFIFPGKLGTLPV84EQFSVPITMGGYSNAS 
665 670 675 680 685 690 695 700 705 710 715 720 

++TAT 0 +0 
SGS 

PVQVKTAYKCACVLRDTINPYLLRRMKSDVKMSLSLPDKNEQVLFCRLTDEQHKVYQllFV 
725 730 735 740 745 750 755 760 765 770 775 780 

DSKEVYRILNGEMQIFSGLIALRKICNHPDLFSGGPKNLKGLPDDELEEDQFGYWKRSGK 
785 790 795 800 805 810 815 820 825 830 835 840 

MIVVESLLKIWHKQGQRVLLFSQSRQ~LDILEVFLRAQKYTYLKMDGTTTIASRQPLITR 

845 850 855 860 865 870 875 880 885 890 895 900 
F TOO 
Y S 

YNEDTSIFVFLLTTRVGQLOVNLTGANRVVIYDPDWNPSTDTQARERAWRIGQKKQVTVY 
905 910 915 920 925 930 935 940 945 950 955 960 
o 0 +++ TO+ 0 0+ 0 0 Q OR R 

S S ABBE 

RLLTAGTIEEKIYHRQIFKQFLTNRVLKDPKQRRFFKSNDLYELFTLTSPDASQSTETSA 
965 970 975 980 985 990 995 1000 l005 1010 1015 1020 

(A) Definition of the consensus sequences of the DNA and RNA helicase domains 

postulated by Gorbalenya et al. (1989); + represents hydrophobic (V, L, I, M, F, Y, W) 

amino acid residues, whereas 0 indicates charged or polar residues (S, T, D, E, N, Q, K, 

R). 

(B) Example of program OUtplit indicating the ERCC6 helicase region that contains the 

seven consensus motifs identified among two superfamilies of DNA and RNA helicases. 

The consensus sequences are given below the corresponding domains. 



The routine has been designed using the presumed and putative helicase family 

defined by Garbalenya el at. (1989) as a model. In the ERCC3 protein, an array of seven 

different domains occurs with variable spacing. Thus the program was made highly 

flexible and allows for example variations in the number of spacer amino acids between 

the domains. Functionality of the routine was shown by the identification of the helicase 

domains in the CSB/ERCC6 protein (described by Troelstra el al., 1992). 

The routine has an option to check any sequence of interest for numerous 

published consensus sequences of loosely defined motifs and domains in a single run. The 

advantages of this program can therefore be summarized as follows: 

I. The possibility to search for domains with loosely defined consensus sequences 

in which for each position within a domain one or more (or even a class of amino acids) 

can be defined (Figure 3.12A). 

2. The possibility to identify an array of different domains that belong together but 

which have variable inter-domain spacing in the sequence of interest. For example, linked 

domains occur in RNA polymerases, kinases and DNA polymerases (Figure 3.12B). 

Information concerning (frequently) occurring patterns, motifs, or common 

structures can be obtained by dividing the sequence into parts of about 50 amino acids. 

These short 'query strings' can be compared again to the Genbank and EMBL databases. 

Isolated regions of similarity, corresponding for instance to structural motifs or active 

sites, can be detected in this manner. Alternatively, checking the Prosite database can 

provide evidence far the presence of putative functional domains. Finally, a self 

comparison can be performed to detect the presence of internal homology within the 

sequence of interest. 

After performing BLAST searches and detection of significant homology, detailed 

analysis of homologous DNA and protein sequences using programs such as the NCB! 

Macaw algarithm can be highly informative. This multiple sequence alignment program 

compares limited amounts of homologous sequences (DNA or protein) and is meant for 

performing self comparisons (Schuler el al., 1991). This allows the user to locate 

conserved areas of aligned sequence segments of a variety of species in a single run. To 

indicate the significance of the matches found, an internal statistics option is available 

(Karlin and Altschul, 1990). Mathematical analysis can indicate which similarities are 

unlikely to have arisen by chance and therefore merit special attention. In this way, self 

comparison of Drosophila XPC protein using the NCB! Macaw algorithm revealed that an 

internal duplication of approximately 50 amino acids starting on residue 514 occurred 

three times as shown in Figure 3.13. The duplication, unique for Drosophila, does not 
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show any homology to particular domains or motifs previously identified (van der Spek, 

unpublished results), 

DmxPC 603 SLSSKLVEKSKHQKAHTSSKSDTSFDEKPSTSSSSKCLKEEYSELGLSK 651 
+LSSKLV KSK Q + +8 KSDTSF+E PSTSSSSK LKEE + L+ SK 

nmxpc 657 TLSSKLVLKSKNQSSFSSNKSDTSFEENPSTSSSSKSLKEETAKLSSSK 705 

Figure 3.13 Alignment of the duplicated region unique for the Drosophila XPC protein. TIle amino 

acid sequence is given in Ule one letter code. Identical amino acids are presented by black 

boxes, whereas similar residues (A. S, T, P; D, E, N. Q; R, K; I, L, V, M; F. Y,\V) are 

given in gray boxes. The Drosophila melollogaster XPC sequence with accession number 

Z28622 was described previously by Henning et al., (1994). 
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Significance and implications 

Most of the database sequence comparison programs produce an ordered list of 

imperfectly matching database similarities, but none of them need to have any biological 

significance. Therefore, correctly interpreting data obtained by sequence alignment is 

important for identifying sequences of interest for experimental study. A region of high 

similarity shared by two or more sequences might be evidence of evolutionary homology 

or of common function. Statistical methods for evaluating sequence patterns can be based 

on theoretical models or on permutation reconstructions of the observed data [Doolittle, 

1981; Karlin ef al., 1983; Fitch ef al., 1983; Altschul and Erickson, 1985; for a review 

on patterns in DNA and amino acid sequences and their statistical significance, see Karlin 

and Altschul (1990). For a general discussion of the meaning of scoring matrices, see 

Altschul (1991)). 

Many of the known human proteins may be members of families that include 

several genes with similar sequences, and presumably similar functions (Adams ef al., 

1993). Striking examples of this are the classes of RNA and DNA helieases (Gorbalenya 

ef al., 1989; Koonin, 1992; Thommes and Hubscher, 1992), and ubiquitin-conjugating 

enzymes (Qin ef al., 1991). 

Whenever "significant" sequence homology appears in comparisons between two 

species, the respective amino acid residues should be conserved in corresponding protein 

sequences of other species in order to be meaningful. All homologous segments should 

appear unidirectionally and in the correct order. The less frameshifts which occur, the 

more likely the result is of relevance. This is dependent on the quality of the EST 

sequences. Reciprocal comparison to the database should give similar results. 

Complementary DNA libraries may contain multiple truncated clones of the same gene, 

as weB as chimeric clones in an artificial manner derived from different genes. 

The statistieal values reported by the BLAST programs are dependent on numerous 

factors, including the scoring scheme employed, the residue composition of the query 

sequence, an assumed residue composition for a typical database sequence, and the query 

and database lengths. The scoring scheme is a matrix for similarity measures defining all 

possible pairs of residues. Identities and conservative replacements have positive scores, 

while unlikely replacements have negative scores. Local alignments are given a score, and 

computed as the sum of the scores for aligned pairs of residues, making allowance for 

gaps. More powerful routines are neccessary to detect weak similarities between strongly 

diverged sequences. The price of increased detection sensitivity is greatly increased 
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computation time (Voght and Argos 1992). The BLAST default settings are therefore a 

compromise between specificity and computation time. The Poisson P-value (probability 

in the range 0-1) is a function of its expected frequency of occurrence and the number of 

high scoring segment pairs (N) observed against the same database sequence with scores 

at least as high, as described by Karliu and Altschul (1990). Sequence similarities 

identified by the BLAST programs are considered statistically significant when the 

poisson p-value is < 0.01 see (Figure 3.6). The p-value is the probability of as high a 

score occurring by chance amongst the residues in the query sequence and in the 

database. However, statistical significance does not necessarily mean functional similarity. 

Matches reported by the BLAST algorithm can also indicate the presence of a conserved 

domain or motif, or simply a common protein structure pattern. Furthermore, diverged 

sequences may not be detected using BLAST or FASTA sequence comparison software. 

In conclusion 

Improvements in DNA sequencing techuologies have facilitated rapid progress in 

sequencing expressed genes in diverse organisms. The human EST sequence and mapping 

approach will provide a new resource for the analysis of the genome and for human gene 

discovery. The EST sequeuce data have been deposited in Genbank and the Genome 

DataBase linked to the OMIM database, all accessible via world wide web (Harper, 

1995). All clones are available from the American Type Culture Collection and via FTP 

(file transfer protocol) using the accession number of the particular clone. 

Within a few years, detailed information about gene expression, such as its timing 

and location, will be available for the estimated 50,000 to 100,000 humau genes. 

However, it is likely that the last part of the human genome project will become a 

difficult task because of the barrier of identifying lowly expressed genes. Libraries from 

more specific cell and tissue types are necessary to track down rare transcripts expressed 

only in specialized tissues. Sequence comparisons, like the ones described iu this chapter, 

can be of significant help in identifying the less conserved homologous genes in related 

species. Insight into coordinated gene expression during development and fundamental 

problems such as cancer will rapidly expand (Velculescu et al., 1995). Access to these 

data should have enormous impact on diagnostics, gene therapy and eventually, in general 

clinical medicine. To greatly expediate gene cloning by linkage analysis, it will be 

possible to more rapidly and precisely identify the location of the gene(s) responsible for 

an inherited disease or trait. 
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ABSTRACT 

Complementation gronp C of xeroderma pigmentosnm (XP) represents one of the 

most common forms of this cancer-prone DNA repair syndrome. The primary defect 

is located in the subpathway of the nucleotide excision repair system, dealing with 

the removal of lesions from the non-transcribing sequences ('genome-overall' repab·). 

Here we report the purification to homogeneity and subsequent cDNA cloning of a 

repair complex by ill vitro complementation of the XP-C defect in a cell-free repair 

system containing UV-damaged SV40 minichromosomes. The complex has a high 

affinity for ssDNA and consists of two tightly associated proteins of 125 and 58 kDa. 

The 125kDa subnnit is an N-telminally extended version of previously repOl1ed 

XPCC gene product which is thonght to represent the human homologue of the 

Saccharomyces cerevisiae repair gene RAD4. The 58 kDa species turned ont to be a 

human homologue of yeast RAD23. Unexpectedly, a second human counterpal1 of 

RAD23 was identified. All RAD23 derivates share a ubiquitin-like N-telminus. The 

natnre of the XP-C defect implies that the complex exerts a unique function in the 

genome-overall repair pathway which is impOl1ant for prevention of skin cancer. 

INTRODUCTION 

DNA repair plays a key role in the prevention of carcinogenesis and mutagenesis. 

Nucleotide excision repair (NER) is the principal pathway for eliminating a broad 

spectrum of structurally unrelated lesions such as ultraviolet (UV)-induced cyclobutane 

pyrimidine dimers and [6-4] photoproducts. as well as bulky chemical adducts and certain 

cross-links (for review see Friedberg. 1985). At least five steps can be discerned in the 

reaction mechanism of NER: damage recognition, incision of the damaged strand on both 

sides of the lesion (Huang et al., 1992), excision of the lesion-containing oligonucleotide, 

synthesis of new DNA using the undamaged strand as a template, and ligation, Although 

the molecular mechanism underlying NER is now well understood in the bacterium 
" 

Escherichia coli (Van Houten, 1990; Hoeijmakers, 1993a; Sancar and Hearst, 1993), the 

mechanism of NER in mammals has not yet been clarified, The high level of 

sophistication of the NER system is illustrated by the existence of distinct subpathways, 

One of these deals with the preferential elimination of lesions that thwart ongoing 

transcription (transcription-coupled repair), a second subpathway effects the slower repair 
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of the rest of the genome ('genome-overall' repair) (Hanawalt and Mellon, 1993). 

The association of a DNA repair defect with a human cancer-prone syndrome, 

xeroderma pigmentosum (XP) was first reported by Cleaver (1968). XP is a rare, 

autosomal recessive disease associated with a high incidence of sunlight-induced skin 

abnormalities including cancers (Cleaver and Kraemer, 1989). Coplementation tests by 

cell fusion have provided evidence for the existence of at least seven NER-deficient 

complementation groups: XP-A to XP-G. 

Another important category of mammalian mutants is the class of laboratory

induced, UV-sensitive rodent cell lines. At least 11 NER complementation groups have 

been identified (Riboni ef al., 1992; Collins, 1993). DNA-mediated gene transfer has led 

to the cloning of human genes that correct the mutations in rodent complementation 

groups. These human genes are named 'excision repair cross complementing rodent repair 

deficiency' (ERCC) genes, followed by a number referring to the corrected 

complementation group. With the exception of ERCC1 (van Duin ef al. 1989), all other 

cloned ERCC genes appeared to be also responsible for one of the XP defects or for one 

of the forms of another NER disorder, Cockayne's syndrome (CS). Thus ERCC2, 

ERCC3, ERCC5 and ERCC6 were found to be identical to the genes causing XP-D, XP

B, XP-G and CS-B, respectively (Weeda ef al., 1990; Fletjer ef al., 1992; Troelstra ef 

al., 1992; O'Donavan and Wood, 1993; for a recent review see Hoeijmakers, 1993b). 

Hence, a considerable overlap exists between the rodent mutants and the human disorders. 

In addition, phenotypic correction of XP-cells by genomic or cDNA transfection has 

resulted in the cloning of the genes implicated in XP-A (the XPAC gene, for XP-A 

correcting; Tanaka ef al., 1990) and XP-C (the XPCC gene; Legerski and Peterson, 

1992). 

Sequence analysis has revealed a striking evolutionary conservation. For all 

mammalian NER genes cloned to date, (presumed) yeast counterparts have been found 

(Hoeijmakers, 1993b; A. van Gool, C. Troelstra and J.H.J. Hoeijmakers, unpublished 

data). In Saccharomyces cel'evisiae a minimum of 11 distinct NER mutants has been 

identified, collectively designated the RAD3 epistasis group. The degree of similarity 

between the human and yeast genes strongly suggests that the NER pathways in both 

extremes of the eukaryotic spectrum are largely superimposable and mechanistically very 

related. However, for several yeast NER genes a mammalian equivalent is still lacking. 

Another powerful tool for unravelling the molecular mechanism of excision repair 

is an ill vifro system based on cell-free extracts capable of performing NER on a damaged 

naked DNA template. We have recently adapted this system originally developed by 

102 



Wood el al. (1988) and Sibghat-Ullah el al. (1989) to the use of SV40 minichromosomes 

(Sugasawa ef al., 1993); Masuitani el al., 1993). Using this system as an assay, we 

report here the purification to homogeneity of a 125 kDa XP-C correcting protein from 

HeLa cells, the cloning of the corresponding eDNA, as well as the co-purification and 

cDNA cloning of a tighly associated protein of 58 kDa. The latter turned out to be 

homologous to the yeast RAD23 NER protein, thus filling in one of the remaining gaps in 

the parallels between yeast and man. Interestingly, a second human homologue of 

RAD23 was identified as well. Both human homologues of RAD23 (designated HHR23A 

and HHR23B) harbour a ubiquitin-like N-terminal domain. The XPCC-HHR23B complex 

is suspected to play a selective role in the genome-overall NER subpathway, since the 

repair defect in XP-C is limited to the genome-overall system (Kantor el al., 1990; 

Venema ef aI., 1990, 1991). 

RESULTS 

Pllrificatioll of tlte xp-c correctillg proteill frolll HeLa cells 

A cell-free system for DNA repair was constructed in which UV-damaged SV40 

minichromosomes can be repaired during an incubation with extracts from human cells 

(Sugasawa ef al., 1993). The system contains UV-irradiated or unirradiated SV40 

minichromosomes as well as unirradiated pUC19 supercoiled DNA. The following 

evidence indicates that DNA synthesis with UV-irradiated chromosomes is due to excision 

repair of UV-induced damage: (i) it is defective in extracts from all excision- deficient XP 

complementation groups, (ii) it is stimulated by the addition of T4 endonuclease V to XP 

extracts, (iii) it is complemented by mixing XP cell extracts of different complementation 

groups, (iv) it is complemented by the addition of purified XP-A complementing (XPAC) 

gene product to XP-A cell extracts, and (v) it is inhibited by the addition of antiserum 

raised against XPAC protein to repair-proficient cell extracts (Masutani el al., 1993). 

One important use of cell-free systems is for fractionation and biochemical 

identification of factors involved in the reactions. We used our cell-free DNA repair 

system for purification of a protein that corrects DNA repair defects of XP-C cell 

extracts. Activity that complements the repair defect of XP4PASV (group C) cell extracts 

lVas assayed in the cell-free system. XP-C complementing activity lVas detected in nuclear 

extracts from HeLa cells and purified by successive column chromatographies on 

phosphocellulose, single-stranded DNA - cellulose, FPLC CM cosmogel and FPLC Mono 
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Q (HR5/5) (for details see Materials and methods). The XP-C correcting activity bound 

strongly to a single-stranded DNA - cellulose column (being eluted between 0.6 and 1.5 

M KCl). suggesting that the protein associates with DNA in cells. The purification 

procedure yielded a good recovery of the activity and ~ 2000 fold increase in its activity 

over that of the starting material (Table I). 

Table I Purification of XP-C correcting protein from HeLa cells. 

Protein (mg) Activity (units) Specific activity (U/mg) Purification (fold) 

Nuclear extract 1390 38 t60 27.5 

Phosphocellulose 634 22360 35.3 1.28 

ssDNA cellulose 1.86 15680 8430 306 

eM cosmogel 0.40 14250 35625 1295 

MonoQ 0.23 12780 55565 2020 

After FPLC Mono Q column chromatography. two polypeptides with apparent 

molecular masses of 125 and 58 kDa (p125 and p58) were detected by SDS-PAGE 

(Figure I). 

HeLa cells 

t 
1. nuclear extract 

t 
2. phosphocellulose 

t 
3. ss DNA cellulose 

t 
4. eM cosmogel 

t 
5. MonoQ 

200K-

116K-
97K-

66K-

43K-

M 1 

Fig.I. Purification of the xp~c correcting protein from HeLa cells. 

2 3 4 5 

-125K 

TIle purification scheme is shown on the left. A sample at each purification step (indicated by numbers) was 

subjected to 5DS-PAGE (8% polyacrylamide) and stained with silver. TIle marker proteins used were 

myosin, Jl-galaclosidase, phosphorylase B, bovine semm albumin and ovalbumin (lane M). 
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As shown in figure 2A, the XP-C correcting activity was eluted from a Sephacryl 

S-300 column at a position corresponding to a molecular weight of 500-550 kDa as 

estimated by a linear extrapolation. The two polypeptides were co-eluted with the activity 

(Figure 2B), indicating that these polypeptides form a physical complex and are associated 

with the XP-C correcting activity. Although the estimated molecular weight is much 

bigger than the sum of 125 and 58 kDa, it is unlikely that it is due to the protein 

aggregation, because we employed the gel filtration in the presence of 0.3 M KCI, 10% 

glycerol and 0.01 % Triton X-100. In fact, the activity sedimented at 6.2S (Figure 2C) on 

glycerol density gradient centrifugation under the same solution condition as in the gel 

filtration except for the various concentrations of glycerol. Again the p125 and p58 

polypeptides co-migrated with the activity (Figure 2D). The molecular weight of the p125 

- p58 protein complex was estimated to be 110 kDa from the sedimentation position in the 

glycerol gradient, much smaller than that predicted from the results of gel filtration 

analysis and even smaller than the sum of 125 and 58 kDa, suggesting that the XP-C 

correcting protein is laminar in shape. We note that neither of the two proteins has the 93 

kDa molecular weight predicted for the XPCC gene product, encoded by the cDNA 

cloned recently by Legerski and Peterson (1992). The purified XP-C correcting protein 

was tested for various enzymatic activities. No detectable DNA polymerase, DNA 

helicase, DNA ligase, DNA exonuclease or DNA endonuclease activity with UV

irradiated or unirradiated DNA was found under the conditions described in Materials and 

methods. 

Specificity of complemelltatioll by tile XP-C correctillg proteill fractioll 

The specificity of the activity of the p 125 - p58 protein preparation to complement defects 

of XP-C cell extracts was examined. Addition of 10 ng of the purified XP-C cells 

(XP4PASV and XP3KA) induced a correction of the UV-specific repair synthesis to a 

level comparable with that of a repair-proficient cell extract (Figure 3A and B). In 

contrast, no significant increase in UV-dependent incorporation in the SV40 

minichromosomes was observed in cell-free extracts from any of the six remaining 

excision-deficient XP complementation groups (Figure 3B). 
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Fig.2. Physical properties of the XP-C correcting protein. (A) Purified XP-C correcting protein was 

subjected to Sephacryl $-300 colUlllll chromatography and rue XP-C correcting activity in eluted fractions 

was assayed as described ill Materials and methods. TIle incorporation of radioactive materials into UV

irradiated mini-chromosomes was quantified. TIle positions of elution of marker proteins (thyroglobulin, 

ferritin, catalase and bovine serum albwnin) fractionated under identical conditions are indicated by their 

molecular weights. (B) Samples (20,11) of fractions around the peak of activity in panel A were subjected to 

SDS-PAGE (8% polyacrylamide) and stained with silver. (C) Purified XP-C correcting protein was 

subjected to glycerol density gradient centrifugation and assayed for XP-C correcting activity. The 

sedimentation positions of marker proteins in a parallel gradient are indicated. (D) Samples (20 It! of 

fractions in panel C were subjected to SDS-PAGE (8% polyacrylamide) and stained with silver. 
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Fig.3. Specificity of complementation by p125-p58 xp-c correcting protein. (A) Dose-response of XP-C 

correction. UV-irradiated (closed circles) or wtirradiated (open circles) SV40 millichromosomes were 

incubated in standard reaction mixtures with XP4PASV cell extracts with increasing amounts of the p125-

p58 protein complex. TIle incorporation into minichromosomes was quantified. (B) Complementation group 

specificity. UV-irradiated SV40 mini-chromosomes were incubated in the standard reaction mixture in the 

presence (even numbered lanes) or abseuce (odd numbered lanes) of the p125-p58 protein complex (IO ng) 

with 80 I,g of protein of 293 (lanes I and 2), XP20SSV (XP-A) (lanes 3 and 4), CRLl99 (XP-B) (lanes 5 

and 6), XP4PASV (XP-C) (lanes 7 and 8), XP3KA (Xp·C) (lanes 9 and 10), XP6BESV (XP-D) (Janes II 

and 12), XP2RO (XP-E) (lanes 13 and 14), XP2YOSV (XP-F) (lanes 15 and 16) or XP3BRSV (Xp·G) 

(lanes 17 and IS) cell extracts. Purified DNA products were linearized with EeoRl and then subjected to 1 % 

agarose gel electrophoresis as described in Materials and methods. An autoradiogram of the gel is shown. 

Although a higher level of DNA synthesis was observed with pUC19 plasmid DNA and the XP3KA cell 

extract than with olher extracts, it must be an independent phenomenon from the repair event because the 

synthesis did not change on addition of p12S-pSS protein complex in spite of the increase on addition of 

UV-irradiated chromosomes (lanes 9 and 10). 
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Isolatio/l of tlze eDNA e/leodi/lg tlze p125 subu/lit 

To clone the eDNA for the p125 - p58 protein complex, the two polypeptides were 

separated from each other by gel filtration in the presence of guanidine-HCI (separation 

under physiological conditions failed. CNBr cleavage yielded completely different peptide 

profiles for the two proteins. Thus it is unlikely that p58 is a proteolytic product of the 

p125 subunit (data not shown). One partial amino acid sequence of p125 and two of p58 

were determinied, none of which matched with the predicted amino acid sequence of the 

previously cloned XPCC gene. The sequence of p 125 was > 50 amino acids in lenght. 

Since the same sequence was obtained for the undigested pl25 polypeptide, it represents 

the N-terminal sequence of p125. 

To prepare a DNA probe for screening cDNA libraries, two sets of 

oligonucleotide mixtures were synthesized according to the determined amino acid 

sequence of pl25 (see Materials and methods) and used for the RT-PCR with poly(A)+ 

RNA from HeLa cells. A PCR product of the expected length (132 bp) and nucleotide 

sequence was obtained and used for screening a AgtlO cDNA library prepared from HeLa 

cells. A positive clone with a 3.6 kb insert was obtained and its complete nucleotide 

sequence was determined (Figure 4). The first ATO, preceded by an in-frame stop codon, 

initiates an open reading frame (ORF) encoding 940 amino acids. The N-terminal part 

was entirely consistent with the experimentally determined partial amino acid sequence. In 

view of the different N-terminus, it was unexpected that at position 266 the sequence was 

found to be identical to the reported sequence for the XPCC gene (Legerski and Peterson, 

1992). The predicted amino acid sequence of the pl25 polypeptide was joined in-frame 

with the deduced ORF of the XPCC protein. As a result, there were 117 additional amino 

acids at the N-terminus of the XPCC protein and the calculated molecular mass increased 

from 93 to 106 kDa. Therefore, the deduced product of the reported XPCC gene is 

probably part of the pl25 protein truncated in the N-terminal region. We infer that the 

pl25 polypeptide represents the full-length XPCC gene product. 

Legerski and Peterson (1992) reported that the putative XPCC protein shares 

limited homology with the RAD4 gene product of S. cerevisiae. We could not find any 

significant additional homology with RAD4 or other proteins or any functional motifs in 

the newly identified N-terminal region of the p125. 
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TCGAAGGGGC GTGGCCAAGC GCACCGCCTC GGGGCGGGGC CGGCGTTCTA GCGCATCCCG GCCGGGTGCG TCACTCGCGA AGTGGAATI'T 
GCCCAGACAA GCAACATGGC TCGGAAACGC GCGGCCGGCG GGGAGCCGCG GGGACGCGAA CTGCGCAGCC AGAAATCCAA GGCCAAGAGC 

HA RKR 11.11.00 EPR GRE LRSQ KSK AKS 
AAGGCCCGGC GTGAGGAGGA GGAGGAGGAT GCe-ITroAAG ATGAGAAACC CCCAAAGAAG AGCCTICTCT CCAAAGTTI'C ACAAGGAAAG 
KARR EEE EED AFEO EKP PKK SLLS KVS QGK 
AGGAAAAGAG GCTGCAOTCA TCCTGGGGGT TCAGCAOATG GTCCAGCAAA AAAGAAAGTG GCCAAGGroA CTGTIAAATC TGAAAACCTC 
RKRG CSH PGO SADG PAK KKV AKVT VKS BNL 
AAGGTrATM AGGATOAAGC CCTCAGCGAT GGGOATGACC TCAGGGACTI' TCCAAGTGAC CTCAAGMGG CACACCATCT GAAGAGAGGG 
KVIK OEA LSD GOOL ROF PSD LKKA HHL KRG 
GCTACCATGA ATGAAGACAG CAATGAAGAA GAGGAAGAAA GTGAAAATGA TIGGGAAGAG GTroAAGAAC TTAGTGAGCC TGTGCTGGGT 
ATHN EDS NBE EEES END WEE VEEL SEP VLG 
GACGTIlAGAG AAAGTACAGC CTICTCTCGA TCTCTTCTGC CTGTGAAGCC AGTGGAGATA GAGATIGAAA CGCCAGAGCA GGCGAAGACA 
DVRE STA FSR SLLP VKP VEl EIET PEQ AKT 
AGAGAAAGAA GTGAAAAGAT AAAAe-TGGAG TI'TGAGACAT ATCTI'CGGAG GGCGATGAAA CGTrICAATA AAGGGGTCCA TGAGGACACA 
RERS EKI KLE FETY LRR AHK RFNK GVH EDT 
CACAAGGITC ACCTrCTCTG CCTGCI'AGCA AATGGCTI'CT ATCGAAATAA CATCTGCAGC CAGCCAGATC TGCATGCTAT TGGCCTGTCC 
HKVH LLC LLA NGFY RNN ICS QPOL HAl GLS 
ATCATCCCAG CCCGC'ITTAC CAGAGI'GCTG CCTCGAGATG TGGACACCTA CTACCTc-TCA AACCTGGTIlA AGTGGTI'CAT TGGAACATI'T 
IIPA RFT RVL PRDV DTY YLS NLVK liFI GTF 
ACAGITAATG CAGAACTrIC AGCCAGTGAA CAAGATAACC TGCAGACTAC A'ITGGAAAGG AGATl'TGCTA TTTACTCT(JC TCGAGATOAT 
TVNA ELS ASE QDNL QTT LER RFAI YSA ROD 
GAGGAATTGG TCCATATA'IT CTTACTGATT CTCCGGGCTC TGCAGCTC'IT GACCCGGe-TO GTATTGTCTC TACAGCCAAT TCCTCTOAAG 
EELV HIP LLI LRAL QLL TRL VLSL QPI PLK 
TCAGCAACAG CAAAGGGAAA GAAACCTICC AAGGAAAGAT TGACTGCGGA TCCAGGAGGC TCCTCAGAAA CTrcCAGCCA AGTI'CTAGAA 
SATA KGK KPS KERL TAD PGG SSEI' SSQ VLE 
AACCACACCA AACCAAAGAC CAGCAAAGGA ACCAAACAAG AGGAAACCTT TGCTAAGGGC ACCTGCAGGC CAAGTGCCAA AGGGAAGAGG 
NHTK PKT SKG TKQE ETF AKG TCRP SAK GKR 
AACAAGGGAG GCAGAAAGAA ACGGAGCAAG CCe-TCCTeCA GCGAGGAAGA TGAGGGCCCA GGAGACAAGC AGGAGAAGGC AACCCAGCGA 
NKGO RKK RSK PSSS EED EGP GDKQ EKA TQR 
CGTCCGCATG GCCGGGAGCG GCGGGTOGCC TCCAGGGTGT CTTATAAAGA GGAGAGTGGG AGroATGAGG CTGGCAGCGG CTCTGATT'IT 
RPHG RER RVA SRVS YKE BSG SDEA GSG SDF 
GAGCTCTCCA GTGGAGAAGC CTCTOATCCC TCTOATGAGG ATI'CCOAACC TGGCCCTCCA AAGCAGAGGA MGCCCCCGC TCCTCAGAGG 
ELSS GEA SOP SDED SEP GPP KQRK APA PQR 
ACAAAGGCTIl GGTCCMGAG TGCCTCCAGG ACCCATeGTG GGAGCCATCG TAAGGACCCA AGCTIGCCAG TGGCATCCTC AAGCTCTI'CA 
TKAG SKS ASR THRG SHR KDP SLPV ASS SSS 
AGCAGTAAAA GAGGCAAGAA AATGTGCAGC GATGGTGAGA AGGCAGAAAA AAGAAGCATA -GCTGGTATAG ACCAGTGGCT AGAGGTGTIC 
SSKR GKK MCS OGEK AEK RSI AGIO QWL EVF 
TGTGAGCAGG AGGAAAAGTG GGTATGTOTA GACTGI'GTGC ACGGTG-TGGT GGGCCAGCCT CTGACCTGTT ACAAGTACGC CACCAAGCCC 
CEQE EKW VCV DCVH GVV GQP LTCY KYA TKP 
ATGACCTATG TGGTGGGCAT TGACAGTGAC GGC-TGGGTCC GAGATGTCAC ACAGAGGTAC GACCCAG-TeT GGATGACAGT GACCCGCAAG 
HTYV VGI DSD GWVR OVT QRY DPVW MTV TRK 
TGCCGGGTIG ATGCTGAGTG GTGGGCCGAG ACCTTQAGAC CAI'ACCAGAG CCCATITATG OACAGGGAGA AGAAAGAAGA C'ITGGAGTI'T 
CRVO AEW WAE TLRP YQS PFM DREK KED LEF 
CAGGCAAAAC ACATGGACCA GCcrrrGCcc Ac-roCCATIG GC'ITATATAA GAACCACCCT CTGTATGCCC TGAAGCGGCA TCTCCTGAAA 
QAKH MOQ PLP TAIG LYK NHP LYAL KRH LLK 
TATGAGGCCA TCTATCCCGA GACAGCTGCC ATCCTTGGGT ATIGTCGTGG AGAAGCGGTe TACTCCAGGG ATTGTOI'GCA CACTCTGCAT 
YEAI YPE TAA ILGY CRG BAV YSRD CVH TLH 
TCCAGGGACA CGTGGCTGAA GAAAGCAAGA GI'GGTGAGGC TrGGAGAAGT ACCCTACAAG ATGGTOAAAG GCTITTCTAA CCGTGCTCGG 
SROT WLK KAR VVRL GBV PYK HVKG FSN RAR 
AAAGCCCGAC TTGCTGAGCC CCAGCTGCGG GAAGA1i.MTG ACCTGGGCCT GTITGGC1'AC TGGCAGACAG AGGJ\.GTATCA GCCCCCAGTG 
KARL AEP QLR EBUD LGL FGY WQTB EYQ PPV 
GCCGTGGACG GGAAGGTGCC CCGGAACGAG TITGGGAATG TGTACCTCTI' CCTGCCCAGC ATGATGCCTA TI'GGCTGTGT CCAGCTGAAC 
AVOG KVP RUE FGNV YLF LPS }lMPI GCV QLU 
CTGCCCAATC TACACCGCGT GGCCCGCAAG CTGGACATCG ACTGI'GTCCA GGCCATCACT GGCTITGA'IT TCCATGGCGG CTACTCCCAT 
LPUL HRV ARK LDID CVQ AIT aFDF HGG YSH 
CCCGTGACTO ATGGATACAT CGTCTGCGAG GAATTCAAAG ACGTGCTCCT GACTGCCTGG GAAAATGAGC AGGCAGTCAT TGAAAGGAAG 
PVTD GYI VCE EPKD VLL TAW ENEQ AVI ERK 
GAGAAGGAGA AAAAGGAGAA GCGGGCTCTA GGGAACTGGA AGTIGCTGGC CAAAGGTCTG CTCATeAGGG AGAGGCTGAA GCGTCGCTAC 
EKEK KEK RAL GUWK LLA KGL LIRE RLK RRY 
GGGCCCAAGA G-TGAGGCAGC AGCTCCCCAC ACAGATGCAG GAGGTGGACT CTCTI'CTGAT GAAGAGGAGG GGACCAGCTC TCAAGCAGAA 
GPKS EAA APH TDAG GGL SSD BEEG TSS QAE 
GCGGCCAGGA TACTGGCTGC CTCCTGGCCT CAAAACCGAG AAGATGAAGA AAAGCAGAAG CTGAAGGGTG GGCCCAAGAA GACCAAAAGG 
AARI LAA SWP QNRE DEE KQK LKGG PKK TKR 
GAAAAGAAAG CAGCAGCTIC CCACCTGrI'C CCATl'TGAGA AGCTGTOAGC TGAGCGCCCA CTAGAGGGGC ACCCACCAGT TGCTGcrocc 
BKKA AAS HLF PFEK L" 
CCACTACAGG CCCCACACCT GCCCTGGGCA TGCCCAGCCC CTGGTGGTGG GGGGTTCTCT GCTQAGAAGG CAAAC-TGAGG CAGCATGCAC 
GGAGGCGGGG TCAGGGGAGA CGAGGCCAAG CTGAGGAGGT GCTGCAGGTC CCGTCTGGCT CCAGCCCTIG TeAGATI'CAC CCAGGGTGAA 
GCCTTCAAAG CT'ITI"fGCI'A CCAAAGCCCA CTCACCCTTT GAGCTACAGA ACACITroCT AGGAGATACT CTICTGCCTC CTAGACCTGT 
TCTI'TCCATe TTTAGAAACA TCAGTITl'TO TATGGAAGCC ACCGGGAGAT TI'CTGGATGG TGGTGCATCC GTGAATGCGC TGATCGTl"fC 
TI'CCAGTTAG AGTCTTCATC TGTCCGACAA GTTCACTCGC CTCGGTTGCG GACCTAGGAC CATITCTCTIl CAGGCCACTT ACCTTCCCCT 
GAGTCAGGCT TACTAATGCT GeCCTCACTG CCTCTTTGCA GTAGGGGAGA GAGCAGAGAA GTACAGGTCA TCTGCTGGGA TCTAGTTI'i'C 
CAAGTAACAT TITGTGGTGA CAGAAGCCTA AA.AAAAGCTA AMTeAGJ\. 
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Fig.4. Nucleotide and predicted amino acid sequence of the p125IXPCC. Top numbers on the right are 

those of nucleotide residues and lower ones (in parentheses) are those of amino acids. A tenllination codon, 

TAG, in the 5' untranslated region is boxed. Two circled meLhionines are putative initiation codons for the 

p125 of the xp-c correcting protein and the previously reported XPCC protein (Legerski and Peterson, 

1992), respectively. The arrow indicates the start position of the reported sequence. The asterisk indicates 

the temlination codon, TGA, for this ORF. Doubly underlined amiuo acids represent a peptide sequence 

derived from the purified pl25 polypeptide. Boxed nucleotides (nucleotide positions:286, 1601, 2166 and 

3024) are different from those in the sequence reported by Legerski and Peterson (1992). The GenBank 

accession uwnber for human XPCC (pI25) is D21089. 
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Clol/il/g al/d seql/el/ce al/alysis of Ilze cDNA el/codil/g Ilze p58 sl/blll/it 

To obtain a cDNA clone for the p58, an oligonucleotide mixture was synthesized 

according to one of the two determined amino acid sequences of p58 (see Materials and 

methods) and was used for screening a AgtlO cDNA library prepared from HeLa cells. A 

positive clone with a 2.9 kb insert was obtained and its complete nucleotide sequence was 

determined (Figure 5). 

TAGCGATTCC CTGC'ITGTCT CGCCGACCCC CTCGCGCCrr CTGCAGACTC COTGGCTGGe GcreGGe-GCG TGAGGAAGCA CGGCGGCCCG 
AG1TCGCGGG GAAGGCCGCA GTCGCGGAGG CAGCGGCGC(l GITCGGGGCA CGGCCTGCGO GAGAGGCCGC TCCGCTOGGC GAATGTOACA 
AGecceCAce CCCACCGCCT TCCTCCCCAG AGCGCGAGGA (lCGCGGGCGA CCCCGGGGCC CCGCCAGGCC ACAGACCCCG CeCAGCGGee 
AGCACCCGGC GeAGGCCCGG CAGCCOAGCT GCGCGGCGGC ACCATGCAGG TCACCCTGAA GACCeTCCAG CAGCAGACCT 7:CAAGATAGA 

HQV TLK TLQ QQTF KID 
CATroACCCC GAGGAGACGG TGAAAGCACT GAAAOAGAAG A'ITOAATCTG AAAAGGGGAA AGATGCCTIT CCAGTAGCAG GTCAAAAATT 
lOP EETV KAL K£K lESE KGK OAF PVAG QKL 

AATTTATGCA GGCAAAATCC TCAATOATOA TACTGCTCTC AAAGAATATA AAATIGATOA (JAAAMCTIT OTGGNOITA TGGTGACCAA 
IVA OKIL NDD TAL KEYK IDE KIIF VVVH VTK 

ACCCAAAGCA GTGTCCACAC CAGCACCAGC TACAACTCAG CAGTCAGCTC CTGCCAGCAC TACAGCAGTT ACTI'1:CTCCA CCACCACAAC 
PKA VSTP APA TTQ QSAP AST TAV TSST TTT 

TGTGGCTCAG GCTCCAACCC CTGTCCCTGC CTTGGCCCCC ACTI'1:CACAC CTGCATCCAT CACTCCAGCA TCAGCGACAG CATCTICTGA 
VAQ APTP VPA LAP TSTP AS I TPA SATA SSE 

ACCTGCACCT GCTAGTGCAG CTAAACAAGA GAAGCCTGCA GAAAAGCCAG CAGAGACACC AGTGGCTACT AGCCCMCAG CAACTGACAG 
PAP ASAA KQE KPA EKPA ETP VAT SPTA TOS 

TACATCGGGT GATICITCTC GGTCAAACCT TJ.'TTGMGAT GCMCGAGTG CAC'ITOTGAC GGCTCAGTCT TACGAGAATA TGGTAACTGA 
TSG OSSR SNL FED ATSA LVT GQS YENH VTE 

GATCATGTCA ATGGGCTATG AACGAGAGCA AGTAATIGCA GCCCTGAGAG CCAGTI'TCM CMCeCTGAC AGAGCAGTGG AGTATCTITI' 
IHS HGYE REQ VIA ALRA SFN NPO RAVE YLL 

MTGGGMTC CCTGGAGATA GAGAMGTCA GGCTGTGGIT GACCCCCCTC MGCAGCTAG TACTGGGGCT CCTeAGTCIT CAGCAGTGGC 
HGI PGOR ESQ AVV DPPQ AAS TGA PQSS AVA 

TGCAGCTGCA GCAACTACGA CAGCAACAAC TACMCMCA AGTI'CTGGAG GACATCCCCT TGAATrrITA CGGAATCAGC CTCAGTITCA 
AAA ATTT ATT TTT SSGG HPL 8FL RNQP QFQ 

ACAGATGAGA eAAATTATI'1: AGCAGAATCC TrceTIGCTT eCAGCGTIAC TACAGCAGAT AGGTCGAGAG AATCCTCAAT TACTI'1:AGCA 
QHR QIIQ QNP SLL PALL QQI GRE NPQL LQQ 

AATTAGCCAA CACCAGGAGC ATTI'TATICA GATGTTAMT GAACCAGTIC AAGAAGCTGG TGGTCAAGOA GGAGGAGGTG GAGGTGGCAG 
ISQ HQEH FIQ HLN EPVQ EAG GQG GGGG GGS 

TGGAGGAATT GCAGAAGCTG GAAGTGGTCA TAT{JAACTAC ATICAAGTAA CACCTCAGGA AAAAGAAGCT ATAGAAAGGT TAMGGCATT 
GGI A8AG SGH HNY IQVT PQE KEA IERL KAL 

AGOATITCCT GAAGGACTTG TGATACAAGC GTATTIT'GCT TGTGAGAAGA ATGAGAA'ITT GGCTGCCMT TITCTICTAC AGCAGAACTT 
GFP BGLV IQA YFA CBKN ENL AAN FLLQ QllF 

TGATGAAGAT TGAAAGGGAC TI'T'I'TTATAT CTCACACTl'C ACACCAGTGC ATTACACTAA C'ITO'ITCACT GGATTGTCTO GGATGACTTG 

" , " 
GGCTCATATC CACAATACTT GGTATAAGGT AGTAGATTGT TGGGGGTGGO GAGGGAGGOA TCTAGGATAC AGGGCAGGOA TAMTACAGT 
GCATGTCTGC TTCAATTAGC AOATGCCGCA ACTCCACACA GTGTGTAAAl\ TATATACMC CAAAAATCAG CTITTGCAGG TCTTTATTTC 
'ITCTOTAAAA CAGTAGGTAA CTI'TI'CCTAG GlTICACTCT Tl"ITAGroTA CTAGATCCAG AMCTIAGTG TAATGCCCTG CTTI'ATATAT 
crrroACTTA ACATIGGTTI.' CAGAAAOAAT CITAGCTACC TAGAATITAC AGTe-Tc-TGlT TCATGGCAAC ACTOGATAAT GGCTTTGTGA 
AA'ITTAAAAA ATrrITGTAG CGACT{JTAAA CAGAAATGCC AAATTGATGG TTAATTGITG CTOCTICAAA AATAAGTATA Al\ATTAATAT 
GTAAGOAAGC CCATIC1TI'C ATGTTAAATA CGGGGGGTGG OAGGGGAOAA AGGQAACCIT TI'1:TTAAMT GAAAATAATT ACTOCTATTT 
TAAAA1TTCT TGATCATTGA ATGTGAGACC CTI'1:TMCAT GA'ITTGAGAA GCTGTACAAG TATAGGCAGA G'ITATI'TTCC TGTITACATT 
TI'TI'TI"ITGT TITGGGGAAA AAATIQGTAG GTGTCTAATT ACTGI'TTACT TCATrG'ITAT ATTGCAGTAA AAGTrI'TAAA ACMCCATIG 
CATGTI"1'GCT TTTGATGTAT CeC'lTTGroA AATTAGCACT 'ITTGGGGCCA ATGGAGAAAT GCAGCA'ITCA CTCTCCCTOT CTI'TTCCCCT 
TCCCTCAGCA GAMCGTGTT TATCAGCAAG TCGTGAGTCA AACTGCTGCC TrITAAAAAA CCCACAAAAT GcroATI'1:AG TICAAAATTA 
ATGCMATGT TICAAAACTG GGTITCTGAT ATITGTAAAT GTGI'TTCTIT ATTAGATAAG AG'IGTATTAC CATTAAAGTC ATTAGTATAA 
TATTGCTITC J>.AAMGAAAT GGTAGACAAA ACTATAATCC AGCATCTTI'T ATTGCATTGG AAAGACTGGC AAAGTCITTT GOATGGGrrQ 
GGAGATGTGG CTOOAAAGTA CTITGGAAAA TATACAATCA AGATATCTCA TGGCATATTA AAAGAAAAAT CTTAATAGCA GTGTTGGC'IT 
TTA'ITTGGAT TITl'TCATCT CAG'ITT'ITI'C TOTGGAATCT CCI'TCATIGG CATIGTTATT TAATCAT1IJ;A CQGGGCAGAT GTCTACI'TGT 
TCAGTTITTC AAATCTGTI'T TCCTO 
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Fig.5. Nucleotide and predicted amino acid sequence of the p58!HHR23B. Top numbers Oil the right are 

those of nucleotide residues and lower ones (in parentheses) are those of amino acids. An in frame 

termination codon, TGA, in the 5' ulltranslated region is boxed. The asterisk indicates the temlination codon, 

TGA, for tbis ORF. Doubly underlined amino acids represent peptide sequences derived from the purified 

p58 polypeptide. Putative polyadenylation signals (ATTAAA) ill the 3' untranslated region are shown by bold 

boxes. Three ATITA sequence motifs (mRNA degradation signals) are underlined. The GellBallk accession 

number for hUlllan XPCC (p581HHR23B) is D21090. 
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An ORF encoding 409 amino acids including both determined amino acid 

sequences was found. Although the calculated molecular mass of the protein was only 43 

kDa, we concluded that the clone includes the full length of the coding region of the p58 

polypeptide because a termination codon (TGA) was found in frame in an upstream region 

of the putative initiation codon. Consistent with this notion is our finding that the protein 

overproduced in E.coli by the cloned eDNA migrates at the same position as the p58 

protein (unpublished results). 

Searches in various databases for sequence homology to the p58 ORF revealed 

several interesting features: 

(i) At the nucleotide sequence level, two expressed sequence tags (ESTs) with 

unknown function representing partial human eDNA clones of brain and a liver cell line 

[accession numbers M85669 (Adams ef aI., 1992) and DI2303 (Okubo ef al.,1992)] were 

- with the exception of a few sequence uncertainties - identical to the corresponding part of 

the p58 cDNA sequence. These cDNAs are therefore expected to be derived from the p58 

gene. 

(i) Amino acid sequence comparison uncovered significant resemblance between the 

N-terminal 79 amino acids of p58 and ubiquitin and a similar domain in various ubiquitin 

fusion proteins (see below). 

(iii) Interestingly, the p58 amino acid sequence appeared to share extensive overall 

sequence homology with the S.cerevisiae RAD23 gene (Melnick and Sherman, 1993; 

sequence prior to publication kindly provided by S. Prakash, Galveston), a member of the 

RAD3 NER epistasis group for which no human homologue was identified yet. The 

RAD23 gene is identical to the sygg-orf29 sequence, identified on chromosome 5 as part 

of the yeast genome sequencing project [accession number L10830 (Mulligan ef al., 

unpublished)]. 

(iv) Finally, using the BLAST algorithm (Altschul ef al., 1990), which is able to 

detect amino acid sequence homologies translated from all six possible reading frames, we 

identified several human partial cDNAs which exhibited some homology to the amino acid 

sequence of p58, when uncertainties in the sequence are taken into account. These cDNAs 

were derived from heart [accession number M77024 Eichbaum ef at., unpublished)] and a 

T Iymphoblastoid cell-line (accession numbers Z15569, ZI2748 and ZI5568). Because of 

the presence of some sequence ambiguities and to find out whether this eDNA shared 

additional sequence similarity to p58, we decided to isolate the corresponding full-length 

cDNA by RT-PCR using total HeLa RNA combined with library screening. 
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The nucleotide and deduced amino acid sequence of the cDNA encoded by this 

p58-related gene, that we termed tentatively HHR23A for human homologue of RAD23 A 

is presented in Figure 6. The ORF, starting from the first ATG encodes an acidic protein 

(pI 4.4) of 363 amino acids, with a calculated molecular mass of 40 kDa. Also this protein 

synthesized in E.coli migrates well above its predicted molecular weight (P.l. van der 

Spek, unpublished results). The 3' UTR harbours a canonical AATAAA polyadenylation 

signal 12 bp before the start of the poly(A) tail. 

GGGATCCCGG GGCCGCCGCG TCGCTCGGGC CCCGCCATG{! CCGTCACCAT CACGCTCAAA ACGCTGCAGC AGCAGACC'IT CAAGATCCGC 
liA VTI TLK TLQQ QTI? KIR 

ATGGAGCCTG ACGAGACGGT GMGGTGCTA AAOOll.GAAGA TACl1<AGCTGA OAAGGGTCGT GATGCCTI'CC CCGTGCCTGG ACAGA1\ACTC 
HEPD ETV KVL KEKI EAE KGR OAFP VAG QKL 
ATCTATGCCG GCAAGATCTT GAGTGACOAT GTCCCTAT1:A GGGACTATCG CATCGATGAG AAGAACTTTG TGGTCGT1:AT GGTOACCAAG 
rYAG KIL SDD VPIR D'iR IDE KNFV VV/i VTK 
ACCAAAGCCG GCCAGGGTAC CTCAGCACCC CCAGAGGCCT CACCCACAGC TGCCCCAOAG TCCTCTACAT CCT'l'CCCGCC TCCCCCCACC 
TKAG QGT SAP PEAS PTA APE SSTS FPP APT 
TCAGGCATGT CCCATC:CCCC ACCTGCCGCC AOAGAGGACA AGAGCCCATC AGAGGAATCC GCCCCCACGA CGTCCCCAGA GTCTGTGTCA 
SGMS HPP PAA REDK SPS EES APTT SO'E SVS 
GGCTCTGITC CCTCTI'CAGG TAGCAGCGGG CGAGAGGAAG ACGCGGCCTC CACGCTAGTO ACG(JGCTCTO AGTATOAGAC (JArocroAC(J 
GSVP SSG SSG RSSD AAS TLV TOSS YST HLT 
GAGATCATGT CCATGGCCTA TGAGCGAGAG CG(JGTC(JT{;G CCGCCCTGAG AGCCAGCTAC MCMCCCCC ACCGAGCCGT GGAGTATCTO 
ElMS HGY ERE RVVA ALR ASY llllPH RAV EYL 
CTCACGGGAA TI'CCT{;GGAG CCCCGAGCCG GAACACGo-IT CTG"TCCAGGA (JAGCCAGOTA TCGGAGCAGC CGGCCACGGA AGCAGCAGGA 
LTGJ PGS PlOP SHGS VQS SQV SEQP ATE AAG 
GAGAACCCCC TGGAGrI'CCT GCGGGACCAG CCCCAGTICC AGAACATGCG GCAGGTOATT CAGCAGAACC CTGCGCTGCT GCCCGCCCTG 
EIlPL EFL RDQ PQFQ IlHR QVJ QQIlP ALL PAL 
CTCCAGCAGC TGGGCCAGOA GAACCCTCAG CTITTACAGC AMTCAGCCG GCACCAGGAG CAGTTCATCC AGATGCTGAA CGAGCCCCCT 
LQQL GQE IlPQ LLQQ ISR HQE QFIQ HLN EPP 
GGGOAGCTGG CGGACATCrc AGATGTGGAG GGCGAGOTGG GCGCCATAGG AGAGGAGGCC CCGCAGATGA ACTACATCCA GGTGACGCCG 
GELA DIS DVE GEVG AIG EEA PQHIl '{IQ VTP 
CAGGAGAMG AAGCTATAGA GAGGTTOAAG GCCCTGGGCT TCCCAOAGAG CCTGGTCATC CAGGCCTATT TCGC(JTGTOA AAAAAATGAG 
QEKE AlE RLK ALGF PES LVI QAYF ACE KIlE 
MCITGGCTO CCAACTICCT ccroAGTCAG AACrrTOATO AC(JAGTOATO CCAGGAAGCC AGGCCACCGA AGCCCCCACC CTACCC'ITAT 
NLAA NFL LSQ NFOO E~ 

TCCAT(JAAAG TTITATAAAA GAAAAAATAT ATATATATI'C ATGTTTA'ITT AAGAAATGOA AAAAAAAATC MAAATCTIA AAA.AJ\.ACAAG 
CAMCAGrCC AGCTTCCTQT CCTCCTAAAG TGGCCCCTGT TCCCATCTCC CGGGCCAGAC AGCTGTCCCC CCGTCCTCCT CCCCAGCCCA 
GCCTGCTCAG AGAAGCTGGC AGGACTGGGA GGCGACAGAT GGGCCCCTCT TGGCCTCTGT CCCAGCTCTC TGCAGCCAGA CGGAAAGGCG 
GCTGCTTGCC TCTCCATCCT CCGAAAAACC CCTGAGGACC CCCCCCCATC CTC1'TCTAGG ATOAGGGGAA GCTGGAGCCC CAACTTTGAT 
CCTCCATTGG AGTGGCCCAA ATCT'f'I'(:CAT CTAGGGCAAG TCCTGAAAGG CCCAAGGCCC CCTCCCAGTC TGGCCTTGGC CTCCAGeCTO 
GAGAAGGGCT MCATCAGCT CATrGTCAAG GCCACCCCCA CCCCAGAACA GAACCGTGTC TCTGATAAAG GTTI'T{lAAGT (JAATAAAGTT 
TTMAAACTA H~HUIl'A AHHHMII A~HA""" 
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Fig.6. Nucleotide and predicted amino acid sequence of the HHR23A. Top nwubers 011 the right indicates 

the llwnbering of nucleotides; the nwnbers ill parentheses correspond to those of the amino acids. The 

sequence 5' proximal to the ATG matches perfect with the optimal translation initiation sequence (Kozak, 

1991). The asterisk indicates the tennination of the ORF. The polyadenylation site present in the 3' 

untranslated region before the poly(A) tail is boxed. The GenBank accession nwnber for HHR23A is 

D21235. 

As shown by the amino acid sequence alignment in Figure 7 A, the two human 

proteins exhibit a high overall homology to each other (57% identity, 76% similarity) and 

to the yeast RAD23 gene product (30-34% identity, 41 % homology). Furthermore, it is 

worth noting that regions rich in S, T, P and A amino acids are found at two locations. 

The first starts immediately following the ubiquitin-Iike domain: residues 79-144; 84% of 

112 



which is S, T, P, or A (figures for p58). The second runs from residues 241 to 272, 87% 

of which is made up of these residues (figures for p58). Finally, a glycine-rich stretch is 

present in p58 between residues 336-348. 

The alignment of all three RAD23 homologues with (human) ubiquitin and with 

similar domains in other ubiquitin-like fusion proteins is presented in Figure 7B. The 

level of homology to ubiquitin is very similar for all three polypeptides (25%-31 % 

identity, 55%-59% similarity) and is in the same range as that of other ubiquitin hybrid 

polypeptides. We conclude that both human proteins belong to the family of ubiquitin

fusion proteins and represent homologues of RAD23. Consistent with the designation 

HHR23A, we term the p58 HHR23B. Apart from the ubiquitin motif, no other functional 

domains could be identified in the HHR23/RAD23 sequence using the PROSITE software 

package or comparison to other proteins. 

RA023 1 
HHR23A 1 
HHR23D 1 

RAD23 53 
HHR2JA 57 
HHR23B 55 

RAD23 10' 
HHR23A 111 
HHR23B 111 

RAD23 143 
HHR23A 143 
HHRl3S 167 

RAD23 181 
HHR2JA "6 
HHR23B 223 

RAn23 237 
HHR23A 224 
HHR2JS 260 

RAo23 2'3 
HHR23A 272 
HHR23S 316 

RAD23 34' 
HHR23A 314 
HHR23S 360 

Figure 7A 
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ubiquitin 
RAD23 
HHR23A 
HHR23B 

NEDDS 

I' Anla " Anlb 
GdX .. 
BAT3 
fau .. 
ubiquitin 
RAD23 .> 
HHR23A .> 
HHR23B .> 

NBDDS .> 
Anla . > 
Anlb . > 
GdX .> 
BAT3 .> 
fau .> 

Figure 78 

Fig.7. Sequence alignment of the yeast and hwnan homologues of RAD23 with each olher and with 

ubiquitin. (A) Conserved sequences between yeast RAD23, HHR23A and p58fHHR23B. The amino acid 

sequence of the hwnan HHR23A and p58/HHR23B proteins are compared with yeast RAD23. (B) 

Alignment of ubiquitin, RAD23, HHR23A, p58/HHR23B and ubiquitin-like sequences. The N-tenninal 

conserved regions of the RAD23, HHR23A. p58ffiHR23B and the ubiquitin-like domain in the NEDD8. 

ANIA, ANlB, GdX. BAT3 and fau proteins are compared wilh ubiquitin. Sequences used in tillS figure are 

NEDD8 (Kumar el al .• 1992). ANIA. ANIB (Lillllen el al .. 1993). GdX (Toniolo el al .• 1988). BAT3 

(Banerji et aI.. 1990) and fau (Kas et aI .• 1992). The amino acid sequence is given in the one letter code. 

Identical amino acids are presented by black boxes, whereas similar residues (A, S. T. P; D, E. N. Q; R. 

K; T, L, M, V; F. Y. W) are given in grey boxes. 
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DISCUSSION 

xp-c con'ecullg proleill 

XP-C is one of the most common forms of XP (Kraemer ef al., 1987). Group C patients 

display the (for XP obligate) features of hypersensitivity to sunlight (UV) and other 

cutaneous manifestations, including predisposition to skin cancer, but a second hallmark, 

accelerated neurodegeneration, is absent. Recently, the NER defect in XP-C was 

pinpointed to the genome-overall subpathway; 'transcription-coupled repair' functions 

normally in these cells (Kantor ef al., 1990; Venema ef aI., 1990, 1991). This provides a 

plausible explanation for the relatively high cellular resistance to UV. Furthermore, 

transcription-coupled NER may be important for cunteracting neurodegeneration. 

However, since this repair process is limited only to the transcribed strand of active 

genes, it has no effect on mutagenesis in the non-transcribed strand nor in the rest of the 

genome. Presumably, this explains why XP-C patients cannot effectively avert sunlight

induced skin cancer. Here we have purified a protein complex that based on the nature of 

the XP-C mutation is expected to operate specificially in the 'genome-overall' repair 

pathway. More recently, six distinct mutations including point mutations, deletions and 

insertions were detected in the XPCC gene of five XP-C cell lines (Li ef aI., 1993). Thus 

a defect in the p125 subunit gives rise to cancer proneness. The complex consists of two 

tightly associated polypeptides: a 125 kDa species representing the XP-C gene product 

and a 58 kDa protein, which turned out to be a human homologue of S.cerevisiae RAD23, 

olle of the remaining yeast NER genes for which no human counterpart was known. 

Unexpectedly, a second human equivalent of RAD23 appeared to exist. All RAD23 

homologues share an N-terminal ubiquitin-like domain. 

A DNA-dependent ATPase, designated ATPase Ql, was previously found to be 

altered in XP-C cells in terms of its elution position from a FPLC Mono Q column 

(Yanagisawa et aI., 1992). However, the XP-C correcting protein described here differs 

from the ATPase Ql for the following reasons. First, we could not detect any DNA 

helicase activity in the XP-C correcting protein while the ATPase QI has relatively weak 

but detectable helicase activity. Second, the molecular weights of the two polypeptides 

purified in this work are different from that of purified ATPase QI (73 kDa Oil SDS

PAGE). Third, a cDNA clone for ATPase Ql is different from the eDNA clones of pl25 

and p58. Fourth, purified or partially purified ATPase Ql cannot complement the repair 

defects of XP-C cell extracts in our cell-free system (C. Masutani, unpublished 

observations). Despite the above facts, the alteration of elution of ATPase Ql frolll Mono 
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Q column was observed with all five independent XP-C cell lines examined. At present, 

we do not know why two apparently different proteins, the XP-C correcting protein and 

the ATPase Q 1, are altered in XP-C cells. A possible explanation is a direct or indirect 

effect of the XPCC protein (complex) on the post-translational protein modification. We 

are now examining this or other possibilities. 

Pllrallels with yellst 

Since the S.cerevisiae RAD4 gene is likely to be the yeast equivalent of XP-C (Legerski 

and Peterson, 1992), one inference from our observations is that the yeast RAD23 and 

RAD4 proteins are likely to interact with each other. Intriguing discrepancies emerge 

when these parallels are extrapolated to the corresponding mutants and genes. Rad4 and 

rad23!J. mutants are very different. RAD4 is one of the seven RAD genes that appear to be 

absolutely required for NER, since rad4 mutants do not show detectable incisions during 

incubation after UV exposure (Friedberg, 1988). In contrast, rad23!J. mutants exhibit only 

a partial NER defect, supporting the idea that this gene does not play an essential role in 

the NER process (Perozzi and Prakash, 1986). Furthermore, both genes differ in their 

transcriptional response to UV. Transcription of the RAD23 gene is enhanced upon UV 

irradiation and during meiosis (Madura and Prakash, 1990) but that of RAD4 is not (Fieer 

et at., 1987). Although this damage-induced expression may be similar to the SOS 

response in Bacteria, its functional significance in yeast still needs to be established. 

Therefore, it will be of interest to examine whether the RAD23 response is evolutionary 

conserved. In view of the likely participation of both proteins in the same complex, it is 

surprising that the mutant phenotypes are so different. One would assume that absence of 

one component would render the entire complex non-functional. Indeed we cannot 

separate the two human partners without inactivating the XP-C correcting activity. One 

possibility is that -like in man- a second RAD23-like gene is hidden in the yeast genome 

and that this related gene takes over part of the functions of RAD23. An alternative, 

although perhaps not so likely option is that RAD4 is not the real yeast XPCC equivalent. 

One argument in favour of this idea is the prediction that a true yeast XPCC mutant 

should be specifically defective in the 'genome-overall' NER sUbpathway. When the 

relative contribution of this NER subpathway to survival is similar in yeast and man, one 

would expect a milder phenotype for an XP-C-Iike yeast mutant than actually revealed by 

RAD4. Unfortunatelly, the degree of homology between the XPCC gene product and the 

RAD4 protein is not conclusive. 
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Dllal gel/es jor RAD23 iI/ mal/ 

Why do two homologues of RAD23 exist in man? All NER genes analysed to date appear 

to be unique. The only precedent of a repair gene duplication are the human homologues 

of RAD6, HHR6A and HHR6B, which are implicated in post-replication repair (Koken el 

al., 1991). Concerning HHR23A and HHR23B, we have found that both genes are 

expressed in the same cells. In the XPCC purification scheme, however, only the 

HHR23B protein is found in a complex with pI25fXPCC. It is possible that a second 

form of this complex involving HHR23A exists that has been missed. Alternatively, the 

HHR23A component may havedissociated from the complex during purification, or 

HHR23A is engaged in another complex with the human homologue of RAD4, when this 

gene is not the XP-C counterpart. Unfortunately, no human mutant defective in HHR23A 

has been identified so far. Transfection and microinjection experiments of this gene into 

any of the NER-deficient complementation groups for which no gene has been identified 

yet failed to induce correction, indicating that a HHR23A mutant is not existing in the 

class of known NER syndromes (P.L van der Spek, unpublished observations). 

Possible jlll/cli01l oj the XPCC-HHR23B complex 

The function of the XPCC complex must be accommodated in a step unique to the 

genome-overall NER subpathway. The purification procedure indicates that the complex 

has a high affinity for ssDNA. At present we do not know which of the components (or 

both) is responsible for this property. Previously putative DNA binding motifs have been 

postulated for the RAD4 protein (Gietz and Prakash, 1988), however comparison with 

XPCC amino acid sequence reveals that these are not conserved. No obvious DNA 

binding domains are apparent from the sequence. Also no enzymatic activity was detected 

for the purified complex (see Results). The only striking domain recognizable using 

sequence comparison is the ubiquitin-Iike N-terminus of the RAD23 homologues. 

Ubiquitin itself is a highly conserved 76 amino acid polypeptide found in all eukaryotes. 

One or multiple ubiquitin moieties are covalently attached post-translationally to acceptor 

proteins. This reversible conjugation reaction appears to play an important role in a 

surprisingly diverse set of regulatory processes, such as selective protein degradation, 

DNA repair, protein translocation and cell cycle control (reviewed by Jentsch, 1992). 

Ubiquitin conjugation may also serve as a molecular chaperone. 

A number of naturally occuring ubiquitin fusion proteins has been identified. From 

the alignment shown in Figure 7B, it is apparent that within this functionally diverse 

family. specific amino acid residues are conserved. Figure 8 shows the position of the 
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conserved amino acids of the ubiquitin-like family, when projected into the known tertiary 

structure of ubiquitin itself (Vijay-Kumar el al., 1987). It is clear that most residues are 

clustered in the inner part of the molecule, whereas the periphery appears more prone to 

divergence. Particularly, the inner half of the ,,-helix displays a striking conservation. 

These observations suggest that the core of the molecule is important for the function of 

this domain. An additional notable feature is the strict conservation of lysine residue K4S 

in all RAD23 derivatives (Figure 8, arrow). This amino acid is involved in multi

ubiquitination since it can serveas point for attachment for ubiquitin conjugation (Jentsch, 

1992). 

Fig.S. Selective conservation of HHR23 residues in the 'core' of ubiquitill. The computer drawing shows a 

model for the tertiary structure of ubiquilin including the presence of olle a-helix and fOUf R-sheets. 

Secondary structure prediction revealed a similar pattern for the N-tenrullus of RAD23, HHR23A, 

p581HHR23B as for ubiquitin (data not shown). The diagram shows in purple the residues of ubiquitin 

which are identical with those of RAD23, HHR23A and p58/HHR23B as well as with those of many other 

ubiquitin-like domains: K6, p19, T21, K21, K29, L43, 1"\ G41, K48 , L!ol and D51. Similar residues (J3, yl7, In, 

126, 1)), U\ U!, U1, U 9, yW) are indicated in orange. It is apparent that intrapolation of these conserved 

residues into the structure of ubiquitin reveals selective conservation of the core of the protein. Particularly, 

the iruide of the helix seems strongly coruerved. TIle invariant K48 is indicated by an arrow. 
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The alignment in Figure 7B shows also that the C-terminal glycine doublet is 

absent in all RAD23 derivatives, suggesting that the ubiquitin moiety can not be cleaved 

off from the remainder. The function of the ubiquitin(-like) domain in different hybrid 

proteins is not known. Genetic studies in yeast indicated that the ubiquitin moiety of a 

ribosomal fusion protein might function as a chaperone, facilitating ribosome assembly 

(Finley ef al., 1989). In analogy with this idea, the ubiquitin-like motif in RAD23 may 

perform a similar role in assembly of the XPCC-HHR23B complex. If so the intrapolation 

of Figure 8 suggests that the core rather than the outside of the molecule is important for 

this function. During the preparation of this manuscript, it was demonstrated that the 

ubiquitin-like domain is required for RAD23 function in S. cerevisiae (Watkins el al., 

1993). No other functional clues are yielded up by the primary amino acid sequence of 

either XPCC or HHR23B. 

The identification of the XPCC-HHR23B complex adds to the recent discovery of 

several multi-protein complexes in mammalian NER. The recently described ERCCI 

complex consists of a minimum of three proteins: ERCCI, ERCC4, ERCCII and XPFC 

(when this protein is not identical to ERCC4 or ERCCII) (Biggerstaff el al., 1993; van 

Vuuren el al., 1993). In analogy with the yeast RADI/RADIO counterpart, this complex 

may simultaneously be implicated in a mitotic recombination pathway (Schiestl and 

Prakash, 1990; Bailly el al., 1992; Bardwell ef al., 1992). In addition, the ERCC3 gene 

product, responsible for the rare XP complementation group B, was recently uncovered as 

one of the components of the multi subunit transcription initiation factor BTF2 (TFIIH) 

(Schaeffer el at., 1993). This finding disclosed an unexpected functional overlap between 

basal transcription and NER. It is possible that the entire BTF2 transcription complex is 

involved in NER. The ERCCI and ERCC3 complexes playa role in both transcription

coupled as well as genome-overall repair and are thus implicated in the core of the NER 

reaction mechanism (Hoeijmakers, 1993b). The XPCC-HHR23B complex is the first to be 

described which appears to be specific for the genome-overall subpathway. In view of the 

tight link between transcription and NER, the function of this complex could be to 

uncouple the NER machinery from the basal transcription proces, enabling it to scan the 

non-transcribed bulk of the genome for the presence of lesions. The availability of the 

protein complex and in vitro NER systems provide the necessary tools to investigate the 

function(s) of this NER component. 
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MATERIALS AND METHODS 

Cells and cell cultllre 
Five SV40-,ransfomled fibroblast lines XP20SSV (group A), XP4PASV (group C), XP6BESV (group D), 

XP2YOSV (group F) and XP3BRSV (group G), three non~transronned fibroblast lines CRL1199 (group D), 

XP3KA (group C) and XP2RO (group E), and repair-proficient lines 293 cells were cultured at 37°C in 

Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum. HeLa cells were grown in 

spinner flasks at 37<>C in RPM! 1640 medium supplemented with 5% calf serum and harvested at a density 

of 105 celis/mi. 

Preparatioll of whole cell extracts 
The 293 cell line was grown at 37°C in 150 mm tissue culture plates (Falcon), treated with phosphate

buffered saline containing 0.05% Na)EDTA and collected by gentle pipening. XP cells were grown in 850 

em2 roller bottles (Corning) and collected by scraping. The harvested cells were washed with plIosplIate

buffered saline, and whole cell extracts were prepared as described previously (Manley el al., 1983; Wood 

et al., 1988). Protein concentration was detemlined by the method of Bradford (1976) with bovine serum 

a1bumin as standard. Extracts contained 10-20 mg of protein 1m I. 

Preparatioll of SV40 mill/chromosomes Dlld plasmid DNA 

SV40 virions were prepared as described previously (Sugasawa et ai., 1993). Minichromosomes were 

obtained by alkali disruption of the SV40 virions as described (Christiansen et al., 1977) and irradiated with 

200 11m2 of UV light (254 1m}) as described previously (Sugasawa et af., 1993). 

Plasmid pUC19 DNA was propagated in E.coli strain HBIOI. Closed circular DNA was prepared 

by the alkali lysis method and CsCI-ethidiumbromide equHibriwll density gradient centrifugation as 

described (Sambrook et ai., 1989). In our previous studies, we used a plasmid DNA sample prepared with a 

single CsCI centrifugation step (Masutani et aI., 1993; Sugasawa et aI., 1993). In these previous studies we 

observed a significant level of DNA synthesis with unirradiated pUC19 DNA. We found that the DNA 

preparations contained detectable amounts of nicked molecules. These molecules were likely to be used as a 

template for DNA synthesis, because on repeating the CsCI centrifugation one or two more times, the UV

independent DNA synthesis 011 pUC19 DNA decreased in proportion to reduction in the amount of nicked 

molecules. Therefore, in the present study we repeated CsCi centrifugation several times. 

Cell-free DNA repair assay 

The standard reaction mixture (20 III) contained 40 ruM creatine phosphate-Tris (pH 7.7), 1 mM 

dithiothreitol, 10 mM MgCI2, 2 ruM ATP. 50 11M each of dATP, dGTP and dITP, 10 11M la-31PJdCTP 

(37-74 kDq), phosphocreatine kinase (Sigma, Type I; 0.5 Ilg), bovine senunalbumin (6.4 ILg), whole cell 

extracts (80 Ilg of protein), unirradiated pUC19 RFI DNA (0.3 lig) and UV-irradiated (200 11m2) or 

unirradiated SV40 mini-chromosomes (0.3 p.g). The reaction was perfonned at 30°C for 3 h. The products 

were purified from the reaction mixtures, linearized with EcoRI and electrophoresed in a 1 % agarose gel as 

described previously (Sugasawa et aI., 1993). Autoradiography was perfomled at -80°C with Fuji New RX 

X-ray film. The incorporation of radioactive materials into UV-irradiated or ullirradiated SV40 

minichromosomes was quantified with a FujixBAS2000 Bio-hnagillg Analyzer. 
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Purification of XP-C correcting protein from Hew cells 

All procedures were carried out at 0-4°C. The purification is sUllllllarized in Figure 1 and Table L A frozen 

stock of 5;d010 HeLa cells 176 ml of packed cell volwne) was thawed, washed once with hypotonic buffer 

[lOnml Tris-HCI (pH7.5), 1 IllM Na3BDTA, 2 mM MgClh 5 ruM dithiothreitol, 0.25 mM PMSF, 0.2 

Jtg/ml aprotinin. 0.2 Ilgfml leupetin. 0.1 Jlgfml antipaill, and 50' 11M BGTAJ, suspended in 700 ml of 

hypotonic buffer and homogenized in an all-glass Dounce homogenizer by 15 strokes with a peslle A. TIle 

nuclei were obtainedby low speed centrifugation, washed twice witlI nuclei wash buffer [10 mM potassium 

phosphate (pH7.5), IIllM Na3EDTA. 21llM dithiotilleitol, 0.25 ruM PMSF, 0.2 Jtgfml aprotillin. 0.2/tg/ml 

leupeptin, 0.1 Jtgfml antipain and 50 Jig EGTA) and then suspended in 380 ml of buffer I (20 mM 

potassium phosphate (pH7.5), I mM Na)EDTA, 5 mM dithiotreitol, 0.25 IllM PMSF, , 0.2 Itg/ml 

aprotinin, 0.2 Jlg/ml leupeptin, 0.1 jlg/ml antipain and 50 11M EGTAJ. A suspension was made in 0.3 M 

KCI by the addition of 0.1 vol of buffer I containing 3.3 M KCI. An extract was obtained by gentle stirring 

for 30 min followed by centrifugation for 1 It at 100.000 g. TIle supematant was dialysed against buffer 2 

[20 mM potassium phosphate (pH 7.5), ImM Na)EDTA. 10% glycerol, 1 mM dithiotreitol , 0.01 % Triton 

X-lOO, 0.25 mM PMSF, 0.2 Jtg/ml aprotinin, 0.2 jlgfml leupeptin, 0.1 Jtg/ml antipain and 50 mM EGTA) 

containing 0.15 M KCI and centrifuged for I hat 100.000 g. The supernatant (nuclear extract) was loaded 

onto a phosphocellulose colUlllll (Whaunan PH; 90 ml) equilibrated with buffer 2 containing 0.15 M KCI. 

TIle COIWllll was washed with three colUlllll volwues of the same buffer and the adsorbed proteins were 

eluted with buffer 2 containing I M KCI. The eluate was loaded outo a single-stranded DNA-cellulose 

column (Sigma; 4.3 mg DNAfg cellulose; 6 ml ) equilibrated with buffer 2 containing 0.6 M KCI. The 

COlWUll was washed with three colwlln volwnes of the same buffer and the adsorbed proteins were eluted 

with buffer 2 containing 1.5 M KCI. The eluate was dialysed against buffer 2 containing 0.3 M KCI and 

adjusted to 0.3 M KCI by dilution with buffer 2. The following two steps were perfonned with an FPLC 

system. TIle dialysate was loaded onto a column of CM cosmogel (Nakalai tesque; 8 mIll ID x 75 nilll) 

equilibrated with buffer 2 containing 0.3 M KCI. The column was washed with 10 mI of the same buffer 

and then proteins were eluted with buffer 2 containing 0.6 M KCI. The eluate was adjusted to 0.15 M KCi 

by diluting with buffer 2 and promptly loaded onto a column of MonoQ HR515 (Phannacia) equilibrated 

with buffer 2 contaillingO.15 M KCI. TIle column was washed with 10 ml of the same buffer and then 

proteins were eluted with 25 ml of a linear gradient of 0.15 to 0.45 M KCI. in buffer2. XP-C correcting 

activity was eluted with :;:-: 0.29 M KCI. The active fractions were pooled and stored at _80°C. A portion of 

the active fraction was dialysed against buffer I containing 0.2 M KCI. and 50% glycerol, and stored at -

20°C. In both pools the XP-C correcting activity was stable for at least 3 months. The XP-C protein could 

be obtained by another purification procedure in wWch Tris-HCl (pH 7.5) and NaCl were used instead of 

potassium phosphate (pH 7.5) and KCI, respectively (data not shown). 

xp-c correcting activity was assayed with XP4PASV cell extract in standard conditions. One unit 

of XP-C correcting activity was defined as the amount of protein required to increase the XP4PASV cell 

extract-mediated incorporation of 1 plllol of dCMP iuto UV-irradiatcd SV40 millichromosomes. As the 

incorporation of dCMP reached a maximum at 100-150 finol in standard conditions, units of activity were 

determined at the order of 10"2 by titration. 
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Gel filtratioll of xp-c correcli"g protei" 
A portion (80 Iii) of the MonoQ fraction was loaded onto a Sephacryl S-300 column (6 nrnl x 82 cm) 

equilibrated with buffer 2 containing 0.3 M KCI and run at 3 ml/h. Fractions (250 Id) were collected and 

used for assay of XP-C correcting activity and SDS-PAGE. Marker proteins were loaded in identical 

conditions and detected by SDS·PAGE followed by staining with Coomassie brilliant blue. 

Glycerol density gradiellt celltrifugatioll of xP-c correctillg protei1l 

A portion (601'1) of the Mono Q fraction was layered on 4.8 ml of a 15-35% (v/v) glycerol gradient in 

buffer I containing 0.3 M KCI and centrifuged in a Hitachi RPS65T rotor at 260.000 g for 22 It at 2°C. 

Fractions (200 Jll) were collected from the top of the gradient and assayed for XP-C correcting activity. An 

identical gradient containing marker proteins was run at the same time. The markers were detected by SDS

PAGE followed by staining with Coomassie brilliant blue. 

Assays of elllsme activities 
DNA polymerase activity was assayed with activated DNA as template as described previously (Suzuki et 

al., 1989). The MonoQ fraction of the XP-C correcting factor (60 ng) was incubated at 37°C for 2 h in 30 

Iii ofa solution of 40 ruM Tris-HCI (pH 8.0), 1 mM ditWotreitol, 10 mM MgCI2> 2 mM ATP, 50 JlM each 

of dATP, dGTP and dITP, 10 IlM [a·31PdCTP (74 kBq), 0.32 mg/ml bovine serum albwnin and 0.5 

mg/1ll1 of activated DNA. The reaction was temlinated by chilling on ice and the radioactivity incorporated 

into acid-insolluble materials was measured. 

DNA helicase activity was assayed as oligomer displacing activity. The MonoQ fraction (60 ng) 

was incubated at 37°C for I h in 20 It! of a solution of 50 mM Tris-HCI (pH 7.5), 20 mM 2-

mercaptoethanoi, 5 mM MgCI 1, 5 mM ATP, 0.5 mg/ml bovine senun albumin and 0.017 pmol of 5'31p_ 

labelled llmer annealed to M13 DNA. After tenninatioll of the reaction, products were analysed by 

polyacrylamide (12%) gel electrophoresis followed by autoradiography as described previously (Yanagisawa 

el ai., 1992). 

Exonuclease activities were detected in the DNA helicase assay by monitoring the amounts of 

labelled oligomers and their sizes. 

DNA ligase activity was assayed indirectly with bacterial alkaline phoshatase. For this, 60 ng of the 

Mono Q fraction were incubated at 37°C for 2 h in 30 Iii of a solution of 40 mM Tris-HCI (pH 7.5), I mM 

dithiotreitol, 10 ruM MgCl1 , 2 m1>.1 ATP, 0.32 mg/ml bovine serum albumin and 50 ng of 

5,[31p)oligo(dT)12_l8'Poly(dA)4(o)(1:5). Then 0.4 unit of bacterial alkaline phosphatase (Takara) was added and 

after incubation at 65°C for 1 h, the radioactivity remaining in the acid insoluble material was measured. 

Endonuclease activities were measured as nicking activities with UV-irradiated or unirradiated 

closed circular foml I pUCI9. TIle Mono Q fraction (60 Ilg) was incubated at 3rC for 2 It in 20 II I of 

solution containing 40 mM Tris-HCl (pH 8.0), I mM dithiotreitol, 10 mM MgCI2, 2 mM ATP, 0.32 mg/ml 

bovine serum albumin and 0.1 Jig of UV irradiated (500 J/m2) or ullirradiated closed circular foml I 

pUCI9. After the reaction, the plasmids were subjected to 1 % agarose gel electrophoresis and detected by 

ethidiumbromide staining. 
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SDS-PAGE 

SDS-PAGE was perfomled by the method of Laellllllli (1970). 

Detenll;IIafioll of parlial omillo acid sequel/ces 

The Mono Q fractions of the purified XP-C correcting protein were adjusted al 6 M guanidine-He} and 10 

ruM sodium phosphate (pH 6.0) and subjected to gel filtration using tandemly joined TSK G3000SWXL and 

TSK G4000SWXL colUlllllS (Tosoh; 7.8 x 300 lllll1 ea.) and a Gilson HPLC system at a flow rate of 0.5 

ml/min. Protein peaks corresponding to the 125 and 58 nkDa polypeptides were collected separately and 

digested with CNBr after removal of salts. The digests were applied to an Aquapore RP300 column 

(Applied Biosystems; 2.1 x 100 lllll1) and eluted with a linear gradient of 0.09% TFA to 80% acetonitrile-

0.075% TFA in 40 mill at a flow rate of O.2m1/min. Materials in clearly isolated peptide peaks were 

collected and applied to a protein sequeucer (Applied Biosystems; model 471 AJ120A). 

Screellillg of eDNA libraries 

For isolation of cDNA clones encoding p125, a eDNA library with relatively long inserts was constructed. 

Complementary DNAs were synthesized from 5 Ilg of HeLa cell poly(A)+ RNA using a eDNA synthesis kit 

(phannacia). After addition of EcoRI-Notl adaptors and size-fractionation by agarose gel electrophoresis, 

double-stranded cDNAs of >2.5 kb were eluted from the gel and ligated to an HeoRI-digested AgtlO 

vector. Some of the recombinant DNAs were packaged in vitro into bacteriphage particles, then amplified in 

E.co/i strain, C600 hilA. The resulting cDNA library contained 8.8 x lOs independent clones. 

To obtain a probe for screening the cDNA library, RT-PCR was carried out using synthetic 

oligonucleotide mixtures and first-strand eDNA synthesized from HeLa cell poly(A)+ RNA. The sequences 

of the oligonucleotides used were 5'-GCI(C/A)G1AA(AJG)- (C1A)G1GCIGCIGGIGGIGA-3' and 5'

(T/C)TI(T/C)TIIGGlGG(T/C)TI(T/C)TC(AJG)-TC(T/C)TC(AJG)AA-3', where I indicates inosine_ PAGE 

revealed amplification of 132 bp DNA fragments, which were then purified from the gel and cloned into 

pUCI9 DNA for sequencing. Since the sequence of the 132 fragment was consistent with the detemuned 

amino acid sequence, tlis fragment was reamplified from the plasmid, gel-purified and used for screening 

the cDNA library. 

About one million recombinant bacteriophage plaques were transferred to Hybolld-N membranes 

(Amersham) in duplicate. Prehybridization was carried out at 68°C for 4 h in 6x SSC (Ix SSC: 0.15 M 

NaCJ, 15 ruM sodiwn citrate). 4x Denhardt's solution (Ix Denhardt's solution: 0.02% FicoU 400, 0.02% 

bovine serum albumin, 0.02% polyvinylpyrrolidone) and 50 I11g/l11l heat-denatured salmon sperm DNA. 

Hybridization was perfomled at 42°C overnight in 30% formamide. 4x SSC, 4x Denhardt's solution, 50 

J(g/ml heat-denatured salmon sperm DNA and the DNA probe radiolabelled with (a-JlP1dCTP and a 

multiprime DNA labelling system (Amersham). The membranes were successively washed at room 

temperature for IO min and at 55°C for IO min with 2x blot wash buffer (lx biOI wash buffer: Ix sse, IO 

111M sodium phosphate. 0.025% SDS), at 55°C for 10 min with Ix blot wash buffer, at 55°C for 30 min 

with 0.5x blot wash buffer, at 55°C for 30 min with 0.2x blot wash buffer and twice at 65°C for 30 nun 

O.lx blot wash buffer. Then the membranes were air-dried and exposed at -80°C to Kodak X-OMAT film 

with intensifying screens. A positive plaque was picked up and purified by another round of plaque 

hybridization. 
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The 3.6 kb insert of the positive clone was obtained by NotI digestion and subcloned into the NotI 

site of pBluescript II KS+. Deletion mutants were constructed by use of exonuclease III and mung bean 

nuclease (a deletion kit for kilo-sequencing; Takara Shuzo), and sequenced with a Taq Dye Deoxy 

Terminator cycle sequencing kit and an automated DNA sequencer (Applied Biosyslems, model 373A). 

For isolation of cDNA clones encoding the pS8, an oligonucleotide, S'-CCICCICC

ICC(CrrlTGlCCICCIGC(Crf)TC(Crf)TGlACIGG(Crf)TC(A/G)TT-3', was used for screening a l\gtlO 

eDNA library from HeLa cells. Screening was performed as described above. The 2.9 kb insert of the 

positive clone was obtained by EeaRI digestion and subcloned into the EeaRI site of pUCI9. Deletion 

mutants were constructed and sequenced as described above. 

Cloni"g a"d IHlcleolide sequel/ce analysis of HHR23A 

Total RNA (10 pg) was used for preparing eDNA with HHR23A-specifie primers (see below). RNA was 

dissolved in 9 pi of annealing buffer r250 ruM KCI. 10 ruM Tris-HC) (pH 8.3), 1 ruM EDTA]. Following 

the addition of 1 ttl (100 pmollJd) of primers, the samples were fist heated for 3 min at 80°C and 

transferred to a 37°C water bath for 1 h. Fifteen microlitres of eDNA buffer (24 mM Tris-HCI [pH 8.3], 

16 mM MgCI2 , 8 mM DTT, 0.4 ruM of GTP, dATP, dTTP, dCTP) and SU of Moloney leukemia virus 

reverse transcriptase (promega) were added and the tube was incubated at 3rC for I h. To S It! eDNA, 10 

It I of Taq buffer [100 ruM Tris-HCI (pH 8.3), 15 mM MgCll , 500 mM KCI, 2 mg/ml bovine serum 

albumin], 4 ttl dNTPs (2.S ruM), 75 I" water, 1 Jtl of each primer (100 pmollJtl and 2U of Taq polymerase 

(Cetus) were added. 

Oligonucleotide primers for eDNA, DNA amplification and DNA sequencing were synthesized in 

an Applied Biosyslems DNA synthesizer. The PCR primers used for this purpose are: 5' ~ 

ATCCAGATGCTGAACGAGCC-3' and S'-CGGCAGGTGATTCAGCA 

GAAC-3'. 

A peR probe was used to screen a pre-B cell library and clones hybridizing willi the PCR probe 

were picked up and examined by restriction enzyme analysis. Hybridization of human probes to hwnan 

DNA was at 65°C in a hybridization mixture containing lOx Denhardt's solution, 10% dextransulfate, 0.1 % 

SDS. 3xSSC. 50 mg of sonicated salmon spenn DNA per litre. Washings were perfonlled twice for 20 min 

each in 0.3xSSC at 65°C. Hybridization was detected by autoradiography on Fuji medical X-ray film RX 

with intensifying screens al _80°C. 

Lambda zap phages (Short et at., 1988) were after two rounds of rescreens converted inlo 

Bluescript vectors and transformed to competent DH5aF' cells. Sequence analysis on double-stranded DNA 

was done by the T1 DNA polymerase modification (phamlacia) of the dideoxynuc!eotide chain temlination 

method (Sanger et al., 1977) usiug sequence- derived oligonucleotides prepared for sequencing both strands. 

For separation of the fragments, Hydrolink (AT Biochem, Malvern, PAl sequencing gels were used. 
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ABSTRACT 

The nucleotide excision repair (NER) disorder xeroderma pigmentosum (XP) is 

characterized by sun (UV) sensitivity, predisposition to skin cancel', and extensive 

genetic heterogeneity. Recently, we repOlied the cloning and analysis of three hlmlan 

NER genes, XPC, HHR23A, and HHR23B. The previously cloned XPC gene is 

involved in the common XP complementation group C, which is defective in excision 

repair of non-transcribed sequences in the genome. The XPC protein was fonnd to be 

complexed with the product of HHR23B, one of the two human homologs of the 

Saccharomyces cerevisiae NER gene EAD23. Here we present the chromosomal 

localization by ill situ hybridization nsing haptenized probes of aU three genes. The 

HHR23A gene was assigned to chromosome 19p13.2. Interestingly, the HHR23B and 

XPC genes, the product of which forms a tight complex, were found to colocalize on 

band 3p25.1. Pulsed-field gel electrophoresis revealed that the HHR23B and XPC 

genes possibly share a MIIII restriction fragment of about 625 kb. Potential 

involvement of the HHR23 genes in human genetic disorders is discussed. 

INTRODUCTION 

The integrity of the DNA is under constant assault by genotoxic agents, such as 

ultraviolet light, X rays, and numerous chemical compounds that can damage the genetic 

material. A network of repair systems has evolved to minimize the deleterious effects of 

DNA injury. One of these pathways, the nucleotide excision repair (NER) process, 

removes a broad range of DNA lesions, such as UV-induced cyclobutane pyrimidine 

dimers and (6-4) photoproducts, bulky chemical adducts, and certain DNA crosslinks in a 

multienzyme reaction (Hoeijmakers, 1993a,b). Two NER subpathways can be discerned: 

a rapid and efficient repair of the transcribed strand of active genes (transcription-coupled 

repair) and a more slow and less efficient repair of the bulk DNA, designated herein 

genome overall repair (Bohr, 1991; Hanawalt and Mellon, 1993). The enzymes involved 

in NER playa role in inherited diseases such as xeroderma pigmentosum (XP), Cockayne 

syndrome (CS) and PIBIDS, in which the excision repair mechanism is defective. 

The autosomal recessive disorder XP is clinically characterized by extreme 

sensitivity of the skin to sunlight (UV), sunlight-induced pigmentation abnormalities, and 

predisposition to skin cancer. Frequently. neurological complications are seen due to 

progressive neurodegeneration (for a review see Cleaver and Kraemer, 1994). Cell fusion 
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experiments have identified at least seven excision-deficient XP complementation groups 

(designated XP-A to XP-G) (Vermeulen et aI., 1991) in addition to a form of XP, called 

XP-variant, that is defective in postreplication repair (Lehmann et al., 1975). This 

indicates involvement of a minimum of seven distinct NER genes in XP. Most of the XP 

complementation groups are defective in both NER subpathways, the overall genome 

repair and the transcription-coupled repair. However, patients belonging to XP group C, 

one of the most common complementation groups, are only defective in genome overall 

repair, and proficient in the removal of lesions from the transcribed strand of active genes 

(Venema et al., 1991), indicating that specific factors are implicated in this subpathway of 

excision repair. 

CS patients exhibit sun sensitivity, dwarfism, microcephaly, wizened appearance, 

deafness, and severe mental retardation. The neurological symptoms in this disorder are 

related to neurodysmyelination. CS is, unlike XP, not associated with an elevated risk for 

skin tumor formation (Lehmann, 1987). Two complementation groups have been 

identified within the classical form of the disease: CS-A and CS-B (Tanaka et al., 1981; 

Lehmann, 1982). CS cells were found to be selectively disturbed in the transcription

coupled repair subpathway of NER (Venema et al., 1990). 

A third recently discovered NER disorder is PIBIDS, an acronym for: 

Ehotosensitivity, Ichthyosis, !l.rittJe hair and nails, Impaired intelligence, )lecreased 

fertility, S,hort stature (Stefanini et al., 1993). Brittle hair and nails are hallmarks of 

trichothiodystrophy (TID), a much broader genetic disease that includes PIBIDS. In 

many clinical aspects CS and PIBIDS resemble each other (Bootsma and Hoeijmakers, 

1993, Hoeijmakers 1993b). At least two complementation groups have been described, 

one of which overlaps with XP-D (Stefanini et al., 1993). Finally, rare cases have been 

identified displaying simultaneously the clinical hallmarks of XP and CS. These patients 

are assigned to XP groups B, 0, and G (Hoeijmakers, 1993b). Recently, many of the 

clinical features of CS and TID have been ascribed to subtle defects in the vital process 

of basal transcription, as the proteins affected appear to be involved in NER as well as in 

transcription initiation (Bootsma and Hoeijmakers, 1993, Hoeijmakers 1993b, Vermeulen 

et al. submitted for publication). 

A second class of mammalian excision repair-deficient mutants is represented by 

laboratory-induced, UV-sensitive, rodent cell lines. Eleven complementation groups have 

been identified (Busch ef ai., 1994; Riboni et al., 1992). Human genes correcting these 

rodent mutants are designated excision repair cross complementing (ERCC) genes. 

Biochemical and genetic analyses of mammalian and yeast NER genes and proteins have 
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revealed that the entire NER pathway is strongly conserved in eukaryotic evolution 

(reviewed in Hoeijmakers 1993a,b). 

Recently, we described the purification of a NER protein complex consisting of 

the 125 kD XPC gene product and a 58 kD protein with overall homology to the product 

of the Saccharomyces cerevisiae RAD23 NER gene (Masutani et aI., 1994). 

Simultaneously, we cloned a closely related second homolog of the yeast gene designated 

HHR23A (for Human Homolog of RAD23) , whereas the former was called HHR23B. This 

represents the first example of a NER gene duplication during eukaryotic evolution. The 

RAD6 gene encoding an ubiquitin-activating enzyme involved in postreplication repair is 

also duplicated in mammals (Koken, ef aI., 1992). RAD23 mutants show a partial defect 

in excision repair and the encoded protein begins with a strongly conserved ubiquitin-like 

domain that is essential for its repair function (Watkins, ef al., 1993). The XPC/HHR23B 

complex displays a strong affinity for ssDNA and appears to be selectively involved in 

the genome-overall NER subpathway. Here we report the chromosomal localization of 

these genes. 

MATERIALS AND METHODS 

III situ hybridization. Nomml human lymphocytes were used for the preparation of metaphase 

spreads prior to in situ hybridization. 

III situ hybridization experiments using the XPC eDNA in a pBluescript vector, the HHR23A 

genomic phage IV, the HHR238 genomic phage II, the HHR23B eDNA in a pBluescript vector, and the 

cllromosome 19 centromer-specific marker, pG-AI6 (Cherif et al .• 1990), as biolin-Iabeled or digoxigernn

labeled probes were perfonlled as described elsewhere (Pinkel et al., 1986). 

After incubation with avidin D-FITC (Vector, USA). the biotin-labeled probes were visualized. The 

fluorescent signal was amplified with biotillylated goat anti-avidin D. The digoxigenin-Iabeled probes were 

visualized by incubation with sheep anti-digoxigenin TRITC followed by amplification with Donkey anti

Sheep Texas-Red conjugates (Fab fragments, Boehringer Mannheim). After inllllunochemical staining, the 

slides were dehydrated with ethanol, and air-dried. TIle slides were coullterstailled with propidium iodide 

and 4' ,6' -diamidino-2-phenylilldole (DAPl) in antifade medium. 

In case of hybridization with HHR23A, slides \vere banded with bisbenzimide H33258 (Hoechst), 

UV-irradiated and heat-denanlred before amplification (CMrif et al., 1990). 

Gel/era! procedures. Isolation, digestion and gel electrophoresis of the genomic A clones 

hybridizing to the HHR23A and HHR23B cDNAs were perfomled according to established procedures 

(Sambrook et af., 1989). Labeling of DNA probes, and hybridizations of Southern blots were carried out 

using routine protocols. Southem blotting to Zeta probe membranes was perfooned by alkaline transfer, as 

described by the manufacturer (Bio-Rad, Richmond, CA), Membranes were exposed at -80°C to Fuji RX 
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film with intensifying screens. After exposure, blots were stripped in 10 mM Tris, I mM EDTA, 1 % SDS 

at 90°C for 5 min and rehybridized. 

The HHR23 genomic phages were derived from a A EMBL-3 library prepared from genomic DNA 

of the CML-O cell line (generously provided by Dr. G. Grosveld). Phages were used to infect E.coli LE392 

cells. Analysis and identification of HHR23 genomic fragments were carried out by restriction enzyme site 

mapping and hybridization using HHR23 cDNA probes. 

DNA for restriction fragment length polymorpWsm (RFLP) analysis was isolated from peripheral 

blood leucocytes. For pulsed field gel electrophoresis (PFGE), agarose-embedded leucocytes of a nomlal 

individual were lysed and digested with the appropriate restriction endonucleases according to the 

manufacturers' instructions. PFGE was carried out as detailed elsewhere (van Ommen and Verkerk, 1986). 

RESULTS 

Itl Situ Hybridization 

HHR23A. Hybridization with the HHR23A genomic probe yielded a clear 

hybridizing signal with a chromosome that on the basis of Hoechst banding can be 

identified as human chromosome 19, in the area close to the pI3.3·pI3.2 border 

(Fig.1A). To verify the chromosome identification, the chromosome 19-specific 

centromere probe pG-AI6 was used in combination with the HHR23A genomic probe. 

Figure 2 shows that the HHR23A signals reside on the same chromosome as that of the 

centromere probe. As an independent confirmation of the assignment of HHR23A to the 

p-arm of chromosome 19, we performed also simultaneous hybridization with a genomic 

probe of another known chromosome 19 gene, ERCCl, located on 19q13.2 

(Mohrenweiser et ai., 1989). The results obtained (not shown) were in complete 

agreement with the localization of the HHR23A gene to 19pI3.2. in every metaphase 

analysed. 

HHR23B. For mapping of the HHR23B locus, ill situ hybridization experiments 

were performed on metaphase spreads using the biotinylated HHR23B cDNA in a 

pBluescript vector as well as the genomic A phage. The HHR23B genomic probe II 

contains a 7 kb EeoRI fragment present in the 3' end of the HHR23B gene. In agreement 

with the cDNA, the genomic probe gave specific hybridization on 3p25.1. (See Fig. 1B). 

Since unequivocal identification of chromosome 3 is possible on the basis of morphology 

and banding pattern, no double hybridizations with a control probe were performed. A 

representative example of chromosome 3 showing hybridization and the clear morphology 

in combination with the banding pattern is depicted in Fig.2. 
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FIG.1 (A) III situ hybridization of metaphase chromosomes with biotinylaled genomic HHR23A 

probe. Hybridization on a metaphase spread (partly sllown) with the genomic HHR23A probe. The 

arrowheads point to the region with a specific signal on chromosome 19p13.2. (Left) The ill sinl 

hybridization results. (Right) The Hoechst banding of the same metaphases. (B) 11/ situ hybridization of 

metaphase chromosomes with biotinyJated genomic HHR238 probe. The arrowheads indicate the 

hybridization signal on chromosome 3p25.1. (Left) 11/ situ hybridization results. (Right) TIle DAPI banding 

of the same metaphase. (C) In situ hybridization of metaphase chromosomes with biotillylated XPC cDNA 

probe. TIle arrowheads indicate the hybridization signal on chromosome 3p25.1. (Left) 11/ situ hybridization 

results. (Right) The DAPI banding of the same metaphase. 
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FlG.2 III sitll hybridization of metaphase chromosomes with biotinylated genomic HHR23 probes. 

(Left) III si/It hybridization signal on chromosome 19 with the biotinylated genomic HHR23A probe and a 

cocktail of a centromeric probe specific for chromosome 19 in combination with HHR23A. (Right) TIle 

signal of the biolinyialed HHR23B probe on chromosome 3. 

XPC. For localization of the xeroderma pigmentosum group C correcting gene 

(XPC), the 3.6-kb eDNA was biotinylated and used for ill situ hybridization. A 

representative ill situ hybridization for XPC, of the l110re than 50 metaphases analyzed, is 

depicted in Fig.IC. Interestingly, like HHR23B, the XPC gene was also assigned to 

chromosome 3p25.1. Since both genes are located on 3p25.1, a double hybridization with 

both XPC and HHR23B was performed to see whether they hybridize to discernable 

locations. To this aim, the XPC eDNA probe was haptenized with biotin and visualized 

by FITC-Iabeled antibodies, whereas the HHR23B probe was provided with a digoxigenin 

label and visualized by TRITC/Texas red-labeled antibodies. The results (Fig.3) indicate a 

similar cytogenetic position on the chromosome. The cytogenetic colocalization of both 

probes is apparent from the fact that only one spot is present with a mixed colour 

composed of the green of XPC and red of the HHR23B probe. Detectable hybridization of 

both probes is also demonstrated by the finding of distinct spots in interphase nuclei (data 

not shown). Occasionally, in more elongated chromosomes distinct green (XPC) and 

orange/red (HHR23B) spots were observed, with the XPC hybridization in each case 

located more to the telomere. These data suggest the following order of these genes on 

the chromosome: centromere // HHR23B - XPC // telomere. 
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FIG.3. III situ hybridization of 
metaphase chromosomes with 
biotinylated HHR238 and XPC probes. 
The arrowheads indicate the 
hybridization signals on the short aml 
of chromosome 3. Digoxigenin-Iabeled 
HlfR23B (visualized with TRITe! 

Texas red) was hybridized ill 
combination with biotin-labeled XPC 

(visualized with PITC), (A) In situ 
hybridization results. (B) TIle DAPl 
banding of the same metaphase spread. 

Characterization of the Genomic Context of the XPC alld HHR23 Genes by Pulsed-Field 

Gel Electrophoresis. 

Since the cylogenetic data do not permit conclusions about the physical distance by 

which XPC and HHR23B are separated and in fact do not exclude the possibility that they 

are very close together, pulsed-field gel eleclrophoresis experiments were conducted. The 

following restriction enzymes were utilized: Eagl, Mlul, Sfil, BssHII, Notl, Nrul, and 

SaIl. The resuIts summarized in Table 1a indicate that all but one enzyme generate 

different fragments for each gene. However, interestingly, XPC and part of the HHR23B 

gene hybridize to a Mlul fragment of about 625 kb, raising the possibility that both genes 

reside on this fragment. The fact that the HHR23B eDNA probe visualizes two Mlul 

bands implies that this site is situated within the HHR23B gene. In view of the large size 

of the MIIiI fragments (~625 and > 1000 kb), it was not feasible to perform partial 

digestions to rule out the possibility that the hybridization of both genes to a similar-size 
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fragment is due to a coincidental correspondence in size. From the results obtained with 

Eagl and BssHII, one can conclude that XPC and HHR23B must be at least 250 kb apart, 

assuming that both genes are not larger than 50 kb. The MIIII digest sets an upper limit to 

the distance between both loci of 625 kb if they indeed are located on the same fragment. 

Finally, the findings of more than one HHR23B hybridizing fragment for four rare-cutting 

enzymes (Eagl, MIIII, Bssffir, and Sail) strongly suggests the presence of a CpG island 

within this gene. The XPC gene appears to contain sites for Eagl and Sail. 

We have also characterized the genomic context of the HHR23A gene by PFGE. 

The results are presented in Table I b. From these data we can conlude that there are at 

least two Nrul sites and one Clal site present in the HHR23A gene. Furthermore, the Nrul 

digests indicate that the gene has a minimal size of 16 kb. 

Table I 
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Enzyme 

Eag! 

MIll! 

BssHII 

NotI 

Sfi! 

Salt 

Enzyme 

CIa! 

NruI 

NotI 

MIliI 

BssHlI 

(A) 

HHR23B 

fragment (kb) 

~1oo 

~290 

> 1000? 

=625 

~725 

~310 

=800 

~3oo 

> 1000 

~Ioo 

(B) 

XPC 

fragment (kb) 

~3IO 

<40 

=625 

< 100 

~150 

~240 

~450 

<50 

HHR23A 

fragment (kb) 

=300 

60-10 

~240 

~18 

=16 

~190 

<80 

<80 

Pulsed-Field Gel electrophorese Analysis of XPC, HHR23A, and HHR23B. 



RFLPs ill the Areas of HHR23A alld HHR23B. 

To facilitate linkage analysis we have searched for RFLPs in the genomic areas of 

both HHR23 genes. The HHR23A gene. on the short arm of chromosome 19. does not 

appear to be highly polymorphic for EcoRI, PstI, RsaI, MspI and Taql. Similarly, the 

HHR23B 3p25.1 locus does not appear to be highly polymorphic for PstI, RsaI, MspI, 

PVI/II and Taql. However, the HHR23B locus seems to contain a BglII-polymorphic site. 

Figure 4 shows part of the blot in which the RFLP is presented. The allelic frequency of 

the less common b allele is estimated from the small sample to be in the order of 25 % in 

the Caucasian population. 

kb 
21-1>-

5.1-1>-

DISCUSSION 

1 2 

• • •• 
L-_~ 

alb ala 

FIG.4. A Bg/Il polymorphism in the HHR23B gene. 

Autoradiogram of Bgill-digested DNA of two unrelated 

Caucasian individuals hybridized with the full-length 

HHR23B eDNA probe. The polymorphic band which 

was detected in DNA of four oul of eight unrelated 

individuals. Laue 1, DNA with the alb haplotype; lane 

2, DNA with the ala haplotype. 

The consequences of inefficient or deficient repair are illustrated by genetic repair 

diseases that in general predispose individuals to cancer due to the fact that mutations 

arising from umepaired lesions accumulate at a high rate. The genetics of NER in 

mammalian (including human) ceIJs is very complex since many genes are involved in this 

pathway. Rodent mutant cell lines defective in NER fall into at least II distinct genetic 

complementation groups. The human NER-defective hereditary disease XP is 

characterized by at least 7 genetic complementation groups. CS and PIBIDS account for 

at least 3 other complementation groups. Furthermore. one of the PIBIDS 

complementation groups shows overlap with XP (XP group D). The parallelism between 

yeast repair genes and these NER syndromes indicates the importance of this 

evolutionarily conserved pathway (Hoeijmakers 1993a,b). Here we report the 

chromosomal localization of 3 recently isolated human repair genes. The XPC gene is 

localized on the short arm of chromosome 3, like the HHR23B gene. The HHR23A gene 

maps on the short arm of chromosome 19. 
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In the process of reviewing of our manuscript, we became aware of earlier work 

by Legerski et al. (1994) providing unequivocal evidence in favor of the localization of 

XPC on 3p25 based on southern blotting of hybrids and ill situ hybridization studies and 

contrasting with preliminary results by Kauer and Atwahl (1993) suggesting chromosome 

5, based on microcell-mediated correction studies. OUf independent observation strongly 

corroborates Legerski's finding and finally settles the question of the XPC assignment in 

favor of chromosome 3p25. 

As shown in Table 2, the human NER genes mapped to date are distributed over 

the genome. This resembles the situation in S. cerevisiae. Since yeast represents the other 

end of the eukaryotic spectrum, it is likely that random distribution of NER genes occurs 

in all eukaryotes. 

Human Yeast Corrected human Chromosomal References 

gene homolog NER syndrome localization 

XPA RAD14 XPA 9q34 Kauer and Athwal, 1989 

Ishizaki. 1990 

XPB(ERCC3) RAD25 XPD 2q21 Weeda et al .. 1989 

XPC RAD4 XPC 3p25.1 This report 

XPD(ERCC2) RAD3 XPD 19q13.2 Siciliano, 1986 

XPG(ERCC5) RAD2 XPG 13q32-33 Mudgett and MacIlllles, 1990 

ERCCI RADIO Unknown' 19q13.2 Mohrenweiser et af., 1989 

ERCC4 Unknown Unknown 16p13.13-p13.2 LillI 1993 

HHR23A RAD23 Unknown 19p13.2 This report 

HHR23B RAD23 Unknown 3p25.1 This report 

CSB(ERCC6) UnkuO\vn CSB IOqll-21 Troelstra et al., 1992 

DNA Ligase I Ligase 46BR 19q13.2 Barnes et al., 1992 

• Not any of the known NER-deficient complementation groups. 

Table 2 Chromosomal Localization of Human NER Genes. 
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Many repair genes are found on chromosome 19: ERCCl, 2, the gene for DNA 

ligase I, and the X-ray repair gene XRCCI all reside on 19q13.2. The HHR23A gene can 

be added to this list, but in contrast to the others this gene resides on the short arm. The 

location of a considerable fraction of repair genes on chromosome 19 is in line with the 

known high density of genes on this chromosome (Human Gene Mapping II, 1991). 

In humans, 2 pairs of NER genes are localized close together. Previously we 

reported that the ERCCI and ERCC2 genes are situated 250-300 kb apart on 19q13.2 

(Smeets et al., 1990). Here we find close proximity of the XPC and HHR23B genes, on 

band 3p25.1 at a distance of 250-625 kb. This colocalizalion is a remarkable finding, 

since the gene products form a tight complex, which is not the case for ERCCI and 

ERCC2. The question remains whether this is pure coincidence or whether the 

coiocalization has a functional significance, for instance. coregulation at the transcription 

level. At present it is not known whether other genes are located in between XPC and 

HHR23B as with ERCCI and ERCC2. 

T7le Chromosomal COli/ext of HHR23A. 

Loss of heterozygosity studies indicate an underrepresentation of the involvement 

of chromosome 19 in human cancers, which is in contrast to chromosome 3p (Seizinger et 

al., 1991). Many expressed genes have been mapped to the 19p13 region (McKusick, 

1990), as have breakpoints for several translocations (Kamps et al., 1990). The 

t(1;19)(q23;pI3) chromosomal translocation is observed in 25% of children with 

pre-B-cell acute lymphoblastic leukemia (ALL) (Hunger el al., 1991). However, the 

gene(s) disrupted by the translocation have not yet been cloned, and the possibility that 

the HHR23A gene is involved cannot be excluded at present. Furthermore, it should be 

noted that many other breakpoints involved in ALL have been described (Ahuja and 

Cline, 1988). 

A rare heritable folate-sensitive fragile site at 19p13 was detected in four brothers 

(Chodirker el al., 1987). The clinical significance of this fragile site and possible 

involvement of HHR23A are unknown. Other well-characterized loci on 19p are the low 

density lipoprotein receptor (Francke el al., 1984), insulin receptor (Yang-Feng el aI., 

1985), and the human Ro ribonucleoprotein (52kDa) autoanligen (McCauliffe el aI., 

1990). The MHC class II regulatory factors RFXI and RFX2, defective in hereditary 

HLA " deficiency (Bare lymphocyte syndrome), respectively mapped on 19p13.1 and 

19p13.2-pl3.3 (PugliaW el al., 1992). These data in combination with the HHR23A locus 

should help guide molecular studies to characterize further 19p13 breakpoints and 

mapping of genes in this chromosomal region. 
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17le Chromosomal Collfexl of HHR23B and XPC. 

Like HHR23B, the XPC gene maps on 3p25.1. A number of studies suggested the 

presence of important genetic loci on the short arm of chromosome 3. Chromosomal 

abnormalities of 3p have been observed in breast cancer, lung cancer, renal cell 

carcinoma, ovarian carcinoma, various hematological malignancies and cervical cancer 

(Naylor and Carritt, 1991). Loss of 3p in some of these malignancies suggests the 

presence of one or multiple tumor suppressor genes on the short arm of chromosome 3. 

One of these is the gene responsible for the genetic disorder von Hippel-Lindau, which 

was recently cloned (Latif el al., 1993). Furthermore, the developmental disorder Greig 

craniopolysyndactyly syndrome which has been associated with a t(3;17)(p21;pI3) 

balanced translocation. The 3p25 region has been characterized quite well by several 

groups working on the von Hippel-Lindau disease gene. Chromosome 3p allele loss has 

been described in four tumor types: renal cell carcinoma, haemangioblastoma, 

phaeochromocytoma and pancreatic tumor, suggesting a common mechanism of 

tumorigenesis in all types of tumor in von Hippel-Lindau disease. Our data obtained by . 

pulsed-field analysis were not easy to implement in the map generated for the von Hippel

Lindau region (Szymanski el al., 1993). 

The close vicinity of the XPC and HHR23B genes opens the possibility of a 

common deletion inactivating both genes.· Since impairment of the two functions may 

yield a phenotype more severe than regular XP-C, we searched for XP-C patients with 

additional features. An XPC patient (XPIMI) was described having a unique combination 

of symptoms that correspond to two sun-sensitive conditions: xeroderma pigmentosum 

(XPC) conferring sensitivity to UV-B, and systemic lupus erythematosus (SLE) , with an 

exaggerated response to UV-A (Hananian and Cleaver, 1980). This XPC patient shows no 

detectable mRNA on Northern blot analysis (Legerski and Peterson, 1992) and a point 

mutation in one of the alleles of XPIMI was reported using RT-PCR (Li, el al., 1993). 

No fUllctional studies demonstrating inactivation of the gene by this mutation have been 

performed, and it is not known whether this sequence alteration is present on one or both 

alleles, nor whether the patient has lost the second allele. However, ill silu hybridization 

on lymphocytes and fibroblasts of patient XPIMI (our own unpublished data) show that 

both alleles of XPC and HHR23B are present. This was also found in another XPC patient 

(Halley, el at., 1979) showing no detectable mRNA in Northern blot analysis is XP4PA 

(Legerski and Peterson, 1992). Recently, a mutation was reported in the DNA of this 

patient, involving a deletion of two nucleotides at the mRNA level and a frameshift in the 

central part of the protein (Li, el al., 1993). No information on the other allele was 

provided. 
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Relationship of the HHR23A and B Gelles with Human NER Syndromes. 

Virtually all NER-deficient XP, CS, TID, and rodent complementation groups for 

which no repair gene is isolated have been tested for the ability of the HHR23A gene to 

correct their defect. However, no correction was found (P.]. van der Spek and W. 

Vermeulen unpublished results). Similar studies using the HHR23B gene are in progress. 

Given the high amino acid sequence homology between both gene products (57 % identity 

and 76 % similarity) it is possible that HHR23A and HHR23B proteins have largely 

overlapping functions. When functional redundancy exists, it would require the unlikely 

event of simultaneous inactivation of both HHR23 genes for clinical symptoms to become 

manifest, which may explain the absence of a known repair disorder for HHR23A and 

possibly also for HHR23B. Targeted gene replacement in mouse embryonal stem cells 

opens the possibility of generating HHR23-defective cell lines and mice in the laboratory. 

Via cloning of the mouse homologs, valuable insight can be gained in translation of a 

molecular defect in the HHR23 function into clinical features, particularly the 

predisposition to cancer and other clinical hallmarks of human NER disorders. 
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ABSTRACT 

The Saccharomyces cerevisiae RAD23 gene is involved in nucleotide excision 

repair (NER). Two humau homologs of RAD23, HHR23t1 and HHR2311 (HGMW

approved symbols RAD23A and RAD23B), were previonsly isolated. The HHR23B 

protein is complexed with the protein defective in the cancer-prone repair syndrome 

xCl'odcnna pigmentosnm, complementation group C, and is specifically involved in 

the global genome NER subpathway. The cloning of both monse bomologs 

(designated MHR23A and MHR23B) and detailed sequence comparison permitted the 

deductiou of the following overall structure for all RAD23 homologs: an ubiquitin

IiI,e N-terminus followed by a strongly conserved SO-amino-acid domain that is 

repeated at the C-terminus. We also found this domain as a specific C-tel1ninal 

extension of one of the ubiquitin-conjugating enzymes, providing a second link with 

the ubiquitin pathway. By means of ill situ hybridization, MHR23A was assigned to 

monse chromosome 8C3 and MHR23B gene to 4B3. Because of the close 

c1n'omosomal proximity of hmnan XPC and HHR23B, the mouse XPC cIn'omosomal 

location was detel1uined (6D). Physical disconnection of the genes in monse argues 

against a functional significance of the colocalizatioll of these genes in human. 

Northem blot analysis revealed constitutive expression of both MHR23 genes in all 

tissues examined. Elevated RNA expression of both MHR23 genes was observed in 

testis. Although the RAD23 equivalents are well conserved during evolution, the 

mannnalian genes did not express the UV -inducible phenotype of their yeast 

counterpart. This may point to a fundamental difference between the UV response of 

yeast and human. No stage-specific mRNA expression during the cell cycle was 

observed for the mammalian RAD23 homologs. 

IN1RODUCTION 

The fundamental importance of DNA repair systems is illustrated by a number of 

cancer-prone human genetic disorders that are thought to be due to defects in DNA 

surveillance mechanisms like xeroderma pigmentosum (XP). Fanconi's anemia and Bloom 

syndrome (for a comprehensive review, see Friedberg et aI., 1995). XP and two other 

conditions, Cockayne's syndrome (CS) and trichothiodystrophy (TID), are associated 

with defects in the nucleotide excision repair (NER) pathway. This system deals with the 

elimination of a diverse array of structurally unrelated lesious, iucludiug various UV-
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induced photoproducts (cyclobutane pyrimidine dimers and 6-4 photoproducts), chemical 

adducts and crosslinks (Van Houten, 1990). A defect in one of at least seven genes XP-A 

to XP-G can cause the genetic recessive disease XP. XP patients show extreme sun 

sensitivity, pronounced pigmentation abnormalities in UV-exposed areas of the skin, and 

frequently, accelerated neurodegeneration. Importantly, the disease is associated with a > 
lOoo-fold increased risk of skin cancer (see Cleaver and Kraemer, 1995, for a review). In 

contrast, CS patients are not cancer-prone and display a less severe sun sensitivity. 

Instead, this disorder is characterized by developmental impairment, including severe 

neurological abnormalities due to dysmyelination of the nervous system (Nance and 

Berry, 1992). Two CS complementation groups have been identified: CS-A and CS-B 

(Lehmann, 1987). TID patients share many clinical features with CS, but have, in 

addition, brittle hair and nails (due to a reduced content of a class of ultra-high cysteine 

matrix proteins) and ichthyosis (Hin and Pittelkow, 1990). Three TID genes are known, 

two of which are identical to XPB and XPD (Hoeijmakers, 1994). A striking selective 

correlation is found among all three TID genes and mutations in subunits of basal 

transcription factor TFlIH, which has a dual involvement in transcription initiation and 

NER. Therefore, we have proposed that the 'non-XP' features of TID are due to a 

partial impairment of the transcription function of the complex, in addition to a defect in 

the NER function. Thus, TID can be regarded as a combined repair-transcription 

syndrome (Vermeulen ef ai., 1994; Bootsma and Hoeijmakers, 1993). 

Recently, we reported the identification and cloning of two human homologs of the 

yeast NER gene RAD23: HHR23A and HHR23B (HGMW-approved symbols RAD23A 

and RAD23B) (Masutani ef ai" 1994). Yeast rad23 null mutants display an intermediate 

UV -sensitive phenotype, suggesting that the affected product is not indispensable for 

NER. The RAD23 protein contains an N-terminal ubiquitin-like domain (Watkins ef ai., 

1993). The HHR23B gene product was found in a tight complex with the XPC protein. 

This complex has a very high ssDNA binding activity. XPC cells harbour a specific 

defect in the repair of the nontranscribed sequences of the genome, including the 

nontranscribed strand of active genes, whereas the NER subpathway that accomplishes the 

preferential repair of the transcribed strand of active genes (transcription-coupled repair) 

is still operational (Venema ef ai., 1989). This implies a selective role of the XPC 

complex in the global genome NER system (Van Hoffen ef ai., 1995). Here we report the 

cloning and characterization of the mouse homologs of RAD23, the chromosomal 

localization, the expression profile. and the identification of novel domains in the primary 

amino acid sequence. 
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MATERIALS AND METHODS 

Cloning and nucleotide sequence analysis 

General molecular biological procedures for nucleic acid isolation, (sub)cloning. DNA sequencing, 

peR, and hybridization were as detailed in Sambrook et al. (1989). peR-derived probes of both HHR23 

cDNAs were used to screen a mouse testis eDNA library (Stratagene). Clones hybridizing wilh the human 

probes were picked, rescreened for purification, and examined by restriction enzyme analysis. Hybridization 

ofhwnan probes to mouse DNA was at 62°C in a hybridization mixture containing lOx Denhardt's solution, 

10% dextransulfate, 0.1 % SOS, 3xSSC, 50 mg of sonicated salmon sperm DNA per litre. Washing was 

perfomled twice for 20 min each in 3x sse, twice for 20 min each in Ix sse, and twice for 20 min each 

ill 0.3x sse at 62°C. Hybridization was detected by autoradiography on Fuji RX medical X-ray film with 

intensifying screens at -80GC. After two rounds of rescreens, EMBL-3 phages were converted into 

pBluescript II KS (Stratagene) or pTZ19R (pharmacia) vectors and transfomled to competent DH5aF' cells. 

Sequence analysis on double-stranded DNA was perfomled with the 1'7 DNA polymerase modification 

(Pharmacia) of the dideoxynucleotide chain termination method (Sanger et al., 1977), using sequence

derived oligonucleotides, and exonuclease clones for sequencing both strands. For separation of the 

fragments, 6% acrylamide sequencing gels were used. The 5' end of MHR23B was derived from a mouse 

17.5-day embryo 5' stretch eDNA library (MLl029a, Clontech). Genomic clones were derived by screening 

a mouse CCE library with PCR fragments covering the mouse cDNAs of both MHR23 genes. 

Chromosomal localization 

/" situ hybridization experiments using biotin-labeled or digoxigenin-Iabeled genomic fragments of 

MHR23A and MHR23B were perfomled as described elsewhere (pinkel et al., 1986). After incubation with 

avidin D-FITC (Vector, U.S.A), the biotin-labeled probes were visualized by FISH. TIle fluorescent signal 

was amplified with biotinylated goat anti-avidin D. Probes labeled with digoxigenill were visualized using 

Texas red-conjugated antidigoxigenin antibody. 

Northern blot analysis 

RNA samples were separated 011 an 1 % agarose gel aud transferred to Zeta probe membrane (Bio

Rad) as described by the manufacturer. Total RNA was isolated from adult (Balb/c) mice using the 

UCI/urea method (Auffray and Rougeon, 1980). Filters were hybridized using mouse MHR23A and 

MHR23B 32P·labeled cDNA probes. Labeling of DNA probes was carried out using the random priming 

protocol (Sambrook et al., 1989). 

CeU culture 

HeLa cells were grown on FlO/DMEM medium supplemented with 10% fetal calf semm. 

penicillin, and streptomycin. HeLa cells were synchronized using double thymidine block (Bootsma et at .• 

1964, Galavazi et al., 1966), to study stage-specific expression during the cell cycle. A primary culture of 

epidemlal keratinocytes derived from human foreskin was established as described eisewere (RJleinwald and 

Green, 1975). Prior to RNA isolation, keratinocytes were UV -irradiated with 30 J/m\ and HeLa cells were 

irradiated with I J/m2 (UV·C). 

Computer analysis 

Sequences were analysed and compared using the BLAST algorithm (Altschul et al., 1990) and the 

Genbank and EMBL databases. 
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RESULTS 

Cloning and Sequence Analysis of the cDNAs Encoding the Mouse RAD23 

equivalents. 

To obtain cDNA's encoding the murine homologs of HHR23A and HHR23B, a 

mouse testis library was screened with both human cDNA probes. Analysis of several 

cDNA clones indicated the presence of two distinct RAD23 genes. tentatively designated 

MHR23A and MHR23B (Mouse Homologs of RAD23). Additionally, for a MHR23B, a 

17.5-day mouse embryo library was screened to obtain the missing 5' end of the cDNA. 

The MHR23A ORF encodes an acidic protein (pI 4.4) of 363 amino acids, with a 

calculated molecular mass of 39,772 Da. The MHR23B ORF encodes an acidic protein (pI 

4.6) of 416 amino acids with a calculated molecular mass of 43,520 Da. Both the mouse 

A and the B polypeptides share, respectively, 96 and 88% sequence identity and 99 and 

95% sequence similarity to their human counterparts. The human and mouse 23A proteins 

are equal in size. A notable difference between the human and mouse 23B proteins is the 

insertion of a stretch of seven glycine residues in the latter at position 339. The MHR23A 

and MHR23B gene products exhibit 58% amino acid sequence identity and 77% 

homology to each other. Both proteins share about 62 % homology to their yeast 

counterpart (Fig. IA). 

Detailed comparison of the mouse, human and yeast RAD23 homologs permitted 

the identification of strongly conserved and more variable parts of the proteins that were 

not apparent from the human-yeast comparison and the identification of several domains 

in the RAD23 amino acid sequence that were not previously noted (Fig. 1). Together, 

these sequences account for the major part of the primary protein sequence. Figure IB 

shows schematically the deduced overall structure of the RAD23 A and B proteins. At the 

N-terminus, a previously identified 80-amino-acid ubiquitin-like domain is present. It is 

followcd by a region of approximately 65 amino acids predominantly (86%) composed of 

the physicochemically related amino acids proline, alanine, serine and threonine (termed 

here 'PAST' domain), This segment shows many sequence changes between human and 

mouse, suggesting that the precise primary sequence is probably not critical. Computer 

analysis revealed within the remainder of the protein two internal repetitive 50-amino-acid 

elements with significant homology to each other. The first domain is followed by a 

variable PAST-rich region. and the second is preceded by such a segment. 
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FlG.1. (A) Sequence aHgument of tbe yeast, mouse and hwnall bomologues of RAD23 with each 

other. Conserved sequences between yeast RAD23, MHR23A, flliR23A, MHR23B and HHR23B. The 

amino acid sequence of the mouse and Lmman proteins are compared with that of yeast RAD23. Identical 

amino acids are presented in black boxes, whereas similar residues (A, S, T, P, and G; D, E, N, and Q; R, 

K, and H; I, L, V. and M; F, Y, and W) are given in gray boxes. (B) Schematic representation of the 

RAD23 protein homologs. Schematical presentation of conserved (short bar) and llonconserved (long bar) 

amino acid changes in mouse and hwnan RAD23 proteins. The different domains discussed in tbe text are 

indicated. 

The internal repeated sequence is fully conserved between mouse and human, 

presumably a reflection of its functional importance. The significance of this domain is 

further underlined by the finding of clear sequence similarity with a C-terminal extension 

present in a bovine ubiquitin-conjugating enzyme E2(25K) (Chen et al., 1991), shown in 

Fig.2. Comparison with various databases identified in addition homology to two genome 

project clones: one of Arabidopsis thalia (accession number Z26691) and one of 

Piasmodiulli Ja/cipa/'lllll (accession number T09564). These partial clones represent the 

RAD23 homologs in the corresponding species. Based on the presence of multiple 

conserved residues including a C-terminal cysteine residue these short EST sequences are 

very likely the RAD23 homologs of these species. 

RAD23 142 
MHR23A 157 
MHR23B 184 
RAD23 351 
MHR23A 314 
MHR23B 367 
E2-25kD 156 

Consensus 

FIG. 2. Sequence alignment of the internally duplicated regions of RAD23 and homologues. 

Alignment of the internally duplicated regions of yeast, mouse RAD23, and tbe C-tenninus of a bovine 

ubiquitin-cOItiugating enzyme E2(25K). The human sequences are not included in this figure since these are 

exactly identical to the mouse sequences. Identical amino acids are presented in black boxes, whereas 

similar residues (A, S, T, P, and G; D, E, N, and Q; R, K, and H; l, L, V, and M; F, Y, and W) are 

given in gray boxes. 

160 



Chromosomal Localization, Comparative Mapping 

Both human RAD23 homologs are located on different autosomal chromosomes. 

Interestingly, the HHR23B and XPC genes, the products of which form a tight complex, 

were found to colocalize to human chromosome 3p25.1 (Legerski ef al., 1994; van der 

Spek ef aI., 1994). We have mapped the mouse equivalents to determine whether this 

colocalization is preserved during evolution. Genomic clones isolated from a mouse CCE 

genomic A library were utilized for mapping purposes. Biotinylated probes hybridized 

with mouse metaphase spreads assigned the MHR23A gene to chromosome 8C3 (Fig. 3A) 

and the MHR23B to chromosome 4B3 (Fig. 3B). To confirm the MHR23B localization, a 

mouse leukemia cell line (Red8) that contains three copies of chromosome 4 was used. 

Furthermore, we determined that the mouse XPC gene maps to the 6D locus (shown in 

Fig. 3C), being in complete agreement with the localization of the human equivalent to 

the syntenic locus 3p25 (Legerski ef al., 1994; van der Spek ef al., 1994). Therefore, in 

contrast to the human situation, XPC and MHR23B do not colocalize in mouse. 

FIG.3. (A and B) 11/ sitll hybridization of 

metaphase chromosomes with labeled MHR23A and 

MHR23B probes. The arrowheads indicate the 

hybridization signals on the mouse chromosomes 

visualized witb FlTC. (A) The signals for MHR23A 

(8C3); (B) the MHR238 gene (4B3). TIle cell line used 

for mapping of the MHR23B gene is trisomic for 

chromosome 4, as indicated by the arrowsheads. (C) III 

situ hybridization of metaphase chromosomes with 

biotil1ylated genomic XPC probe. 

161 



NOlihel'll Blot Analysis of Mouse Tissues 

To obtain clues about the potential function of the mammalian homologs of 

RAD23, we studied the expression properties of the genes. Northern blot analysis was 

performed using RNA from different mouse tissues. As shown in Fig. 4, both genes are 

expressed at the RNA level in all tissues and organs examined. When corrected for slight 

differences in the amount of RNA loaded in each lane (see 18S rRNA intensity from the 

ethidium bromide-stained gel), it is apparent that most tissues have roughly similar levels 

of MHR23 transcripts. Clearly elevated expression was repeatedly observed for both 

MHR23A and MHR23B mRNAs in testis tissue compared to that in other tissues 

examined. The MHR23A probe visualized a transcript of 1.7 kb. The MHR23B gene was 

found to specify transcripts of 3.2 kb and 2.7 kb, both migrating just below the 28S 

ribosomal band. This size difference is most likely due to alternative polyadenylation of 

this gene, which was also observed in certain human tissues (data not shown), 

Additionally, the MHR23A probe detected el~lanced expression in muscle tissue, whereas 

MHR23B shows el~lanced RNA levels in brain, although in both cases, expression was 

lower than that in testis (Fig. 4). 
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FIG.4. Northern blot aualysis of different mouse tissues for mRNA expression of MHR23A and MHR23B. 

RNA (15 Ilg total cell RNA) was size-fractionated Oll a 0.8% agarose gel and, after blotting to Bio-Rad 

zetaprobe-GT filters, was hybridized with MHR23A and MHR23B probes. The intensity of the ethidium 

bromide-stained 18S rRNA band reflects the amount of RNA loaded ill each lane for all the tissues 

examined. 

We also examined whether expression of any of the HHR23 transcripts changed 

during the mitotic cell cycle. RNA isolated from different stages (Gl, S, G2 and mitosis). 

HeLa cells were synchronized by double thymidine block as described by Bootsma el at. 

(1964), and did not display significant differences in RNA levels of either HHR23 gene 

(data not shown). In this regard, it is worth noting that no periodic fluctuations in RAD23 

mRNA levels were observed during the cell cycle in yeast (Madura and Prakash, 1990). 
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UV-Inducibility of HHR23A and HHR23B mRNA Expression 

RAD23 belongs to a small subset of yeast repair genes, the expression of which is 

induced at the mRNA level upon UV exposure and during meiotic prophase (Madura and 

Prakash, 1990). Although the significance of this phenomenon is unknown, it is thought 

that it constitutes part of a mechanism similar to the well-studied SOS response in 

Escherichia coli (Walker, 1985). Whether such a system also exists in higher organisms is 

still an open question. To see whether the feature of UV inducibility is conserved, we 

analyzed the levels of HHR23 mRNA in response to UV irradiation in a cell type that is 

most relevant in this respect: human cultured keratinocytes. RNA isolated at various 

timepoints after UV exposure (30 Jim') was analyzed by Northern blot hybridization. The 

HHR23A probe visualizes a mRNA of 1. 7 kb, whereas the HHR23B probe detects a 

transcript of 2.8 kb. Figure 5 shows that the levels of HHR23A and HHR23B transcripts 

actually decline upon UV irradiation in contrast to expression of the SPRR2 gene, a 

known UV-inducible gene included as a positive control (Gibbs el al., 1993). Similarly, 

we did not find any evidence for UV induction in HeLa cells exposed to a lower UV dose 

(1 Jim') that were analyzed at time points much shorter after UV challenge (data not 

shown). We conclude that HHR23A and HHR23B do not express the UV-inducible 

phenotype of their yeast counterpart. 

Time after UV (hrs) 

o 1 3 6 122448 

t HHR23A 

HHR23B 

II •••• SPRR2 

28S 

FIG.S. Effect of UV-irradiation Oll HHR23 

transcription. RNA (15 N!, total cell RNA) derived from 

UV -irradiated keratinocytes was size- fractionated on a 

0.8 % a,garose gel. RNAs were transferred to Bio-Rad 

zetaprobe-GT filter and hybridized with MHR23A and 

MHR23B probes. Various timepoinls after UV

irradiation (30Jlm2) were analysed. The 18S ribosomal 

band is visualized by autoradiography to indicate the 

amounts of RNA loaded. 
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DISCUSSION 

RelationsWp Between RAD23 and Nucleotide Excision Repair. 

The phenotype of the yeast rad23 mutant suggests that the protein is not 

indispensable for yeast NER, as gene disruption only induces a partial UV sensitivity 

(Miller et al., 1982). However, the rad23 mutants were found to be almost totally 

defective in repair of 6-4 photoproducts and cyclobutane pyrimidine dimers after a UV 

dose of 50 Jim' (McCready, 1994; 1. Brouwer, pers. communication, Leiden). One of the 

human homologs of RAD23, HHR23B, is complexed with the XPC protein. Cells from 

XP-C individuals harbor a specific defect in the global genome repair subpathway of 

NER, with transcription-coupled repair being unaffected (Venema et al., 1991). Assuming 

that this property of RAD23 is conserved, one predicts that the protein in yeast is also 

selectively implicated in the global genome repair process and that it is complexed with 

RAD4, the presumed yeast XPC homolog. However, curiously, rad4 mutants display a 

total NER deficiency (Verhage et ai., 1994). 

Unfortunately, no mammalian mutants of any of the RAD23 homologs have been 

identified (Masutani et ai., 1994; van der Spek, unpublished observation), possibly due to 

functional redundancy of the two homologous gene products. The only biochemical 

activity assigned to the HHR23B-XPC complex is a very high affinity for ssDNA. The 

latter is likely to be due to the XPC component, as the purified HHR23B polypeptide 

does not exhibit strong DNA binding activity (van der Spek, manuscript in preparation). 

Links with the Vhiquitin Pathway. 

Concerning the function of RAD23 and its mammalian homoiogs, the findings 

reported here point to a specific connection with the ubiquitin pathway. The protein 

carries a strongly conserved ubiquitin-Iike N-terminus. First, the N-terminal 80 amino 

acids of RAD23 and its mammalian homologs contain a ubiquitin-like moiety, and 

deletion analysis has provided evidence that it is indispensable for the NER function of 

RAD23 in yeast (Watkins et al., 1993). Consistent with this finding, the entire amino acid 

sequence of this region is strictly conserved between mouse and human, including lysine 

48, which in ubiquitin is required for polyubiquitination (Chau et al., 1989). Conservation 

of this residue suggests the possibility of covalent attachment of ubiquitin to RAD23. 

A second independent link with the ubiquitin pathway was disclosed by the finding 

that the internally duplicated region (Fig. 2) displays sequence homology with the C

terminus of the bovine E2-(25K) member of the family of ubiquitin-conjugating (UBC) 
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enzymes. The significance of this homology is potentially multiple. First, both 50-amino

acid regions are strictly conserved between human and mouse and are the most strongly 

conserved segments of the protein from yeast to human. This strongly suggests that they 

have an important function. Second, the idea that they represent distinct domains is 

supported by the observation that both domains are preceded by regions with the same 

general characteristics: a high content of PAST(G) residues and a rapid evolution. 

Furthermore, the homology to the C-terminus of the E2(25K) ubiquitin-conjugating 

enzyme starts exactly behind the core domain shared with all UBC enzymes and 

constitutes the entire part of the protein that remains. Notably, in RAD23, the second 

element also contains the last 50 amino acids of the polypeptide. Third, the level of 

homology is highly significant. Using the sequence of one of the RAD23 elements in a 

computer search, the E2(25K) C-terminal extension stands out from all sequences in the 

database. The above considerations strougly support the idea that the RAD23 internal 

repeat constitutes a highly conserved, distinct domain with a specific function similar to 

that carried out by one of the ubiquitin-cOI\iugating enzymes. 

Ubiquitin, one of the most highly conserved and ubiquitous polypeptides kuown, 

marks proteins for non-lysosomal proteolytic degradation or for proper folding, and has a 

regulatory role in cellular homeostasis, the stress response, organelle biosynthesis, protein 

translocation across membranes and in DNA repair (see Ciechanover, 1994 for a recent 

review), Covalent attachment of onc or multiple ubiquitin moieties to a target protein is 

the result of a number of activation and conjugation steps. Recently, Spence et al. (1995) 

described a ubiquitin mutant with specific defects in DNA repair and multiubiquitination. 

The members of the UBC family (in yeast, at least 12 members) share a highly 

homologous 150- amino-acid domain containing the Cys residue (C88
) required for the 

ubiquitin-E2 thiol ester intermediate (Jentsch, 1992). A number of UBC members have in 

addition a unique C-terminal extension, presumably related to their specific function. 

Since each of the UBC enzymes is believed to target a selective set of proteins, it is 

possible that at least olle of the fUllctions of the unique C-terminal domain is to provide 

the specificity of interaction with target proteins or ubiquitin-protein ligase. For instance, 

the very acidic C-terminal domain of the yeast UBC repair enzyme RAD6 is thought to 

mediate interaction with the basic histones. Ubiquitination of histones may be part of the 

chromatin transactions required for the post replication repair, mutagenesis, and 

sporulation events in which this enzyme is implicated (Jentsch el al., 1987). 

Unfortunately, the specific function of the bovine E2(25K) UBC protein that could 

provide clues to the role of the equivalent duplicated domain in RAD23 is unknown, and 
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any yeast homologs have not yet been identified. Consequently, no mutants are available 

to assess the biological function of the protein. However, in light of the affiliation of the 

ubiquitin system with the postreplication repair pathway, one might speculate that RAD23 

is implicated in modulation of chromatin structure in the context of the global genome 

repair subpathway. RAD23 thereby provides the fIrst indication for a possible link 

between NER and the ubiquitin system. 

Gene Duplication 

The ill situ hybridization results obtained for mouse XPC and MHR23A are in 

complete agreement with the localization of their human counterparts on chromosome 

3p25 and 19p13 (Legerski et al., 1994; van der Spek et aI., 1994). The MHR23B gene 

provides a new reference anchor locus on mouse chromosome 4B3, which could be useful 

for comparative gene mapping and linkage analysis in mammals (Copeland et aI., 1993). 

The colocalization of XPC and HHR23B on human chromosome 3p25.1 is not observed in 

mouse. This argues against the possibility that the colocalization in human has an 

important function, e.g., in gene regulation or in complex formation. 

Since the evolutionary distance of budding yeast to human is about 1200 x 10' 

years, one can roughly estimate from the degree of divergence of the human, mouse, and 

yeast genes that the RAD23 gene duplicated approximately 700·800 x 10' years ago. This 

calculation assumes that the rate of evolution for the different homologs has remained 

constant. The reason for this duplication of RAD23 is not known. Because of the high 

level of sequence homology, both gene products might possess a redundant function. The 

finding that they are both expressed simultaneously in all tissues examined supports this 

presumption. 

Expression Prope11ies 

Yeast RAD23 mRNA is induced fivefold in meiotic prophase, coinciding with 

recombination (Madura and Prakash, 1990). Although rad23 mutants undergo spornlation 

and produce viable spores, it is not known whether meiotic recombination is affected. 

Enhanced expression of both MHR23 equivalents was found in testis tissue. Thus, the 

feature of meiosis-specific induction of RAD23 expression may be a preserved property 

of the gene, perhaps pointing to its involvement in meiotic recombination. 

RAD23 represents the second example of evolutionary duplication of a repair 

gene, with the first being RAD6 (Koken et al., 1991). A number of additional parallels 

between these genes can be noted. In addition to the links with the ubiquitin pathway 
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mentioned above, both genes display elevated levels of expression during mammalian 

spermatogenesis and yeast meiosis and sporulation. Both are -for repair genes- abundantly 

expressed at the protein level based on calculation of molecules per cell (van der Spek, 

manuscript in prcparation). Finally, in yeast, both belong to the small subset of repair 

genes of which the expression is UV-inducible (Koken el al. (submitted for publication; 

this report). Notably, in both cases this feature does not appear to be conserved in 

mammals. This may point to a principle difference in the UV response between lower 

organisms that are fully subject to sudden changes in their environment and higher species 

in which the cellular milieu is kept relatively constant. 

Cloning of the mouse homologs of repair genes can give valuable insight into the 

clinical consequences of molecular defecls in the relevant gene. In particular, the 

predisposition to cancer and olher clinical hallmarks of human NER disorders can be 

investigated by means of targeted gene replacement in MHR23-defective cell lines and 

mice. These experiments are in progress. 
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ABSTRACT 

A protein complex wWch specifically complements defects of XP-C cell extracts 

ill vitro, was previously pm'ified to near homogeneity from HeLa cells. The complex 

cousists of two tightly associated proteins: the XPC gene product and HHR23B, one of 

two human homologues of the Saccharomyces cerevisiae repair gene RAD23 (Masutani 

ef al., EMBO J. 13: 1831-1843, 1994). To elucidate the roles of these proteins in 

'genome-overall' repair, we expressed the XPC protein in a baculovirus system and 

purified it to near homogeneity. The recombinant human XPC protein (rhXPC) 

exhibited a high affinity for single-stranded DNA and corrected the repair defect in XP

C cell extracts without extra addition of recombinant HHR23B protein (rHHR23B). 

However, Western blot experiments revealed that XP-C cell extracts contained excess 

endogenous HHR23B protein, which might be able to form a complex upon addition of 

the rhXPC protein. To investigate the role of HHR23B, we fractionated the XP-C cell 

extracts and constructed a reconstituted system in wWeb neither endogenous XPC nor 

HHR23B proteins were present. In thls assay system, rhXPC alone corrected the repair 

defect only very weakly, while significant enhancement of the correcting activity was 

observed upon co-addition of recombinant HHR23B protein, indicating that HHR23B 

stimulates the XPC function in the genome-overall sub pathway • 

INTRODUCTION 

Various environmental agents such as radiation and chemicals cause DNA damage 

which may lead to alterations in the genetic information. DNA repair plays a crucial role in 

the prevention of such mutagenesis and consequent carcinogenesis and lor cell death. 

Nucleotide excision repair (NER) is one of the most important DNA repair pathways because 

it eliminates a wide variety of base lesions including ultraviolet light (UV)-induced 

cyclobutane pyrimidine dimers and [6-4]photoproducts, as well as certain chemical adducts 

(8). The molecular mechanism of NER in Escherichia coli is now understood in detail (9, 

13,21,38). In this organism, only six proteins, IIvrA, IIvrB, IIvrC, IIvrD, DNA polymerase 

I and DNA ligase, are sufficient to complete the NER reactions ill vitro, whereas a much 

greater number of gene products are now known to be involved in eukaryotic NER reactions 

(14). The eukaryotic NER system consists of at least two distinct subpathways. 

One of these, trauscriptiou-coupled repair, preferentially eliminates DNA damage which 

175 



hinders the advance of RNA polymerases on transcribed strands (4, 12, 25). Damage to the 

rest of the genome is repaired more slowly, and less efficiently for some lesions, by the 

'genome-overall' repair mechanism. 

A number of NER gene products have been genetically identified. Xeroderma 

pigmentosum (XP) is a human autosomal recessive NER disease, which is associated with 

extreme sensitivity to sunlight exposure and high incidence of skin abnormalities including 

cancer. XP cells are hypersensitive to UV-irradiation and complementation analysis by cell 

fusion has identified at least seven complementation groups, XP-A to XP-G, all of which 

show defects in early steps of the NER reaction (36). Two genes implicated in XP, XPA and 

XPC, have been cloned by transfection of XP cells with mouse genomic DNA (35) or a 

human cDNA expression library (19). Another set of mammalian NER mutants has been 

established with UV-sensitive rodent culture cell lines, in which at least eleven 

complementation groups have been identified (6). Several human genes have been cloned, 

which phenotypically correct the UV-sensitivity of these mutants. Among these ERCC 

(excision repair cross-complementing rodent repair deficiency) genes, ERCC2, ERCC3, 

ERCC5 genes appeared to be identical to XPD, XPB and XPG genes, respectively (7, 27, 45). 

Additionally, the ERCC6 gene has been shown to be responsible for complementation group 

B of another knolVn NER disorder, Cockayne's syndrome (37). The XPG protein was found 

to be an endonuclease, implicated in the incision on the 3' side of DNA adducts (26). 

Another cloned ERCC gene product, ERCCI, has recently been suggested to be complexed 

with protein factors which complement ERCC groups 4 and II and XP group F (3, 39), and 

to be possibly involved in incision on the 5' side of DNA damage (I). More recently, the 

XPB and XPD proteins, both DNA helicases, were reported to be subunits of TFIIH, one 

of the basal transcription factors required for transcriptional initiation by eukaryotic RNA 

polymerase II (29, 30), revealing a dual functioning of these proteins in basal transcription 

and NER. 

XP group C is unique in that its defect is limited to the genome-overall NER 

subpathway, transcription-coupled repair being normal (40). The converse is found in 

Cockayne's (24, 41). By transfection with a human cDNA expression library, Legerski and 

Peterson isolated a partial cDNA clone, which corrected the UV-sensitivity of XP-C cells 

(19). This gene, named XPC, shares limited homology with a known S. cel'evisiae NER 

protein, RAD4. The level of XPC mRNA was greatly reduced in most XP-C cell lines tested 

(19), and nonsense and missense mutations have been identified in several cell lines (20). 

Development of a cell-free system which faithfully reproduces the in vivo reactions 

is a powerful strategy to investigate complicated biochemical processes, and several 
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laboratories have reported such cell-free systems for detection of NER (2, 32, 33, 43, 46). 

We have also developed a cell-free system which uses whole-cell extracts and UY-irradiated 

simian virus 40 (SY40) minichromosomes as templates (33). This system reproduced the 

NER defects of all XP complementation groups (22), and enabled us to identify 

biochemically a protein factor which corrects the defect in XP-C cell extracts (23). This 

factor, named XP-C correcting protein, was purified from HeLa cell nuclear extracts and was 

found to be a tight complex of two polypeptides with apparent molecular masses of 125 and 

58 kDa. Cloning and sequence analysis of cDNAs encoding these proteins revealed that the 

125-kDa polypeptide is an N-terminally extended version of the XPC gene product reported 

previously (23). The 58-kDa species was identified as one of two human homologues of the 

S. cerevisiae RAD23 NER protein, designated as HHR23B (human homologue of RAD23) 

(23). Both the RAD23 and HHR23B proteins, as well as HHR23A, another human RAD23 

cognate, contain ubiquitin-like sequences on their N-termini. For yeast the importance of this 

domain in NER function has been suggested genetically (44). Unfortunately, for none of the 

HHR23 genes corresponding human or rodent NER mutants have been identified. It has been 

recently reported that yeast RAD23 protein may promote interaction with RADI4 and 

yTFlIH (10), but the biological significance of complex formation between the XPC and 

HHR23B proteins and the functions of HHR23B in NER, particularly in the genome-overall 

repair subpathway, have not yet been clarified. In the present study, recombinant XPC and 

HHR23B proteins were prepared to investigate the roles of these proteins in NER reactions 

in vitro. 

MATERIALS AND METHODS 

Cell culture and media. Human 293 cells, XP20SSV (group A), XP4PASV and XP3KA (group C) 

cells were grown at 3JOC in Dulbecco's modified Eagle's medium (Nissui) supplemented with 10% fetal bovine 

semm. An insect cell line, Spodopterajrugiperda Sf9, was cultured at 27°C in TNM-FH mediulll supplemented 

with 10% heat-inactivated (56°C, 30 min) felal bovine serum. TNM-FH medium was prepared from Grace's 

insect cell culture medium (Gibco-BRL), TC yeastolate and TC lactalbumin hydrolysate (Difco) as described 

elsewhere (34). 

Construction of recombinant baculoviruses. Plasmid pBS.XPC, which carries hwnan XPC eDNA 

cloned into the NOlI site of pBluescript II KS + (23), was digested with NotI and the resulting 3.6-kb eDNA 

fragment was isolated. The fragment was inserted into the NOll site ofa baculovirus transfer vector, pVL1393 

(Invitrogen), to generate plasmid pVL.XPC. For simultaneous expression ofXPC and HHR23B proteins, the 

HHR23B eDNA cloned into pUC19 (23) was digested with BallI and BInI to obtain the 1.5-kb eDNA fragment. 
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After treatment with KIenow fragment and subsequent addition of EeoRl linkers, the cDNA fragment was cloned 

into the EeoRI site ofpAcUW31 (Clontech) generating plasmid pAcUW.HHR23D. The translational initiation 

site of XPC ill the plasmid pBS.XPC was converted to a Ndel site using an oligonucleotide, 5'

GACAAGCAACATATGGCTCGGAAAC-3' and a site-directed mutagenesis system, Mutan-K (Takara Shuzo), 

essentially according to the method of Kunkel et al. (16). The resulting plasmid, pDS.XPC-NdeI, was digested 

with Ndel and BIni to obtain the 3.3 kb XPC cDNA fragment. This eDNA fragment and BamHI-digested 

pAcUW.HHR23D were blunt-ended with Klenow fragment and then ligated to each other to generate plasmid 

pAcUW(XPC-HHR23D). Sf9 cells were cotransfected with either of the constructed plasmids and the 

BaculoGold DNA (Pharmingen) to produce recombinant viruses, designated as vVL.XPC and vAcUW(XPC

HHR23B), respectively. Doth viruses expressed the hwnan XPC gene under control of the polyhedrin promoter, 

while transcription of HHR23B in vAcUW(XPC-HHR23B), was driven by the plO promoter (Fig. IA). 

Baculovirus infection and extract preparation from the infected cells. Monolayers ofSf9 cells were 

infected with the recombinant baculoviruses at room temperature for I It at a multiplicity of infection of 5-10. 

At 3 days post-infection. cells were collected by low-speed centrifugation and washed twice with ice-cold 

phosphate-buffered saline. To examine the total cellular proteins, the cell pellets were lysed in 10 volumes, 

relative to the packed cell volume (10 x PCV), of2 x SOS sample buffer [1 x concentration: 62.5 ruM Tris-HCI 

(pH 6.8), 1 % SDS, 5% glycerol, 2% 2-mercaptoethallolj and heated to 95°C for 10 min. For fractionation, the 

pellets of the infected cells were suspended in 8 x PCV of ice~cold NP lysis buffer [25 ruM Tris-HCI (pH 8.0), 

I mM EDTA. 10% glycerol, 1% Nonidet P-40, I mM dithiothreitol (DIT), 0.25 mM phenyhllethyl-sulfonyl 

fluoride (PMSF), 50 JIM ethylelle-glycol-bis(l3-aminoethyl ether)-N, N, N', N'-tetraacetic acid (EGTA), 0.2 

Jlg/ml of aprotinin, 0.2 Jlg/ml of leupeptin, and 0.1 /Jg/ml of antipainj. All subsequent steps were carried out 

at 4°C. After incubation 011 ice for 30 min, the suspension was centrifuged at 800 x G for 10 min to obtain the 

supernatant fraction, designated as the fraction 'SI'. The remaining precipitate was resuspended by gentle 

pipeuing in 8 x PCV of NP lysis buffer containing 0.3 M NaCI, and then incubated on ice for 30 min with 

occasional agitation. The suspension was centrifuged at 12,000 x g for 15 min to be divided into the supernatant 

(S2) and precipitate (P) fractions. To examine the proteins remaining in the fraction 'p'. the pellets were 

homogenized in NP lysis buffer containing 0.3 M NaCI by sonication. 

Purification of recombinant proteins from insect cells. For purification of recombinant proteins, ten 

150-lll1ll culture dishes of Sf9 cells were routinely infected. Behavior of the recombinant proteins was monitored 

by SDS-PAGE and Western blot analysis using antibodies raised against each protein (see below). For 

purification of recombinant XPC-HHR23B protein complex. the fraction 'S2' prepared from vAcUW(XPC

HHR23B)-infected Sf9 cells was loaded onto a phosphocellulose column (Whatmau, PI I; 6 ml) equilibrated with 

buffer A [25 mM Tris-HCI (pH 7.5). I ruM EDTA, 10% glycerol, 0.01 % Triton X-lOO, 1 ruM orr, 0.25 

mM PMSFJ containing 0.3 M NaCI. The column was washed with the same buffer and the adsorbed proteins 

were eluted with buffer A containing 1 M NaCI. The eluate was adjusted at 0.6 M NaCI by dilution with buffer 

A and loaded OlltO a single-stranded DNA-cellulose COIUlllll (Sigma, 4.3 Illg DNA/g; 2 ml) equilibrated with 

buffer A cOlltaining 0.6 M NaCI. The colulll1l was washed with ihe same buffer and then proteins were eluted 

with buffer A containing 1.5 M NaCl. The eluate was dialyzed against buffer A containing 0.3 M NaCI and 

stored at -80°C. The recombinant XPC protein which was free of HHR23B protein was purified from Sf9 cells 

infected with vVL.XPC by the same procedures. 
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For purification ofrecombinant HHR23B protein (rHHR23B), the fraction 'SI' from vAcU\v(XPC

HHR23B)-infected Sf9 cells was used as a starting material. The conductivity of the fraction 'SI' was adjusted 

to that of buffer A containing 0.05 M NaCI and loaded onto a pbosphoceUulose column equilibrated with the 

same buffer. The following two chromatography steps were performed by the use of an FPLC system 

(Pharmacia). Flow-through fractions from the phosphocellulose colunm were collected and then loaded at 0.1 

mllmin onto a HiTrap-Q colulllll (pharlllacia; 5 ml) equilibrated with buffer A containing 0.05 M NaCl. After 

the column was washed with 15 tnl of the same buffer, proteins were eluted with 50 m1 of a linear gradient of 

0.05 to 0.4 M NaCI in buffer A. The recombinant HHR23B protein was eluted at around 0.25 M NaCl. TIle 

peak fractions were collected and then further loaded at 0.5 mJ/min onto a Bio-scale CHT2-I hydroxy-apatite 

COIWllll (Bio-Rad; 2 mJ) equilibrated with buffer A containing 0.2 M KC!. The column was washed with 10 ml 
of the same buffer and elution was carried out with 24 mJ of a linear gradient of 0 to 0.5 M potassiwu 

phosphate (pH 7.5) ill buffer A containing 0.2 M KC!. The recombinant HHR23B protein was eluted around 

0.06 M potassiwu phosphate. The peak fractions were adjusted to 35% saturation of ammonium sulfate. kept 

on ice for 30 min and then centrifuged at 12,000 x g for 15 min. The precipitates were suspended in buffer A 

and dialyzed against buffer A containing 0.3 M NaC!. Insoluble materials were removed by centrifugation and 

the supernatant fraction was stored at -80°C. 

Preparation and fractionation of whole-cell extracts. Whole-cell extracts for cell-free repair reactions 

were prepared as described previously. For fractionation, conductivity of tile extracts was adjusted to buffer B 

[25 mM N-(2-hydroxyethyl)piperazine-N'-2-ethanesulfonic acid (HEPES)-KOH (pH 7.9),1 ruM EOTA, 10% 

glycerol, 0.01 % Triton X-loo. 1 ruM OTT and 0.25 mM PMSF] containing 0.2 M KCI by the addition of3 

M KCl. Approximately 50 mg of protein from the extract was loaded onto a phosphocellulose column (5m1) 

equilibrated with buffer B containiug 0.2 M KCI. TIle colwun was washed with the same buffer and the 

adsorbed proteins were eluted with buffer B containing I M KCI. The peak fractions from the flow-through 

(CFI) and the eluate (CFU) were concentrated by dialysis against buffer B containing 0.1 M KCI and 20% 

sucrose. and stored at -80°C. Shivji et af. (31) originally loaded whole-cell extracts Ollto a phospiIocellulose 

COIWllll at 0.1 M KCl. We examined the effect of the salt concentration and found that properties of the 

reconstituted systems were essentially unaffected between 0.1 and 0.2 M KCI. However, a higber level of repair 

synthesis was obtained with CFII bound at 0.2 M KCI in our system. 

Cell-free DNA repair assay. The standard reaction mixture (20 ItI) contained 40 ruM creatine 

phosphate-Tris (pH 7.7), ImM OTT,S mM MgCI1 , 2 ruM ATP, 50 ttM each of dATP, dGTP and dITP. 10 

ItM [a_llPJdCTP (37-74 kBq). phosphocreatine kinase (Sigma, Type J; 0.5/tg) bovine serum albumin (6.411g), 

whole-ceH extracts (80 Jtg Ofproteill), unirradiated pUC19 RFI DNA (0.3/tg), and UV-irradiated (400 J/ml) 

or unirradiated SV40 minichromosomes (0.3 Jtg of DNA). Where indicated, fractionated extracts (CFI and/or 

CFII) and purified proteins [replication protein A (RPA), proliferating cell nuclear antigen (PCNA), XPC and 

HHR23BJ were substituted for whole-cell extracts. The reactions were incubated at 30°C. for 3 h. DNA was 

purified from the reaction mixtures, linearized by EcoRI digestion and then electrophoresed in 1 % agarose gels 

as described pre\1iously (33). Autoradiography was perfonned at -80°C with Fuji New RX X-ray film and 

Kodak intensifying screens. TIle incorporation of radioactive materials into viral DNA was quantified with a 

Fujix BAS2000 Bio-Imaging Analyzer. 
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Purlflcation of RPA and PCNA. The RPA (15) and PCNA (18) were purified from HeLa and 293 

ceHs as described previously. 

Antibodies. For immunization, ritXPC was partially purified from the fraction 'P' prepared from 

vVL.XPC-infected Sf9 cells. The fraction 'P' was homogenized by sonication in buffer A containing 0.5 M 

NaC!. After the mixture was centrifuged at 12,000 x g for 15 min, the resultant supernatant was mixed with 

single-stranded DNA-cellulose equilibrated with the same buffer and rotated gently at 4°C overnight. The resin 

was collected by low·speed centrifugation, washed with buffer A containing 0.5 M NaCI and then packed into 

a column. After the column was further washed with the same buffer, bound proteins were eluted with buffer 

A containing 2 M NaCI and 50 % ethyleneglycol. The peak fractions detemlilled by SDS-PAGE were dialyzed 

against buffer A containing 0.5 M NaC!. rhXPC was purified by excision from preparative SDS-PAGE and used 

for immunization of rabbits. Anti-XPC antibodies were affinity-purified using the partialJy purified rhXPC 

fraction. 

To obtain anti-HHR23B antibodies, HHR23B was expressed in E.eoli as a fusion protein with either 

glutathione S-transferase (GST) or maltose-binding protein (MBP), using plasmids pGEX-2T (PhaOllacia) or 

pMAL-c2 (New England Biolabs), respectively. The GST-HHR23B fusion protein was purified with glutathione

Sepharose (phanuacia) under standard condilions and used for immunization of rabbits. Anti-HHR23B 

antibodies were affinitY'purified with the MBP-HHR23B fusion protein. As the MBP-HHR23B protein was not 

bound to amylose resins, it was partially purified by cOllventional column chromatography using HiTrap-Q and 

Mono Q. 

Other methods. SDS polyacrylamide gel electrophoresis (SDS-PAGE) was perfonned as described 

by Laemmli (17). For Western blot analyses, electrophoresed proteins were transferred onto PVDF membranes 

(lmmobilon-P; Millipore) at 8 V lem for 12 h in ice-cold transfer buffer (50 mM Tris, 38.4 mM glycine, 0.01 % 

SDS, and 15% methanol). The membranes were successively incubated in blocking buffer (5% skim milk in 

25mM Tris-HCI (pH 7.5), 0.15 M NaCI, 0.1 % Tween 20), first antibodies (anti-XPC) or anti-HHR23D) in 

blocking buffer, and then anti-rabbit F(ab')2 antibodies conjugated with horseradish peroxidase (Amersliam). 

Detection was earned out with the ECL system (Amersham) and Fuji New RX X-ray film. Protein 

concentration was measured according to the method of Bradford (5) using bovine serum albwllin as a standard 

and reagents purchased from Bio-Rad Laboratones. 
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RESULTS 

Expression and extractability of recombinant XPC and HHR23B proteins. 

To obtain large amounts of human XPC and HHR23B proteins. two types of 

recombinant baculoviruses were coonstructed (Fig. IA). One of the recombinant viruses. 

vVL.XPC. overexpressed XPC protein in insect cells. while the other, vAcUW(XPC

HHR23B), expressed both XPC and HHR23B proteins simultaneously. As shown in Fig. lB. 

the recombinant human XPC protein (rhXPC) was easily detected by Coomassie Blue staining 

in total protein extracts from Sf9 cells infected with either of the recombinant viruses. 

Expression of the recombinant HHR23B protein (rHHR23B) was also detected in the lysate 

from vAcUW(XPC-HHR23B)-infected cells. 
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To examine the extractability of these expressed proteins, the infected Sf9 cells were 

divided into three fractions. The infected cells were extracted with hypotonic buffer 

containing 1 % Nonidet P-40 (NP lysis buffer; see MATERIALS AND METHODS) to obtain 

the supernatant (S I) fraction. The precipitate fraction was further extracted with buffer 

containing 0.3 M NaCI to obtain the supernatant (S2) and the precipitate (P) fractions. As 

shown in Fig. 2A, the vast majority of rhXPC remained unextracted. These extraction 

properties of rhXPC were essentially unaffected by coexpression of rHHR23B. In marked 

contrast, most of the rHHR23B expressed in vAcUW (XPC-HHR23B)-infected cells was 

recovered in the fraction 'SI', suggesting that most of rhXPC and rHHR23B were not 

complexed with each other when coexpressed in the insect cells. 

The rhXPC remaining in the fraction 'P' was solubilized by sonication and then 

partially purified by single-stranded DNA-cellulose column chromatography. Using this 

protein fraction as an antigen, anti-XPC polyclonal antibodies were obtained. These 

antibodies cross-reacted with a 125-kDa protein species in the XPC protein complex purified 

from HeLa cells as well as in total lysates from repair-proficient human 293 cells and a XP

A cell line, XP20SSV, but not in Iysates from two XP-C cell lines, XP4PASV and XP3KA 

(Fig. 3A) confirming that the band corresponded to the XPC protein. Polyclonal antibodies 

were raised against GST-HHR23B fusion protein produced in E.eoli, and affinity-purified 

with a MBP-HHR23B fusion protein. The antibodies reacted specifically with 58-kDa protein 

in the HeLa XPC complex and also in the 293 and XP-A cell Iysates (Fig. 3B). In contrast 

to XPC, the 58-kDa bands were also present in the XP-C cell lysates, indicating that 

HHR23B protein was normally expressed in the XP-C cells. Furthermore, the intensity of 

XPC protein band in 20 I'g of the 293 cell extract was much lower than the signal of 5 ng 

of the purified XPC/HHR23B complex (Fig. 3A), while the signal of HHR23B in the same 

amount of the extract was comparable to 30 ng of the purified complex (Fig. 3B). Thus 

HHR23B protein is present in large excess over XPC protein even in repair-proficient cells, 

suggesting that most of the HHR23B protein is not complexed with XPC protein. 

Using these antibodies, expression and extractability of rhXPC and rHHR23B were 

re-examined. Although most of the rhXPC remained in the fraction 'P', Western blot 

analyses revealed that a small but significant portion of the protein was extracted in the 

fraction 'S2' from Sf9 cells infected with either vVL.XPC or vAcUW(XPC-HHR23B) (Fig. 

2B). Similarly, a portion of rHHR23B was found to be resistant to the first hypotonic 

extraction, and was present in the fractions 'S2' and 'P' (Fig. 2C and 2D). Thus the fractions 

'S2' and 'P' from coexpressing cells contained both rhXPC and rHHR23B. Although 

rHHR23B in the fraction 'SI' was detected as a single band, two HHR23B bands, with 
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apparent molecular masses of 61 and 58 kDa, were detected in the fractions 'S2' and 'P' 

when larger amounts of the fractions were subjected to Western blot analyses (Fig. 2D). 

Since the lower band of the doublet co-migrated with HHR23B in human cell extracts, a 

subpopulation of rHHR23B expressed in insect cells may undergo some post-translational 

modification, such as phosphorylation. 
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Fig. 2. Extraction properties of rhXPC and rHHR23B expressed in insect cells. 

(A) MOllo!ayers of Sf9 cells in 60-mm dishes were infected with the indicated viruses and incubated at 27°C 

for 3 days. The cells were collected and fractionated as described ill MATERIALS AND METHODS. The 

volWlle of each of the resulting fractions, 'SI',' S2' and 'p'. was adjusted to 500 Itt, and 3.3 pI of each fraction 

was analyzed by 8% SDS-PAGE and subsequent Coomassie Blue staining. (B and C) The same samples as 

shown in A were transferred onto a PVDF membrane and subjected to Western analysis using anti-XPC (B) 

or allti-HHR23B (C) polycloual antibodies. In this experiment, 0.33 ,t! of each fraction was loaded per lane. 

(0) The rHHR23D in 5 III aliquots of the fractions 'S2' and 'P' from -cells infected with the indicated viruses 

was visualized by Western blot analysis. 
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Fig. 3. Specificity of anti-XPC and HHR23B antibodies. 

Total ceillysates (each 20 Jig protein) from 293, XP2QSSV (group A), XP4PASV and XP3KA (group C) were 

analyzed by Western blotting with anli-XPC (A) or anti-HHR23B (B) polyclonal antibodies. Five (A) or thirty 

(B) nanograms of XPCIHHR23B complex purified from HeLa cells was loaded in parallel. 

Purification of recombinant XPC and HHR23B proteins. 

We used the fraction 'S2' from coexpressing cells as a starting material for purification of 

rhXPC/rHHR23B complex, because the resuits in Fig. 2A showed that, in other fractions, 

'S1' and 'P', the molar ratio of the two recombinant proteins were quite different. 

Purification was carried out using procedures similar to those published previously for the 

purification of XPC protein complex from HeLa cell nuclear extracts (23). Two steps of 

column chromatography using phosphocellulose and single-stranded DNA-cellulose gave a 

protein fraction consisting of three bands with apparent molecular masses of 125,61, and 58 

kDa on SDS-PAGE (Fig. 4A). The largest protein reacted with anti-XPC antibodies, and the 

smaller two reacted with anti-HHR23B antibodies as expected (Fig. 4A). Moreover, when 

the same purification were applied to the fraction 'S2' from Sf9 cells expressing rhXPC 

alone, the 61- and 58-kDa bands were not copurified with rhXPC (Fig. 4B), confirming that 

the two bands corresponded to subfonns of rHHR23B which were complexed with rhXPC. 

The HHR23B-free rhXPC bound to single-stranded DNA-cellulose in the presence of 0.6 M 

NaCI, as observed for the XPC/HHR23B complex. HHR23B itself did not bind to single

stranded DNA-cellulose (Data not shown), suggesting that the DNA binding activity can be 

attributed to XPC protein, not to HHR23B. 
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We also purified XPC-free rHHR23B from the fraction 'SI' prepared from insect 

cells infected with the coexpression virus. Purification was performed with three steps of 

column chromatography and ammonium sulfate precipitation, which gave a protein fraction 

containing a 58-kDa polypeptide cross-reactive with anti-HHR23B antibody (Fig. 4C). 
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Fig. 4. Purification of recombinant proteins. 

(A) Purification of rhXPC/rHHR23B complex. Aliquots of samples at each purification step indicated above 

the lanes were subjected to 8 % SDS-PAGE. Protein bands were visualized by silver staining. The final purified 

sample was subjected to Western biOI analysis using anti-XPC or anti-HHR23B antibodies as indicated. (B) 

Purification of free rllXPC. (C) Purification of free rHHR23B. 

rhXPC alone can complement the repair defect of XP-C cell extracts. 

Each recombinant protein fraction obtained above was assayed for XPC correcting activity 

in our cell-free DNA repair system using UV-irradiated SV40 minichromosomes. As shown 

in Fig. 5, the rhXPC/rHHR23B complex stimulated the cell-free NER reactions in whole-cell 

extracts from the XP-C cell line XP4PASV, although the correcting activity of the 

recombinant protein complex was in all experiments lower than that of similar amounts of 

the authentic XPC/HHR23B protein complex purified from HeLa cells. This could be due 

to the difference of the protein modification between human cells and the insect cells. The 

rhXPC, free of HHR23B, also complemented the repair defect in XP4PASV whole-cell 

extracts. The rhXPC, free of HHR23B, also complemented the repair defect in XP4PASV 

whole-cell extracts. This observation was not surprising because Western blot analyses (Fig. 

3) showed HHR23B protein to be normally expressed in XP4PASV cells. It is likely that 
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Fig. 5. XP-C correcting activity of the purified recombinant proteins in the cell-free NER system using 

XP4PASV whole-cell extracts. (A) UV-irradiated (UV +) or ururradiated (UY-) SV40 minichromosomes were 

incubated at 30°C for 3 h in standard reaction mixtures containing whole-cell extracts from XP4PASV cells and 

various amounts of purified proteins as indicated. DNA was purified, linearized by EcoRI, and then analyzed 

by 1 % agarose gel electrophoresis and subsequent autoradiography. (B) Incorporation of llP-radioactivity infO 

each viral DNA band shown in A was quantified. Closed symbols show the incorporation into UV-irradiated 

viral chromosomal DNA and open symbols show that into unirradiated viral DNA. Averages and experimental 

errors were calculated from thee experiments including the one shown ill (A). (0 .) XPC/HHR23B complex 

purified from HeLa cells. (. ,,) rhXPCfrHHR23B complex. (0 II) free rhXPC. (+ 0) free rHHR23B. Iu 

the present work, the amount of XPC/HHR23B complex was calculated on the basis of the observation that the 

two proteins foml a 1: 1 complex. Therefore. the reactions labeled as ~ 100 fmol of XPC/HHR23B~ contained 

100 fmol each of the Iwo proteins. 
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exogenous rhXPC binds to endogenous HHR23B protein present in the XP4PASV cell 

extracts, resulting in reconstitution of functional rhXPC/HHR23B complex. We also tested 

the activity of rhXPC purified from the fraction 'P': the 'bulk' rhXPC hardly exhibited the 

XP-C correcting activity (data not shown). Therefore, only a small portion of rhXPC 

expressed in insect cells possesed the activity, which was preferentially extracted into the 

fraction 'S2'. As expected, rHHR23B alone could not stimulate the cell-free NER reactions 

by XP4PASV cell extract. 

Fractionation and reconstitution of the cell-free DNA repair system with XP-C 

cell extract. 

As whole-cell extract from XP-C cells contained endogenous HHR23B protein, it 

remained unclear whether the HHR23B protein was necessary for the cell-free NER 

reactions. To answer this question, we depleted HHR23B protein from the cell-free NER 

reactions by fractionation and reconstitution of whole-cell extracts. Phosphocellulose collumn 

chromatography of repair-proficient cell extracts yielded two protein fractions, a flow-through 

fraction (CFI) and a bound fraction (CFII). Both CFI and CFII are required for the cell-free 

NER reactions, but CFI can be replaced by two purified proteins, replication protein A 

(RPA) and proliferating cell nuclear antigen (PCNA) (Fig. 6A; see Ref. 31). 
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Fig. 6. Fractionation of whole-cell extracts for the cell-free NER system. (A) Scheme of fractionation of 

wlioie-tell extracts. (8) Whole-cell extracts from 293 or XP4PASV cells were fractionated as shown in A. and 

the presence of XPC (upper panel) or HHR23B (lower panel) protein ill CFl and CFU was visualized by 

Western blotting. Forty micrograms of protein from whole-cell extracts (WeE), 15 Itg protein of CFI and 10 

Jig protein of CHI were loaded per Jane. 
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As shown in Fig. 7. the NER reactions using SV40 minichromosomes were 

completely dependent on both CFI and CFII derived from 293 whole-cell extracts. Purified 

RPA and PCNA could substitute for CFI, and omission of either of the two proteins resulted 

in reduction of the repair synthesis level. Western blot analysis revealed that most of the 

HHR23B protein in 293 cell extracts was recovered in CFI upon this fractionation procedure, 

whereas practically all XPC protein was present in CFII (Fig. 6B). Figure 6B also shows that 

a small portion of HHR23B protein was detected in the CFII from 293 cells. It is very likely 

that this subpopulation of HHR23B protein is complexed with XPC protein, because CFlI 

prepared from XP4PASV cells under the same conditions contained no detectable level of 

HHR23B protein (Fig. 6B). Therefore, the replacement of CFI with RPA and PCNA resulted 

in omission of endogenous free HHR23B protein from the cell-free NER reactions. 
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Fig. 7. Reconstitution of the cell-free NER 

reactions. (A) Cell-free NER reactions were 

carried out ill which 293 WeE was replaced by 

the indicated (+) components. AmowHs of the 

components used were 80 J(g for WeE, 30 Itg 

for CFI, 20/lg for CPIl, 0.5/1g for RPA and 24 

ng for PCNA. (B) Incorporation of "p. 

radioactivity into each viral band shown in A was 

measured. TIle solid bars indicate incorporation 

into UV-irradiated viral DNA and the open bars 

indicate Ihat into unirradiated viral DNA. 

Averages and experimental errors were calculated 

from three experiments including the one shown 

in (A). 

Stimulation of XP-C correcting activity by HHR23B protein in the reconstituted system. 

The recombinant proteins were assayed for XP-C correcting activity in the 

reconstituted system using RPA, PCNA and CFII from XP4PASV cells. As shown in Fig. 

8, the HeLa XPC/HHR23B complex stimulated repair synthesis in the reconstituted system 

to archieve about 3-fold stimulation over background synthesis. The rhXPC/rHHR23B 
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complex also stimulated repair synthesis in this system, but the maximum level of stimulation 

was approximately 40-50% of the HeLa XPC/HHR23B complex. Interestingly, free rhXPC 

alone showed only very weak stimulatory activity in the reconstituted system, in marked 

contrast to the results with whole-cell extracts (Fig. 5). 
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Fig. 8. Free I'hXPC could not stimulate repair synthesis In the reconstituted NER system using eFII from 

XP4PASV cells. (A) Cell~free NER reactions were perfonned wilh 20 Jig ofXP4PASV CFII, 0.5/1g ofRPA, 

24 ng of peNA, and various amounts of proteins purified from HeLa or insect cells as indicated. (B) The 

incorporation of radioactivity in each viral baud shown in A was measured and plolted. TIle incorporation inlo 

UV-irradiated viral DNA is shown by closed symbols and that into unirradiated viral DNA is by open symbols. 

Averages and experimental errors were taken from three experiments including the one shown in (A). (0 e) 

HeLa XPCIHHR23D complex, ( ... iJ.) rXPCIrHHR23B complex, (0 B) free rhXPC. 
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To examine the roles of HHR23B protein, rHHR23B was added to the reconstituted 

repair system in combination with rhXPC. In the presence of free rhXPC, rHHR23B 

stimulated repair synthesis in a dose-dependent manner up to a level nearly equivalent to that 

achieved by rXPC/rHHR23B complex (Fig. 9A). In contrast, rHHR23B showed little 

stimulatory activity by itself or in the presence of XPC protein prebound to HHR23B protein. 

Also when the amount of rhXPC was varied in the presence or absence of a fixed amount 

of rHHR23B, rhXPC again exhibited very weak stimulatory activity in the absence of 

rHHR23B but the co-addition ofrHHR23B significantly enhanced the activity ofrhXPC (Fig. 

9B). These findings indicate that the HHR23B protein plays an important role in the 

mammalian NER system. 
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Fig. 9. Requirement of HHR238 protein. 

150 

B 
250 

Q.l 200 

~ 
11 150 

1 
8 100 

.S 

~ 50 

o 

------- --_. ---- ---- ---- .-- --". ---- -." .. _. 

~ 
r 
1 

o 25 50 75 

rhXPC added (fmole) 

-! 

-l 
1 

100 

(A) Various amounts of rHHR23B were added to the reconstituted cell-free NER reactions using CFII from 

XP4PASV cells in the presence or absence of 50 fmol of each indicated protein. (0 e) rhXPC/rHHR23B 

complex, ( ... .6.) free rhXPC, (0 II) none. Closed symbols represent incorporation into UV-irradiated viral 

DNA and open symbols represent that into uilirradiated viral DNA. HeLa XPC/HHR23B complex (50 finol) 

caused 260± 15 nnol of dCMP incorporation. (8) Repair synthesis in the reactions containing various amounts 

of free rhXPC in the presence (0 8) or absence (i. ll.) of 100 folOl ofrHHR23B was plotted. The dashed 

Iiue shows the level of repair synthesis archieved by 100 finol of rhXPC/rHHR23B complex. In both (A) and 

(B), averages and experimental errors were calculated from the results of three experiments. 
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DISCUSSION 

[n the present study, recombinant human XPC and HHR23B proteins were produced 

in insect cells using the baculovirus expression system. [n E.coli, HHR23B protein was well 

expressed, but no detectable level of XPC protein expression was observed. This might be 

due to a number of AGAI AGG triplets encoding arginine in the XPC gene whose tRNAs are 

very rare in E.coli. Although high levels of XPC protein expression were obtained in insect 

cells, most of the rhXPC was not active in our ill vitro NER system and also not sollubilized 

under the rather mild extraction conditions adopted in the present study. Sedimentation 

analyses using glycerol density gradients showed that the 'bulk' rhXPC was severely 

aggregated, while the 'soluble' rhXPC was sedimented as a single monomer peak around 

the expected molecular weight (data not shown). It is likely that the bulk rhXPC is 

incorrectly folded andlor modified post-translationally in insect cells. 

We constructed a recombinant baculovirus expressing human XPC and HHR23B 

proteins simultaneously, based on the anticipation that the coexpressed proteins may form 

specific complexes in insect cells. Although a small portion of each protein extracted in the 

fraction 'S2' was purified in complex form, the results shown in Fig. 2 indicate that the 

majority of the coexpressed proteins was not complexed. This may be explained by the 

finding that most of the rhXPC expressed in insect cells was not synthesized in a functional 

form as mentioned above. interstingly, Western blot analyses indicated that HHR23B protein 

exists in large excess over XPC protein even in human cells (see Figs. 3 and 6). Moreover, 

HHR23B protein is expressed normally in XP-C cell lines, suggesting that this protein may 

play additional role(s) in cells other than complex formation with the XPC protein. Further 

investigations are necessary to elucidate the putative multiple functions of HHR23B protein. 

Using a cell-free NER system, we purified the XPC/HHR23B protein complex which 

complemented the repair defect in an XP-C cell extract. The recombinant XPC protein, free 

of HHR23B, could stimulate the repair synthesis by XP-C cell extracts (Fig. 5). These results 

support the idea that the disease XP group C is due to inactivation of the XPC gene and is 

not due to an indirect effect on the HHR23B protein. However, our results also indicate that 

HHR23B protein plays an important role in the mammalian NER reaction as well (Figs. 8 

and 9). Disruption of the S. cerevisiae RAD23, RAD7, and RADJ6 genes were shown to 

cause only a moderate degree of UV-sensitivity (28). Recently, the RAD7 and RADJ6 genes 

have been shown to be essential for NER on nontranscribed DNA strands as well as of the 

silent mating type loci, but not for NER on transcribed strands (42). This phenotype closely 

resembles that of XP-C cells. However, yeast rod23 mutants may display a phenotype 
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different from rad7 and rad16 mutants, because RA023 protein was recently shown to be 

complexed with RA04 protein (II) which is the putative XPC counterpart but -in contrast 

to XPC- involved in both NER subpathways (42). The presence of free HHR23B and another 

RA023 homologue, HHR23A also suggests multiple functions of this set of proteins. 

In all mammalian ill vilro NER reactions described thus far, XP-C cell extracts appear 

to be almost totally inactive. Since XP-C cells are still proficient in the transcription-coupled 

repair, this means that the ill vitro repair reactions are driven, almost exclusively, by the 

mechanism of genome-overall repair. Therefore, it is difficult to determine whether HHR23B 

protein plays any role in transcription-coupled repair. Guzder el al. have recently described 

(10) that yeast RA023 protein forms a higher-order complex with TFIIH and RAOl4 protein 

(the yeast XPA counterpart). Although it is unclear whether a fraction of RA023, even if 

not overexpressed, is also present as a free protein in yeast, this might be a function of free 

HHR23B. Alternatively, HHR23B might catalyze the assembly of repair complexes more 

efficiently, when complexed with XPC. In this context, it should be interesting to study the 

effect of RA04 (XPC) protein on the complex formation among TFIIH, RAOl4 (XPA) and 

RA023 (HHR23B). 

In the cell-free NER reactions using XP4PASV whole-cell extracts, the maximum 

level of repair stimulation archieved by the rhXPC/rHHR23B complex was 80 to 90% of that 

by the authentic XPC/HHR23B complex purified from Hela cells (Fig. 5). On the other 

hand, in the reconstituted system repair synthesis stimulated by rhXPC/rHHR23B complex, 

as well as a combination of separately purified rhXPC and rHHR23B, reached only 30 to 

40% of that by the HeLn protein complex (Figs. 8 and 9). One possible explanation is that 

the recombinant proteins may undergo some post-translational modification in insect cells 

different from those which occur in human cells. In fact, rHHR23B expressed in insect cells 

showed a hetergeneous mobility on SOS-PAGE, whereas human HHR23B was detected as 

a single band. To gain the maximum level of activity, the one or both recombinant proteins 

may need to be remodified by some enzymes present in whole-cell extracts but absent in 

CFlI. Protein kinases and/or phosphatases may be considered as candidate 'activators' of the 

recombinant proteins. Future research using reconstituted systems such as that established 

recently by Aboussekhra el al. (2) should shed light on this possibility. 

In our partial reconstitution system using UV-irradiated SV40 minichromosomes, the 

combination of CFII and RPA was capable of inducing a quite strong UV-dependent 

incorporation, with no detectable signal in the pUCl9 internal control and the unirradiated 

SV40 minichromosomes (Fig. 7), indicating that PCNA dependency is not so strong in our 

cell-free system. In preliminary experiments, the weak dependency on PCNA was found to 
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be specific for the chromatin template. Clarification of this difference between a naked DNA 

substrate and the chromatin template might help elucidating the function(s) of PCNA in the 

ill vitro and ill vivo NER reaction. 

There is another human homologue of the yeast RAD23 gene product, HHR23A. 

Since HHR23A and HHR23B proteins exhibit a high degree of overall homology (57% 

identity, 76% similarity), it will be interesting to determine whether these two proteins are 

functionally interchangable. This possibility and the characterization of HHR23A protein in 

human cells, is currently under investigation in our laboratory and will be subject of a 

forthcoming paper. 
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ABSTRACT 

The syndrome xeroderma pigmentosum complementation group C (XP-C) is 

due to a defect in the global genome repair subpatbway of nucleotide excision repair 

(NER). The XPC protein is complexed with HHR23B, one of the two human 

homologs of the yeast NER protein, RAD23 (Masutani et a/., EMBO J. 8: 1831-1843, 

1994). Using heparin chromatography, gel fractionation and native gel 

electrophoresis we demonstrate that the m'liority of HHR23B is in a free, non

complexed fOlnt, and that a minor fraction is associated with XPC. In contrast, all 

detectable HHR23A seems to be free. Thus the HHR23 proteins may have an 

additional function independent of XPC. The fractionation behaviour suggests that 

the non-bound forms of the HHR23 proteins are not necessary for the core of the 

NER reaction. Although both HHR23 proteins share a Wgh level of overall 

homology, they migrate very differently on native gels, pointing to a difference in 

conformalion. Gel filtration suggests the XPC-HHR23B heterodimer resides in a Wgh 

MW complex. However, immunodeplelion studies statiing from repair-competent 

Manley extracts faU to reveal a stable association of a significant fraction of the 

HHR23 proteins or the XPC-HHR23B complex with the basal trauscription/repair 

factor TFIIH, 01' with the ERCCl repair complex. Consistent with a funclion in 

repair 01' DNA/cm'omalin metabolism, immunofluorescence studies show all XPC, 

HHR23B and (the free) HHR23A to reside in the nucleus. 

INTRODUCTION 

A complex network of DNA repair mechanisms protects the genetic information 

from continuous genotoxic pressure caused by the DNA-damaging effect of exogenous 

and genotoxic agents, Such damage can lead to inborn defects, cell death or neoplasia. 

Nucleotide excision repair (NER) is one of the most important DNA damage repair 

pathways, since this process recognizes a wide variety of lesions. Impaired NER activity 

has been extensively investigated in cells from three human disorders: xeroderma 

pigmentosum (XP), Cockayne syndrome (CS) and trichothiodystrophy (TID) (Cleaver 

and Kraemer, 1994, Itin et al., 1990). These genetic diseases are characterized by sun 

(UY) hypersensitivity, genetic instability and a marked clinical and genetic heterogeneity. 

Many genes involved in XP, CS and TID complementation groups have been cloned 
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using cells from human patients or from NER-deficient, UV-sensitive chinese hamster 

ovary mutants (Bootsma el 01., 1995). Extensive sequence homology between the 

mammalian and yeast NER proteins has become apparent, indicating that the NER 

pathway is strongly conserved in eukaryotic evolution (Hoeijmakers, 1993). 

At least two NER sub-pathways can be discerned: transcription-coupled repair 

(TCR) and global genome repair (GGR) (Hanawalt, 1994; Bohr, 1991). In contrast to all 

other xeroderma pigmentosum groups, only group C patients are defective in GGR 

(Venema el 01., 1991). Previously, we reported the identification and cloning of two 

human homo logs of the yeast NER gene RAD23: HHR23A and HHR23B (Masutani el 01., 

1994). The yeast S. cerevisiae rad23 null mutants display an intermediate UV-sensitive 

phenotype (McCready, 1994), suggesting that the affected protein is not indispensable for 

NER. The HHR23B gene product, which forms a tight complex with the XPC protein, 

has a high affinity for ssDNA and both proteins were found to be indispensible for ill 

vitro NER (Sugasawa el 01., submitted for publication 1995). Like the human 

XPC/HHR23B complex, the S. cel'evisiae RAD4 and RAD23 protein homologs were also 

determined to be complexed with each other (Guzder el 01., 1995). XP-C cells harbour a 

specific defect in the repair of non-transcribed sequences of the genome, including the 

non-transcribed strand of active genes, whereas the NER subpathway that accomplishes 

the preferential repair of the transcribed strand of active genes (TCR) is still operational 

(Venema el 01., 1990, 1991). This implies a selective role for the XPC complex in the 

global genome NER system (Hanawalt, and Mellon, 1993). Additionally, XP-C cells are 

claimed to be defective in the repair of rDNA (Christians and Hanawalt, 1994). 

RAD23 is a ubiquitin-Iike fusion protein displaying significant homology to 

ubiquitin at the N-tenninus (Watkins et 01., 1993; Masutani et aI., 1994). A second link 

exists between RAD23 and the ubiquitin pathway: a twice repeated element, homologous 

to a C-terminal extension of a Class II ubiquitin-conjugating enzyme (E2) has been 

identified (van der Spek et 01., 1996). The ubiquitin-conjugating pathway is involved in 

proteolytic degradation of proteins, and additional involvement in cellular processes such 

as DNA repair. chromosome condensation and decondensation. and cell cycle control has 

been reported (Ciechnover, 1994; Jentsch and Schlenker, 1995). The link to these other 

DNA-metabolizing processes presumably comes from ubiquitin-mediated proteolytic 

degradation of key proteins involved in these events. 

Here we present data on the purification and stable association of HHR23A, 

HHR23B, and XPC proteins with other known NER factors. Additionally, the sub-cellular 

localization of HHR23A, HHR23B and XPC was determined by immunofluorescence. 
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MATERIALS AND METHODS 

General procedures 

Purification of nucleic acids, restriction enzyme analysis, gel electrophoresis of nucleic acids and 

proteins, transfoonatioll of E.coli. etc. were perfonned according to standard procedures (Sambrook et al., 

1989). RNA samples were separated all 1 % agarose gels and transferred to Zeta probe membrane (Bio-Rad) 

as described (Reed and Mann, 1985), Labelling of DNA probes was carried out using the random priming 

protocol (Feinberg and Vogeistein, 1983). Immulloblotlil1g was perfonlled as described elsewhere (Harlow 

and L111C, 1988), HHR23A and HHR23B proteins were translated in vitro using a rabbit reticulocyte lysate 

system as recommended by the manufacturer (Promega) using 50 JICi of [35S]methioninc (l mCi/nmlOl). 

After polyacrylamide gel electrophoresis (PAGE) aud native gel electrophoresis, both labelled proteins were 

blotted and visualized by autoradiography. 

For lion-denaturing gel electrophoresis, a 4-15% gradient polyacrylamide gel in TBE buffer and 

12% glycerol was prepared (TBE: 90 mM Tris, 80 mM boric acid and 2.5 mM EDTA). TIle gel was pre

nm for 30 min at 70 V, loaded with samples and run for 2 It at 70 V followed by 16-20 h at 150V. Proteins 

included as molecular mass standards used for estimation of the native molecular weight of HHR23A and 

HHR23B were ferritin (440 kDa), catalase (240 kDa), lactate dehydrogenase (140 kDa), and albumin (67 

kDa) (Boehringer Mannheim). TIle westem blot was stained with Ponceau-S to visualize the molecular 

weight markers for detennination of the apparent MW of the HHR23 proteins. HHR23A and HHR23B 

proteins were detected by polyclonal antibodies and autoradiography. 

Production of recombinant proteins and antibodies. 

TIle full-length HHR23A and HHR238 cDNAs were cloned into the pETIID vector (Novagen), 

transferred into E.coli strain BL21(DE3), and gene expression was induced over 4 hours by IPTG. Cells 

were homogenized in PBS, and after sonication, cleared by centrifugation. Approximately 20 g cells were 

disintegrated by sonication, followed by centrifugation to remove cell debris. Recombinant HHR23A and 

HHR23B proteins were purified by chromatography on a Q Sepharose Fast Flow column (I x 12 COl. flow 

rate 18 mllh). For HHR23A, the colulllll was eluted with a linear gradient 0 -> 0.5 M NaCI in 0.1 M 

NaCl, 10 mM K-phosphate pH 7, while for HHR23B a gradient 0 -> DAM NaCI in IOmM NaCI, IO mM 

K-phosphate pH 7 was used. HHR23A protein eluted at 0.3 M, HHR23B protein at 0.11 M NaCI. For 

antibody production these proteins were subjected to SOS-PAGE. Bands were cut from Coomassie stained 

gels, electroeluled and concentrated with Centricon 30 concentrators (Amicon). The identity of the eluted 

proteins was verified by amino acid sequencing. For large scale purification, Q Sepharose fractions were 

pooled, brought on to 20% ammoniumsulphate and loaded 011 a Butyl Sepharose Fast Flow column (1 x 12 

cm, flow rate 18 mI/h). ColumllS were eluted with a linear gradient 20 -> 0% ammonimnsulphate ill 0.1 M 

NaCl, IO mM K-phosphate pH 7. Fractions cOlltaining HHR23A or HHR23B protein (eluted at 4.5% 

anulloniumsulphate) were dialysed and kept frozen after addition of 115 volume of glycerol. Polyclonal 

antibodies were raised in rabbits against the E.coli-overproduced human HHR23 proteins, as described 

(Harlow and Lane, 1988). Affinity-purified antibodies were derived from precise elution of antibodies 

specifically bound to recombinant antigen immobilized on nitrocellulose after transfer from SOS

polyacrylamide gels (Smith and Fisher, 1984). 
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The synthetic peptide (KTKREKKAAASHLFPFEKL), corresponding llie C-tern.tinus of XPC, was 

used to produce a polyclonaJ antibody in rabbits. Prior to injection, the peptide was cross-linked to KLH 

carrier protein. Affinity-purified antibodies were derived by eluting XPC-peptide from a column to which it 

had been coupled. As a second antibody, alkaline phosphatase-conjugated goat anti-rabbit was used, tbe 

latter visualised by 5-bromo-4-cWoro-3-indolyl phosphate. Immunoblots were incubated willi monoclonal 

antibodies (Mab3C9) against the p62 subunit of TFIIH (generously provided by Dr. J.-M. Egly, 

Strasbourg), as published earlier by Fischer et al. (1992). A polyclonal antiserum raised against p89, a 

GST-ERCC3 fusion protein containing an internal part (amino acids 82-480) was used to detect llie 

p89IERCC3/XPB component of TFllH. 

Cell lines and extracts 

HeLa cells and Chinese hamster ovary (CH09) cells were grown in FlO/DMEM medium (1:1) 

supplemented willi 10% fetal calf senun, penicillin 100 U/ml and streptomycin 0.1 mg/ml. Cells were 

batvested and extracts were prepared from 2-5 ml of packed cell peliets 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 until 

use. XPA and XPC patient celllilles used in these experiments were XP7CA (CWI2, XPA) (Wood et al., 

1987) and XP4PA (XPC) (Halley et al., 1979; Li et al., 1993). COS-1 SY40-transfomIed African green 

monkey kidney fibroblasts were seeded semi-confluent in 6-weH plates, and grown on FIO/DMEM mediWll 

(1:1) supplemented with 5% fetal calf sermn, penicillin and streptomycin. For DEAB-dextran/chloroquine 

transfection, SV40 promoter-driven constructs were lIsed (pSVL derived pSLM vector: Phanllacia biotech) 

containing full lengtb HHR23A and HHR23B cDNAs. The empty pSLM vector was used as a negative 

transfection control in parallel with HHR23A and HHR23B genes. A 10% DMSO shock for 1.5 minutes was 

given 4 hours after transfection. Transient expression of the corresponding HHR23A and HHR23B protein 

was analysed by immullofluoresence 48 hours after trallsfection. 

Antibody depletion of NER-proficicnt eA1rac's. 

Protein A-Sepharose CL-4B beads (Phannacia-Biotech) (70 Jig) were washed three times with PBS, 

then incubated with 10 Iii anti-XPC antibodies or pre-immune sermn for 15 min at 4°C. The beads were 

then washed three limes in buffer A (25 mM Hepes-KOH [pH 7.8I, 0.1 M KCI, 12 mM MgCll 1 mM 

EDTA, 2 mM DTI and 17% glycerol) and added to a repair-competent HeLa extract for 30 min at 4°C. 

The supernatant obtained after spinning down the beads was used as a depleted HeLa extract and tested on 

illlll1unoblots for co-depletion. After boiling tbe protein A-Sepharose beads, the depleted "bound" fraction 

was analysed by immunoblot analysis. 

Fractionation of whole-cell extracts. 

A HeLa cell free extract (14 Jig/Iii; 750 III) was applied to a heparin-sepharose column. Proteins 

were eluted with a linear 30 011 gradient (15 011 PBS containing 10 mM 2-mercaptoethallol, 15 ml 1M NaCI 

containing lO 111M 2-l11ercaptoethanol) from 0.15 to I.J5 M NaCI in PBS containing 10 ruM 2-

mercaptoethanol buffer. 

Whole-cell extracts were prepared for fractionation on a phosphocellulose coitunll. nlis 5 ml 

column equilibrated with buffer A f25 mM N-(2-hydroxyethyl)piperazine-N'-2-ethanesulfonic acid (HEPES)-
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KOH (pH 7.9), I mM EDTA, 10% glycerol, 0.01 % Triton X-100, 1 mM DTT and 0.25 mM PMSF] 

contained 0.2 M KCl. The column was washed with the same buffer and the adsorbed proteins were eluted 

with buffer A containing 1 M KCI. The peak fractions from the flow-through (CFl) and rue eluate (eFTT) 

were concentrated by dialysis against buffer A containing 0.1 M Kef and 20% sucrose, and stored at -

80°C. 

Size-fractionation of HeLa Manley extracts was perfolllled on a Sephacryl S300-HR COIWUll. HeLa 

nuclear extracts were loaded on a 1 x 46.4 em colulll11 with a flow rate of 0.9201117.5 min and eluted with 

PBS (7.4 mI/lrr). The resulting fractions were concentrated. Protein profiles of HHR23A, HHR23B and 

XPC were visualized on immulloblots using alkaline phosphatase-labeled secondary antibodies. Proteins 

included as molecular mass standards used for estimation of the native molecular weight were thyroglobulin 

(669), ferritin (440 kDa), catalase (232 kDa), aldolase (158 kDa), and albwnin (67 kDa) (Boehringer 

Mannheim). 

IU10lunofluoresence 

HeLa, XP7CA, and XP4PA cells were grown on slides in FlOlDMEM mediWll supplemented with 

10% fetal calf serum, penicillin and streptomycin, and washed prior to fixation in PBS. Cells were fixed for 

10 min in 2 % parafonnaldehyde~PBS, followed by incubation with methanol at room temperature for 20 

minutes. After extensive washing (3x5 min.) wilil PBS supplemented with 0.15% glycine and 0.5% BSA 

(PBS+) the slides were incubated with affinity.purified primary antibodies (1:100 dilution i~ PBS) for flI2 

hour in a moist incubation chamber at room temperature. 

Immunocytochemical controls were routinely included (omission of the primary antibody incubation 

step and incubation with pre-immune serum). Background was negligible. 

Slides were washed in PBS+ and incubated with goat anti-rabbit-FITC-conjugated antiserum (1:80 

dilution) for I'h hour. Slides were washed in PBS and preserved with veclasWeldn.f mounting medium 

(Brunschwig). The DNA was stained with 4'-6 diamino-2-pheuylindole (DAPI) whereas the fluorescein

labeled second antibody visualized the antigen of interest. Fluorescence microscopy was perfomled with an 

Aristoplan laser beam microscope. Image modification for figures was perfomled by using the Adobe 

Photoshop program on an mM Compaq deskpro XE 560. 
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RESULTS 

Characterization of HHR23A, HHR23B and XPC proteins 

To characterize XPC, affinity-purified anti XPC polyclonal antibodies were 

generated and tested by immunoblotting, using ill vitro translated XPC protein, XPC 

protein purified from HeLa cells, and XPC in total cell extracts. Figure I shows their 

specificity on Bela, XP-A and XP-C protein extracts. A clear band of the expected 

molecular weight of 125 kD as determined by in vitro translation and purified XPC 

(Masutani et al., 1994) was observed in total cell extracts of wildtype HeLa and XP-A 

cells. The XP-C extract from patient XP4PA is useful for testing the specificity of the 

antibody. Due to a homozygous frameshift mutation that is predicted to result in a 

premature termination of the protein (Li et al., 1993), this patient lacks the C-terminal 

XPC region encoding the part used to raise the antibodies. Further evidence for the 

specificity of the anti-XPC antibodies is derived from the immunofluoresence data 

depicted in Figure 8. 

Figure I 
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Overproduction and purification of the two HHR23 proteins is described in the 

materials and methods section. Both recombinant HHR23 polypeptides behaved similarly 

during purification. E. coli overproduced proteins were present in the soluble fraction of 

total sonicated extracts (Fig. 2, first lanes, upper panels). Due to their low iso-electric 

point, Q-sepharose binds both HHR23 products efficiently. The presence of extensive 

hydrophobic stretches in the primary amino acid sequence suggested that a purification 

step based on hydrophobic interaction might be successful. Figure 2 indicates that 

butylsepharose yielded a very powerful purification (a full description of the entire 

HHR23 purification will be described elsewhere). The specificity of affinity-purified 

polyclonal rabbit antibodies raised against the HHR23A and HHR23B proteins was 

checked on recombinant E.coli-overproduced human protein, HeLa wildtype total cell 

extracts and ill vitro translated proteins. 

Figure 2 
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Protein purification and antibody characterization of HHR23A and HHR23B. 

The top panels sbow respectively the purified CBB·stained 11 % acrylamide gel containing 

cmde, Q-sepharose and Butyl-sepharose purified fractions of the HHR23A and HHR23B 

proteins. The lower panels show affinity-purified HHR23A and HHR23B antibodies on 3 

ng purified recombinant protein (butyl-sepbarose) fraction and 10 Jig HeLa weE run at 

8 % acryJamide gels. 
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In immunoblotting experiments, anti-HHR23A antibodies visualized a 50 kDa band 

in repair-competent Manley extracts of HeLa cells (Fig. 2C, third lane). A similarly-sized 

protein was found for the E.coli-overproduced recombinant HHR23A protein (Fig. 2A 

and 2C, first lane) and the ill vilro translated protein (not shown). The recombinant 

HHR23B protein migrated at 58 kDa, similar to the ill vilro translated protein, the protein 

of a HeLa Manley extract (Fig. 2B and 2D, first and last lanes), and the protein from the 

purified XPC/HHR23B complex-containing fraction (Masutani el at., 1994). Although 

both HHR23 gene products share 76% sequence similarity, polyclonal antibodies raised 

for each of the individual HHR23 proteins did not show any cross-reacting activity. 

Besides human NER-deficient patients, a second class of excision repair-deficient 

mutants is represented by laboratory-induced, UV-sensitive, rodent cell lines. Eleven 

complementation groups have been identified (Riboni el at., (1992) and Collins (1993)) 

which partially overlap with the genes defective in several of the human NER syndromes 

(Hoeijmakers, 1993). It is not known whether XPC or either of the HHR23 proteins is 

represented among these rodent mutants. Furthermore, defects in one product may lead to 

decreased stability of other proteins in the same complex. Previously, it was found that 

the amount of ERCC1 protein is significantly reduced in XPF cells (Biggerstaff el al., 

1993; van Vuuren el al., 1994), although no primary defect in this gene is present in 

XPF. Since XPF and ERCC1 are known to form a protein complex (Biggerstaff ef al., 

1993; van Yuuren ef al., 1993), a mutation in the XPF protein most likely results in 

breakdown of ERCC1 protein due to instability (van Vuuren ef al., 1993). Therefore, the 

above characterized antibodies were used to check Manley extracts of cells from all 

known repair-deficient mammalian complementation groups for abnormalities of the XPC, 

HHR23A and HHR23B proteins, that could point to a possible involvement in any of 

these mutants. With the exception of XPC in XP group C, no alterations were observed 

for any of the proteins in the extracts from NER-deficient individuals. As an example, 

Figure 3 shows the human NER complementation groups. XP complementation group E, 

not included in this panel, also showed a normal expression pattern. In addition to this, 

no abnormalities were observed in any of the CHO groups analysed (data not shown). 

This is consistent with the idea that none of the HHR23 proteins is implicated in the 

available NER mutants and that XPC is not affected in the rodent mutants. Moreover, the 

HHR23B protein is not destabilized as a consequence of an XPC defect. 
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Inununoblot analysis of human NER syndromes. 

Immulloblouillg of cells representative of different NER syndrome complementatiol1 groups 

analysed with anti-HHR23A, anti-HHR23B. and allti-XPC antibodies. The crossreacling 

bands provide an intemai control for protein loading in the different lanes. Proteins were 

run on 11 % polyacrylamide gels and blotted as described in Materials and methods. 

Behaviour of HHR23A, HHR23B and XPC in fractionation procednres 

Previously, we determined XPC to be complexed with HHR23B protein (Masutani 

et aI., 1994). An association of XPC with TFllH has been claimed (Drapkin et al., 

1994). In an attempt to identify stable associations with other repair components or 

factors involved in the basal transcription machinery, systematically-purified protein 

fractions were tested for the presence or absence of HHR23A, HHR23B and XPC 

proteins. Purification protocols were used which are known to leave large protein 

complexes such as TFIlH intact (Gerard et al., 1991). 

To separate the components of the different general transcription factors, a HeLa 

cell-free extract competent for ill vitro repair and transcription was fractionated by 

heparin ultrogel column chromatography. Figure 4A shows the load and the elution 

fractions analysed with the affinity-purified HHR23A, HHR23B, XPC and TFlIH 

antibodies. 
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Heparin fractionation and immunodepletion 

(A) Heparill-ultrogel fractions wefe assayed by immunoblottiug with anti-HHR23A(p50), 

allti-HHR23B(p58), anti-XPC(p125), and anti-TF11H (p89 and p62) antibodies. Affinity

purified polycional antibodies were visualized by alkaline phosphatase-labeled conjugates. 

The different bands of XPC probably represent different phosphorylation status. The minor 

amounts of XPC and TFIIH in the flow-through fraction are able to bind to the heparin 

upon a second application to the same column and thus do not represent a different species 

of Ihese complexes. CD) HeLa exlract (lane I), HeLa extract depleted fur XPC (lane 2), 

were hoth analyzed with anti-XPC and aIlti-HHR23B antiserum. HeLa extract depleted for 

XPC was analyzed with anti-p62 monoclonal antibody (lane 3). The protein fraction bound 

to the XPC-immul1obeads was analysed by immullobiotling with anti-p62 antiserum (lane 

4) and aUli-XPC (lane 5). some of the extra bands are derived from the antibodies released 

from the beads. 

All detectable HHR23A protein was found to reside in the f1owthrough fraction. The vast 

majority of the HHR23B protein also resided in the f1owthrough, whereas approximately 

10-20% was found in the XPC-containing fractions (0.62-0.72 M NaCI), consistent with 

the existence of an XPC/HHR23B complex. The elution profile of TFIIH (represented by 

the pS9 and p62 proteins) partly overlaps with that of XPC, although the TFIIH elution 

profile is slightly broader than that of XPC and the elution peaks are different. These 

findings support the existence of two subfractions of HHR23B and indicate that HHR23A 

is not detectably associated with XPC nor with TFIIH, but do not permit any conclusion 

concerning the existence of stable complex formation between XPC and TFIIH. 

Therefore, we performed immunodepletion experiments and other types of protein 
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fractionation. A wildtype repair-competent extract depleted for XPC still contained p62 

protein besides free noncomplexed HHR23B protein, as determined by immunoblot 

analysis (Fig 4B). Moreover, the XPC-containing protein fraction bound to the protA 

beads showed no detectable co-depletion of the p62 subunit of the TFIlH complex. These 

data together with other fractionation studies including phosphocellulose (data not shown) 

and HA-His-tagged TFIlH complex (B. Winkler unpublished results), strongly suggest 

that the vast majority of XPC-HHR23B complex is not stably associated with TFIIH in 

repair-active Manley extracts. Furthermore, highly purified (Sulphopropyl 5-PW) protein 

fractions containing ERCCI-correcting activity as described by van Vuuren et al. (1995), 

showed no detectable amount of XPC or any of the HHR23 proteins, therefore excluding 

a stable association of significant quantities of XPC with the ERCCI protein complex in 

the extracts used. 

Non~denatul'ing gel electrophoresis 

To detect possible complexes of HHR23 with other proteins separation of repair

proficient HeLa Manley extracts under non-denaturing gel electrophoresis conditions was 

performed using wild-type cell extracts and anti-HHR23A and anti-HHR23B antibodies. 

The results are shown in Figure 5. The HHR23A protein was detected as a single band 

migrating at about 70 kDa. For HHR23B, two forms with approximate sizes of 140 kDa 

were distinguished in HeLa cell extracts. To determine the specificity of the apparent 

molecular weights of both HHR23 proteins, ill vitro translated protein and recombinant 

E.coli overproduced HHR23 proteins were run in parallel. After immunoblotting and 

autoradiography, all HHR23A protein samples were found to migrate at the same size, 

suggesting that the recombinant polypeptide has a similar conformation as the 

corresponding HeLa and ill vitro translated proteins (Figure 5). The lower HHR23B band 

observed in the He La lane migrates at the same position as the recombinant protein and 

the ill vitro translated form. Thus, the upper band may represent a modified form of the 

HHR23B protein. The notion that both bands are derived from HHR23B is supported by 

the observation that both signals disappeared when the antibodies were competed with 

excess recombinant HHR23B protein (data not shown). 

Given the high sequence homology of both HHR23A and HHR23B proteins (57 % 

identity, 76% similarity) a large apparent size difference was observed under native 

conditions (Figure 5). From these data, it was concluded that HHR23A does not form a 

protein complex with HHR23B. Furthermore, these data confirm that the majority of both 

HHR23 proteins is present in free non-complexed form in wild type extracts, and that the 

HHR23A and part of the HHR23B proteins do not undergo a gross post-translational 
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modification. Analysis with anti-XPC antibodies revealed no detectable signal for XPC. 

Moreover, the XPC-HHR23B complex could also not be detected with the anti-HHR23B 

antibodies, suggesting a size or charge problem for migrating into the native gel. 

Figure 5 

M E.col! ivt 
kDa~~--~=--L--~~--L---~--~ 

140 -- HHR23B 

- - HR23A 

Non-denaturing gel electrophoresis of 11HR23A, and HHR23B proteins. 

Migration pallem of HHR23A and HHR23B in HeLa Manley extracts as detected by 

ull1llulloblolling, in vitro translated (ivt) HHR23 proteins and purified recombinant 

HHR23A and HHR23B E.coli proteins. Proteins were separated on a 4-15% 

polyacrylamide gradient gel. 

To investigate the native size of XPC and the HHR23 proteins and possible 

association with other factors in a different manner, size-fractionation was performed 

using gel filtration. HeLa whole cell extracts, in which repair and transcription factors 

reside in an active configuration, were used as a starting point. The profiles of a S300 

sephacryl fractionation are shown in Figure 6A. Both XPC and part of the HHR23B 

proteins resided in similar overlapping fractions. However, the size of the XPC-HHR23B 

complex in this configuration is much higher than the apparent size of the purified 

complex as determined by glycerol gradient and Sephacryl fractionation (Masutani el al., 

1994). The large size provides a possible explanation for the failure to detect this complex 

under native gel electrophoresis conditions (see above). The size determined for the free 

form of HHR23B is slightly bigger than that for HHR23A, which is in agreement with 

the data of the native gel electrophoresis (as shown in Figure 5). 

The above findings indicate that the vast majority of the HHR23A and B 

molecules is in a free form. To determine how many A and B molecules reside in a cell, 
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immunoblot titration experiments were performed using HeLa total cell extracts and 

standard amounts of recombinant HHR23A and HHR23B (Fig. 6B). From the data we 

calculate that approximately 2·4 x 10' molecules of each are present in a single HeLa 

cell. From the blots (e.g. see Figs 2, 5) we estimate that maximally one fifth of HHR23B 

is complexed to XPC. In the absence of free XPC and on the assumption of a I: I 

stoichiometry in the complex, the XPC concentration is of the order of 4·8 x 10' copies 

per cell. 

A 

F •. no. 

Figure 6 
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Size fractionation and titration experiments 

(A) Size fractionation of HHR23 and XPC proteins was perfonlled on a Sephacryl S300-

HR colwlln.(A) InuHunoblot analysis of fractions for the presence of HHR23A, HHR23B 

and XPC respectively, using affinity-purified antibodies. TIle arrowheads indicate the size 

(kDa) of the marker proteins used as reference molecules. (Similar results were obtained 

using S500 Sephacryl fractionation). (D) Titration experiments to estimate the amount of 

HHR23 proteins per cell. 6 JIg and 12 JIg HeLa total cell extract (lanes I, 2), 6 JIg and 12 

JIg HeLa Mauley extract, and 3 I1g and 10 I1g recombinant protein (lanes 5, 6) were 

analyzed by immunoblotting using anti-HHR23A and anti-HHR23D antibodies. Intensities 

were used to calculate the amounts of molecules per cell. 

Intracellular localization of 1flIR23A, 1flIR23B and XPC. 

Analysis of HHR23A, HHR23B and XPC protein sequences for the presence of a 

DNA binding domain or a nuclear localization signal (Dingwall and Laskey, 1991) 

revealed no clear matches conforming with the known consensus sequences. Moreover, 

we failed to detect DNA binding activity of the isolated recombinant HHR23A and 

HHR23B proteins (unpublished observations). To define the subcellular distribution of the 
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free HHR23A, HHR23B protein molecules and the XPC/HHR23B complex, we 

performed indirect immunofluoresence in HeLa cells, COS-I transfected cells and 

fibroblasts derived from wildtype and XPC patients. No labeling lVas seen after treatment 

with secondary antibodies alone or after competition with excess of the recombinant 

HHR23 proteins or the XPC peptide used for immunization. The specificity of the 

primary antibody was confirmed by the use of pre-immune sera in all experiments, 

included as a negative control. For both human equivalents, HHR23A and HHR23B, a 

clear nuclear localization was observed, and the protein appeared to be absent from the 

nucleoli (Figure 7 A and 7C). 

Figure 7 Nuclear subcellular localization of the HHR23 proteins. 

Panel (A) the affinity-purified HHR23A antibody staining 011 COS-! transfecred cells, 

visualized by FITe-labelled secondary antibodies. Panel (B) the DAPI staining of the same 

cells. The bottom left panel (C) shows HeLa cells with the pre-immune serum of 

HHR23B, whereas the bottom right panel (D) shows the endogenous HHR23B protein in 

HeLa cells detected with affinity-purified antibodies. 

The subcellular localization of the XPC protein was exclusively present in the 

nucleus of HeLa and xeroderma pigmentosum group A (XP7CA) fibroblasts during 

interphase, as shown in Figure 8. The XP4PA (XPC) cells gave no signal, confirming the 

absence of the intact XPC protein (as also shown by immunoblot analysis in Fig. 1 and 

Fig. 2). 
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Figure 8 

Anti-XPC serum Dapi staining 

Figure 8 

Immunofluorescent localization of 

XPC in HeLa cells, xeroderma group 

A (XP7CA) and group C (XP4PA) 

fibroblasts. The left panel visualizes 

tbe FITC~conjugated anti-XPC 

antibodies whereas the right panel 

depicts DAPl staining of the same 

cells. 

Additionally, we investigated the subcellular localization of the XPC and HHR23 

protein during mitosis. This was carried out in human XP7CA, XP4PA fibroblasts and in 

HeLa cells. When the cell entered mitosis, XPC (and both HHR23) proteins relocalized in 

the cytoplasm. During metaphase, they were present diffusely throughout the whole cell, 

without particular association with chromatin. Unexpectedly, in the later stages of mitosis, 

during anaphase and telophase, the XPC protein became specifically associated with 

chromatin (Figure 8 panels C and D). This anaphase/telophase specific association was 

not observed for either of the HHR23 proteins. However, due to excess of the free 

HHR23B protein in the cell (see above), we cannot exclude whether this also holds for 

the small amount of HHR23B complexed with XPC. Cells from the XP7CA (XPA) 

patient showed the same subcellular localization as HeLa. The HHR23 protein distribution 

in XP4PA (XPC) cells was indistinguishable from that in HeLa or XP7CA (XPA). 
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Figure 9 

216 

Different stages of mitosis analysed with affinity-purified anti-XPC antibodies. The panels 

represent (A) prophase, (B) metaphase, (C) late anaphase and (D) telophase. The green 

signals on the left represent XPC, visualized by FITC-conjugated secondary antibodies, 

whereas the blue signals 011 the right depict the DAPI staining of the same cells. 



DISCUSSION 

This article describes the partial characterization of HHR23A, HHR23B and XPC 

proteins, known to be specifically involved in global genome nucleotide excision repair. 

GGR, defective in XPC cells, deals with the repair of bulk DNA, including the non

transcribed strand of active genes (Kantor ef at., 1990; Venema ef at., 1990, 1991) and is 

important for preventing carcinogenesis. Evidence for this comes from the lack of 

enhanced cancer risk in patients with the transcription-coupled NER disorder, Cockayne 

syndrome (Lehmann, 1987) and the high cancer predisposition when the GGR subpathway 

is defective as in XP-A and XP-C. Purification of the XPC-correcting NER activity 

revealed a heterodimeric protein complex consisting of XPC and HHR23B (Masutani ef 

al., 1994). However, the functional significance of the association of HHR23B with XPC 

is not known, and could be, for instance, stabilization of the XPC protein. The yeast 

RAD23 protein also has a role in NER, and was recently found to form a protein 

complex with the yeast RAD4 protein (Guzder ef aI., 1995), a structural homolog of 

xpc. 
Except for potential phosphorylation sites, analysis of the primary amino acid 

sequence of XPC gave no clues about a particular function. The primary amino acid 

sequence of RAD23 protein and its mammalian homologues indicated that they are N

terminal ubiquitin-Iike fusion proteins (Watkins ef at., 1993, Masutani ef at., 1994). In 

addition, a second liuk with the ubiquitin pathway was observed. Two repeated domains 

in the RAD23 amino acid sequence shared homology to a C-terminal extension in a 

bovine ubiquitin-conjugating enzyme (E2-25kD) (van der Spek ef at., 1996 in press). This 

suggests that the RAD23 protein may have an involvement in the ubiquitin system, within 

the context of NER or iu another process, implying a dual functionality. Other NER 

proteins have also been found to have dual functions. Examples include the XPB and 

XPD proteins in the multisubunit TFlIH transcription repair factor (Schaeffer ef al., 

1993) and the RAD I-RAD 10 complex, additionally involved in mitotic recombination 

(Schiestl ef aI., 1993). 

In the present studies, we tried to fiud evidence for a stable association of XPC 

and HHR23 proteins with each other and with previously identified protein complexes 

which have defined enzymatic activity, involving endonuclease-mediated incision 

(ERCCIIERCC4) or transcription initiation activity (TFIIH). Heparin fractionation 

experiments revealed that HHR23A and a large fraction of HHR23B resided in the 

f1owthrough fraction (Fig. 4A). Native gel electrophoresis indicated that the vast majority 

of both HHR23 proteins was present in the free, non-complexed form (Fig. 5) a finding 
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supported by the gelfiltration experiments. The heparin, phosphocellulose and size 

fractionation experiments as well as the immunodepletion studies all confirmed the 

complex formation of XPC protein with HHR238 protein (Figs. 4A, 48 and 6A). No 

HHR23A protein could be detected in these purified heparin or phosphocellulose fractions 

containing XPC. From these findings we conclude that for HHR238 two forms exist: the 

majority is in a free form, whilst a small fraction is complexed with XPC. For HHR23A, 

we can only detect a free form, although it is not excluded that a fraction below our 

detection level is complexed with XPC or another protein. The absence of detectable 

quantities of HHR23A in the XPC-HHR238 containing high-salt fractions from the 

heparin (Fig. 4A) and phosphocellulose chromatography suggests that HHR23A may not 

be functionally fully equivalent to HHR238. The small fraction of HHR238 that is 

complexed with XPC is necessary for NER (Sugasawa et 01., submitted). This raises the 

question whether HHR23A and the free from of HHR238 are involved in NER at all 

and/or whether they have an additional function. These proteins resided in the flow

through of the phosphocellulose fractionation. Previously, Aboussekhra et at. (1995) 

showed that only the RP-A complex and the PCNA protein from this fraction are 

necessary for ill vitro NER. These data therefore suggest that HHR23A does not playa 

role in the core NER reaction. However, the ill vitro system might not reflect the step in 

which this protein plays a role ill vivo. If only (the XPC-bound) HHR238 has a role in 

NER, one might wonder why no rodent or human mutants for HHR23B were found (Fig. 

3). A possible explanation for the absence can be the dual function, that might give rise to 

an unexpected phenotype. Alternatively, HHR23A may bind to XPC when HHR23B is 

absent. A clear answer on what is the fUllction of the free form of both mammalian 

RAD23 equivalents and whether they are functionally redundant should come from 

analysis of mutants generated by gene targeting and from ill vitro reconstitution 

experiments (both experiments in progress). 

Gel filtration studies suggested that the XPC protein can be part of protein 

complexes of large size (Fig. 6A). The purified XPC/HHR23B complex was previously 

determined to have a molecular weight of 500-550 kDa by gel filtration and a value of 

110 kDa by glycerol gradients (Masutani et 01., 1994). Here we found in fractionated 

Manley type cell extracts a molecular weight bigger than these previously determined 

values. This suggests that the XPC/HHR23B proteins are part of a bigger complex, that 

can easily fall apart during purification in a stable XPC/HHR23B subcomplex and other 

proteins. However, it cannot theoretically be excluded that XPC protein selectively 

multimerizes or aggregates. Therefore, it was investigated whether the large molecular 
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weigth XPC-containing complex also includes TFllH and ERCCI components, 

conforming with the 'repairosome' model reported by Svejstrup et al. (1995) for yeast 

NER. Non-denaturing gel electrophoresis showed distinct bands for HHR23A (70 kDa) 

and HHR23B (150 kDa), for both the HeLa proteins as well as the E. coli produced 

recombinant polypeptides. In this context, it should be noted that native molecular weight 

estimations themselves should be taken with caution, since these may strongly depend on 

the conformation of the proteins or protein complexes. However, bands migrating at a 

similar position can provide evidence for complex formation. Therefore, it is evident that 

both native molecular weights are different from the 280 kDa previously described for the 

ERCCI complex (van Vuuren et al., 1994) and the minimal molecular weight calculated 

for TFllH. 

Fractions containing highly purified ERCC I complex described by van Vuuren et 

al. (1995) were also checked for the presence of HHR23 proteins, and were found to be 

negative. This makes a tight association of these proteins with the ERCCI complex highly 

unlikely. 

From the data presented here one can also conclude that there is no stable complex 

of a significant fraction of XPC/HHR23B and TFllH, under these conditions and in our 

(Manley) extracts. This is in conflict with the findings of Drapkin et al. (1994), who after 

six purification steps for TFllH components, still detected XPC protein in the purified 

fractions. However, their TFIIH complex is not completely pure, and no data are 

provided with respect to the yield and the fraction (percentage) of XPC present in the 

TFIIH preparation. Therefore, it is hard to identify whether this is a significant amount of 

XPC and whether cross-contamination is excluded. From our unpublished results, it 

appeared that the XPC complex by coincidence behaved in a similar way during several 

purification steps as TFIIH. Moreover, no physical interaction was shown (e.g. 

immunodepletion) by Drapkin et at. (1994). On the other hand it should be stressed that, 

our data on XPCITFllH interaction do not exclude a transient association, as reported by 

Bardwell et al. (1994) for the S. eerevisiae system. The absence of any detectable 

interactions between these factors is of relevance in the context of the evidence for a 

"repairosome" in S. eerevisiae (Svejstrup et at. 1995), in which (almost) all NER 

components are represented in one super complex. A difference might exist between yeast 

and mammals. Alternatively. a 'NERosome' in mammals may be more delicate, and 

might disassociate sooner than its yeast counterpart. Therefore, the extract preparation 

procedure can be of crucial relevance. 

The subcellular localization of a protein can provide possible clues about its 
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function. Immunofluoresence data i1isplayed a clear nuclear localization of the XPC 

protein on interphase cells (Fig. 7). This finding supports a function in DNA metabolism 

and is in agreement with the previously described ssDNA binding activity (Masutani ef 

al., 1994). The observation that during anaphase and telophase, XPC specifically 

associates with chromatin, suggests a role for XPC after the metaphase/anaphase 

transition, and is consistent with the DNA binding activity of the XPC-HHR23B protein 

complex. However, such a function remains to be clarified. 

Nuclear localization was also found for both HHR23 proteins, consistent with a 

role for these proteins in DNA or chromatin metabolism. These results are in accordance 

with previous S. cerevisiae data, in which the RAD23 protein was described to be nuclear 

(Watkins ef al., 1993). Both recombinant HHR23 proteins were found not to have 

specific affinity for ss or dsDNA, and therefore, a direct role for these proteins in DNA 

damage recognition can be regarded as unlikely. 

Additional functions for both HHR23 proteins seem however likely, based on the 

excess of both HHR23 proteins in the cell compared to XPC, as deduced from the 

experiments presented in this paper. 
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CONCLUDING REMARKS 

General considerations 

A major goal of the human genome project is to analyse the genetic blueprint of our 

genome and to elucidate the mechanisms of control of gene expression in ordered time- and 

cell type~dependent fashion. As a consequence, enormous amounts of DNA sequence data 

are being generated. To cope with this large amount of information, powerful computers and 

sequence comparison algorithms are essential. This thesis illustrates examples of the use of 

the data resulting from the human genome project for the field of DNA repair. New genes 

are now being identified by computer~assisted sequence comparison. Such approaches are 

expected to have a major impact in biology (fhe nature genome directory). 

Dysfunctional DNA repair has recently been shown to playa major role in the genesis 

of a diverse array of cancers. At present, the vast majority of approaches to the treatment 

of malignant disease are empirically~based. It follows that an enhanced understanding of the 

mechanism of DNA repair holds promise for the future development of targeted and highly 

specific molecular~based therapies for a variety of malignancies. UV ~sensitive, NER defective 

xeroderma pigmentosum patients have a defect in NER which predisposes these individuals 

to skin cancer (Cleaver and Kraemer, 1994). 

Non-melanoma skin cancer is one of the most frequently occurring neoplasms in 

Caucasian populations, and strong epidemiologic and other evidence implicates solar UV~ 

irradiation in its genesis. According to the multi~step model of tumorigenesis (Nowell, 1976), 

the induction of DNA damage is considered an important initiating step for gene mutation 

and the subsequent initiation of cancer. 

Other DNA repair disorders are also associated with increased cancer risk. For 

example, hereditary non~polyposis colon cancer is caused by microsatellite instability as a 

result of a defective mismatch repair system. Cancers at other body sites may arise by a 

similar molecular defect in this repair pathway (Fishel and Kolodner, 1995). 

Defective cell cycle regulatory genes involved in cell cycle progression can also be 

associated with cancer (Hartwell and Kastan, 1994; Lydall and Weinert, 1995). Ample 

evidence points to disordered cell cycle regulation in neoplasia (Hunter and Pines, 1994). 

Given the fundamental role for ubiquitin in cyclin degradation, the ubiquitin~conjugating 

pathway is likely to have a central role in the development of those tumors in which cyclin 

dysfunction plays a role in carcinogenesis (Barinaga, 1995). 
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Relation of RAD23 to HHR23 proteins and xeroderma pigmentosum 

As shown in the studies reported in this thesis, sequence homology is of significant 

relevance for the cloning of homologous genes in higher organisms. Many yeast RAD genes 

proved to have human homologs that are involved in genetic disorders such as xeroderma 

pigmentosum and Cockayne syndrome (Hoeijmakers, 1993a/b), suggesting that functional 

aspects of the DNA excision repair pathway are well conserved during evolution. Cloning 

and characterization of both mouse aud human homologs of the yeast RAD23 NER gene are 

described in detail in this thesis. The duplicated human cognates of RAD23 are putative 

candidate genes for the remaining NER complementation groups for which the defective gene 

has not yet been identified. However, for both these human gene products, no mammalian 

mutant has as yet been identified. 

Purification of the XPC protein using an ill vitro cell-free repair system containing 

UV-damaged SV40 minichromosomes as a substrate, uncovered a second protein of 58 kDa; 

the protein copurified with the 125 kDa XPC protein (see Chapter 1Il). The 58 kDa protein 

appeared to be by one of the two human homologs of yeast RAD23, HHR23B. Strengthening 

the observation of an association between human XPC and HHR23B proteins, Guzder et al. 

described complex formation between the structurally homologous yeast RAD4 and RAD23 

proteins (Guzder et 01., 1995). In XPC cells, only the transcription-coupled repair pathway 

is active. However, as discussed in Chapter 2, this is contradictory with the phenotype of a 

rad4 mutant, a mutant defective in both transcription-coupled and genome overall repair. 

It was shown by Mullenders et 01. (1984) that repair synthesis, confined to active 

genes in XPC cells, was preferentially associated with the attachment sites of chromatin loops 

at the nuclear matrix. Indirect evidence for a separate repair pathway came from previous 

work on CS cells (Mayne and Lehmann, 1982). Transcription coupled repair is directed 

towards the transcribed strand (Mellon, 1987). This process was shown to be defective in CS 

patients. Lesions in the nontranscribed DNA strand and overall genome are thus repaired 

normally in these patients. In contrast to CS, XPC individuals have a GGR defect, whereas 

TCR is apparently normal. Notably, XP-C individuals are cancer-prone whereas CS 

individuals are not. These facts suggest that defects in the GGR NER subpathway, rather than 

TCR, are linked to the processes involved in carcinogenesis. Cancer-prone XPC patients do 

not manifest the accelerated neurodegeneration characteristic of some of the other XP 

complementation groups (Bootsma et 01., 1995). This is consistent with the idea that the 

transcription-coupled repair pathway, defects in which may be crucial to this type of 

neurodysfunction, is not affected in XPC. 
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Details concerning the interactions of the HHR23 and XPC repair proteins with each 

other and with DNA were assessed. No clear association with TFIIH has been shown for the 

human enzymes encoding HHR23A, HHR23B or XPC. Mammalian data do not corroborate 

S. cerevisiae data which claimed an association of RAD23 and the yeast general transcription 

factor b (Guzder el al., 1995). It is possible that the reason for this discrepancy relates to a 

difference in the stability of yeast versl/s mammalian protein complexes: subtle differences 

in stability of the complexes may result in their dissociation during purification for mammals, 

but not for yeast. Alternatively, there may be a true difference between yeast and mammals 

in this regard. The biochemical behaviour of the HHR23 and XPC enzymes is distinct from 

the properties of the transcription repair complex TFIIH, containing the p62, XPB and XPD 

proteins (see Chapter VIII). Analysis of purified fractions containing ERCCIIERCC4(XPF) 

complexes for the presence of XPC and HHR23 equivalents did not suggest any stable 

association of a significant proportion of these complexes with each other. Additionally, the 

relationship of HHR23 and XPC proteins to CSB was studied to further investigate whether 

the claimed yeast repairosome existed in mammals. No copurification was found for any of 

the HHR23, XPC factors with the CSB protein. 

The yeast RAD7 and RAD16 genes are involved in the repair of lesions on the non

transcribed DNA strand, representing a similar phenotype to that observed for XPC in 

human. It is possible that their as of yet unidentified human counterparts also subserve the 

same function in the genome overall NER sub-pathway. RAD7, RAD16 and RAD23 gene 

products have been described as necessary for the removal of pyrimidine dimers from the 

nontranscribed strand of transcriptionally active genes (Verhage ef al., 1994). All three gene 

products may be involved in alterations of chromatin structure that provide greater 

accessibility for the catalytically active repair complex. However, in contrast to rad7 and 

rad16, the rad23 disruption mutant is defective in GGR and TCR. Therefore, the 

intermediate UV-sensitivity of this mutant cannot be explained by a defect in one or the other 

NER subpathway, as has been proposed to explain the intermediate UV-sensitivity of RAD7 

a',ld RAD16 mutants. The specific function of the XPC/HHR23B complex in genome-overall 

repair still remains to be elucidated. 

In both normal and cancerous cells, control of proliferation and cell cycle progression 

is exerted through changes in the levels of transiently or constitutively short-lived regulatory 

proteins. Ubiquitin conjugation isknown to be an important essential mechanism ill cellular 

proteolysis (Ciechnover, 1994). Based on sequential homology of the primary amino acid 

sequence, RAD23 exhibits a dual link with the ubiquitin-conjugating pathway (see Chapter 

VI). The N-terminal region of the RAD23 homologs harbors a ubiquitin-like part that has 
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been demonstrated to be required for the repair function of the yeast protein (Watkins el al., 

1993). A second link exists between RAD23 and the ubiquitin pathway: a twice repeated 

element, homologous to a C-terminal extension of a Class II ubiquitin-conjugating enzyme 

(E2) has been identified (see Chapter VI). In addition to degradation of proteins tagged by 

ubiquitin, conjugation of ubiquitin is also involved ill DNA repair, the stress response, 

chromosome (de)condensation, and cell cycle progression/control (Ciechanover, 1994). 

As is the case for almost all NER genes. The nuclear ubiqllitin-like fusion protein 

RAD23 has no prokaryotic homologs, and is more likely to have a regulatory role rather than 

a direct role in DNA repair. However, the relatively high abundance of the human homologs 

ofRAD23 compared to other repair enzyines such as XPC, suggests a more general function, 

such as a chromatin modulating function analogous to the RAD6 protein that is involved in 

ubiqllitin-conjugating pathway. 

Future directions 

Since NER is strongly conserved between yeast and humans, knock-out mice might 

be expected to mimic the clinical defects of human XP, CS and TID patients. In particular 

the sensitivity to genotoxic agents and the predisposition to cancer of the xeroderma patients 

can be assessed with these models. Furthermore, the phenotype of the mice might provide 

clues for potential candidate syndromes which show a similar clinical picture. Therefore, 

experiments are in progress to generate MHR23A and MHR23B knockout mice. Although 

yeast rad23 null mutants are viable and sporulation is not affected, it remains to be seen 

whether disruption of MHR23 genes results in a vital phenotype. Particular aspects of interest 

in the resulting phenotypes will be the status of NER and spermatogenesis. The presumed 

function of RAD23 in meiosis as suggested by studies in yeast can be evaluated during 

oogenesis and spermatogenesis in these mice. 

The vast majority of transgenic animals reported to date have been knock-out 

mutations (to generate null alleles). In these animals, the effects of complete absence of gene 

function can be assessed. However, the recent introduction of targeted subtle genetic 

alterations can facilitate more comprehensive study of the functional role of the gene of 

interest, to model human genetic syndromes. 

The MHR23-deficient mice will be intercrossed with hairless mice. Using such 

models, the influence of the mammalian RAD23 homologs on UV-light-induced skin cancer 

will be investigated. Furthermore, the influence of various chemical mutagens (e.g., DMBA, 
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acetoxy-AAF and benzo(a)pyrene) on carcinogenesis will be analysed. Crossing of various 

repair-deficient and cancer gene-inactivated mice can indicate the contribution of the different 

repair systems to multistep carcinogenesis. The induced tumors can be analysed to identify 

which oncogenes are activated during the process of malignant transformation. Moreover. 

HHR23B and XPC-deficient mice can be crossed and the consequences of impaired genome 

overall repair for spontaneous and induced mutagenesis thereby investigated using the hprt 

gene as a marker. Furthermore, this can be achieved by crossing these mice with transgenic 

mice containing several copies of the LacZ reporter gene for scoring mutations. 

Double knock-outs might provide clues about the functional redundancy of both 

HHR23 gene products: if HHR23A and HHR23B knockouts are independently viable but the 

double mutant has a lethal phenotype, this would be strong evidence for functional 

redundancy of the gene products. 

Both XPA and XPC-deficient mice mimic the patient phenotype with respect to 

carcinogenesis. In contrast to the XPC-deficient mice, CSB-deficient mice should provide 

clues to the contribution of transcription-coupled repair to the clinical features of NER 

patients. It will be also of interest to examine crossings of XPC homozygous null mutant 

animals with CS-B knockouts, to investigate the effect of knocking out both known NER 

subpathways; likewise, crossing MHR23B and CS-B knockout animals will be of interest 

given that XPC and HHR23B are complexed. 

In order to further understand the biochemical function of both HHR23 proteins, a 

deduction or prediction of the three-dimensional structure of the proteins would be highly 

informative. The striking homology with ubiquitin at the N-terminus of the RAD23 protein 

and its various homo logs pointed to similar structural features of these ubiquitin-like fusion 

proteins. Since the crystal structure of ubiquitin is known, it was determined via molecular 

modeling whether RAD23 could have a similar structure. Recombinant proteins obtained 

from cloned HHR23 genes in efficient expression vectors are being purified to homogeneity 

in large quantities, to facilitate attempts to crystallize both HHR23 proteins. The three

dimensional protein structure, together with biochemical and genetic data, should provide 

greater insight into the exact function of both mammalian RAD23 equivalents. 

Understanding the molecular mechanisms of fundamental cellular processes such as 

DNA repair. transcription, recombination, and cell division, should continue to increase, in 

view of the rapidly expanding genome sequence data. The impact of this mega project will 

undoubtedly continue to be feit throughout all fields of biology. 
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SUMMARY 

Genome instability is regarded to be caused by defects in processes such as DNA 

repair, cell cycle arrest or apoptosis, and is presumably an early step in carcinogenesis. 

Several pathways exist that are capable of removing chemical or radiation-induced DNA 

damage. One of the major DNA damage repair mechanisms is the nucleotide' excision 

repair (NER) pathway. This system removes a broad spectrum of DNA lesions, for 

example (6-4) photoproducts, cyclobutane pyrimidine dimers (the main UV-induced 

injuries) and bulky chemical adducts. Three NER-deficient human syndromes, all 

characterized by marked photosensitivity are known: xeroderma pigmentosum (XP), 

Cockayne syndrome (CS) and trichothiodystrophy (TTD). XP patients show pigmentation 

abnormalities and an over thousand-fold increased risk of skin cancer, caused by defects 

in one of at least seven genes (XPA to XPC). CS patients display overall developmental 

impairment. The two genes responsible for the CS phenotype have been cloned (CSA and 

CSB). TID is characterized by brittle hair, ichthyosis and many CS symptoms. The NER 

defect in TID is due to mutations in the TTDA, XPB or XPD genes. No increased risk of 

cancer is reported for CS and TID patients. Another subclass of patients shows a 

combined XP-CS phenotype. These patients can be assigned to complementation groups 

XP-B, XP-D or XP-G. 

Chapter I of this thesis is a general introduction. Genes and gene products 

involved in different repair pathways are discussed in Chapter II, with special attention to 

the NER pathway. The multi-step NER reaction entails damage recognition, local 

unwinding of both complementary strands, dual incision of the injured strand, removal of 

the damage-containing oligonucleotide, DNA repair synthesis to fill the single strand gap 

and ligation. Two NER subpathways exist: rapid transcription-coupled repair limited to 

the transcribed strand of active genes, and the less efficient global genome repair. TID 

and most XP groups carry defects that affect both subpathways, CS is specifically 

deficient in transcription-coupled repair, whereas XP-C individuals are impaired in the 

global genome repair pathway. 

The value of sequencing model organisms and the complete human genome have 

been shown to be of major relevance for geneticists in general, and in this project, for the 

identification of DNA repair-related genes that might be important to the study of the 

complex process of carcinogenesis. One of the first demonstrations of a powerful new 

technology called "computer-cloning" is the identification of two human homologs of the 

S.cerel'isiae RAD23 NER gene designated, HHR23A and HHR23B (described in Chapter 
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III). Such computer-assisted analysis is described in detail for the yeast RAD23 gene, 

together with other examples of genes (SNMI, XPE/DDB, PHR) identified in this way. 

The identification and characterization of a DNA repair protein complex, involved 

in the genome overall repair pathway, is described in Chapter IV of this thesis. This 

complex consists of the xeroderma pigmentosum group C correcting protein, stably 

associated with the HHR23B gene product. This protein heterodimer exhibits a high 

affinity for ssDNA and is specifically implicated in global genome NER. Computer 

comparison revealed the presence of an N-terminal ubiquitin-like domain in all RAD23 

derivatives. 

Two protein complexes involved in NER (TFIIH; ERCCI/XPF) were identified 

during the last few years: the TFIIH complex (which contains the NER genes, XPB and 

XPD, mutations of which occur in XP, XP-CS and TID); and the XPF/ERCCI complex 

which has a dual role, olle involved in making the incision in the injured DNA strand, as 

well as a second function in the mitotic recombination pathway. The XPC-HHR23B 

complex is the third such complex, and is involved in global genome NER. Many but not 

all components of these repair complexes represent a particular NER syndrome or 

hamster complementation group. Involvement of NER genes in the basal transcription 

complex TFIIH has important clinical implications, since some symptoms in TID, not 

explained by a NER defect, are likely to be caused by subtle insufficiencies in basal 

transcription. 

In Chapter V, the chromosomal localization of the XPC and the HHR23 genes is 

described. The HHR23A gene was assigned to 19p13.1. Both XPC and HHR23B reside on 

chromosome 3p25.1. The colocalization of these genes is remarkable since both gene 

products form also a tight complex at the protein level. The chromosomal locations of the 

human HHR23 genes did not match any known deletion or rearrangement sites in 

mammalian NER-defective mutants. Given the high amino sequence homology between 

both gene products it is possible the HHR23A and HHR23B proteins have largely 

overlapping functions. To unravel the molecular mechanism of different repair pathways 

in mammals and to assess the biological relevance of these processes, we have isolated, 

mapped and characterized the mouse homologs of RAD23, MHR23A and MHR23B genes, 

as reported in Chapter VI. Physical disconnection of MHR23B and XPC genes in mouse 

argues against an important functional significance of the colocalization of these genes 

observed in human. Moreover, a dual link with the ubiquitin·conjugating pathway was 

found. All RAD23 homologs contain a ubiquitin-like N-terminus followed by a strongly 

conserved 50-amino-acid domain that is repeated at the C-terminus. This domain is highly 
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homologous to a specific C-terminal extension of one of the ubiquitin-cOluugating 

enzymes. These putative functional implications are reinforced by the recent finding in 

yeast that RAD23 has been found to be a suppressor of a ubiquitination mutant (Madura, 

personal communication). Chapter VII deals with the role of HHR23B in repair, tested in 

an ill vitro reconstituted repair assay. It was shown that both HHR23B and XPC proteins 

are required for NER. Moreover, it was found that only a small portion of HHR23B 

exists in a bound form with XPC, while a large fraction is present in unbound form. In 

Chapter VIII, the protein characterization of the XPC and HHR23 homologs and their 

relation to TFIIH components is addressed. Purification and immuno-depletion 

experiments suggested that the XPC activity was not stably associated with the activity of 

basal transcription initiation. The HHR23A protein has been found to reside in the free 

non-bound form. The relatively high expression of HHR23 equivalents compared to the 

XPC protein points to an additional function for the HHR23 proteins. Immunofluoresence 

data have shown HHR23 and XPC proteins to be localized to the nucleus. Moreover, the 

nuclear XPC protein specifically associated with chromatin during anaphase and 

telophase. 

These mouse HHR23 genes are being used to generate (NER-) deficient cell lines 

and mice through homologous recombination in embryonic stem cells. The impact of 

these gene products on processes such as DNA repair, recombination, meiosis and 

carcinogenesis can then be assessed ill vivo. 
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SAMENVATIING 

Genoom illstabiliteit wordt gezien als eell gevolg van eeo defect in processen zoals 

DNA herstel, eel cyclus regulatie of apoptose en is mogelijk een vroege stap in 

carcinogenese. Een van de belangrijkste DNA herstelmechanismen is het nucleotide excisie 

reparatie (NER) systeem. Dit mechanisme is in staat een breed spectrum van DNA schades 

zoals 6-4 fotoprodukten, cyclobutaan-dimeren (de meest voorkomende UV-ge'induceerde 

schades) en 'bulky' adducten te verwijderen. Drie NER-deficiente humane syndromen 

gekarakteriseerd door fotosensitiviteit zijn: xeroderma pigmentosum (XP), Cockayne 

syndroom (CS) en trichothiodystrofie (TID). XP patienten vertonen pigmentatie 

abnormaliteiten naast een meer dan duizelldmaal verhoogde kans op huidkanker, veroorzaakt 

door een defect in een van de op z'n minst zeven genen (XPA tim XPG). CS patienten 

vertonen lonlichtgevoeligheid, ernstige groeistoornissen en afwijkingen in het centraal 

zenuwstelse!. De twee genen verantwoordelijk voor het CS fenotype zijn gekloneerd, te 

weten CSA en CSB. TID wordt gekarakteriseerd door breekbare haren, ichthyosis en een 

aantal CS symptomen. Het NER defect in TID wordt veroorzaakt door mutaties in het 

11DA, XPB of XPD gen. Voor CS en TID patienten is echter geen verhoogde kans op 

kanker gerapporteerd. Een andere subklasse van patienten vertoollt een gecombineerd XP-CS 

fenotype. Deze patienten behoren tot de complementatie groepen XP-B, XP-D of XP-G. 

Hoofdstuk I van dit proefschrift is een algemene introductie. Genen en genprodukten, 

betrokken in de verschillende reparatieprocessen zijn beschreven in hoofdstuk II, met de 

nadruk op het NER mechanisme. De meers taps NER reactie omvat schadeherkenning, lokale 

ontwinding van de complementaire DNA strengen, dubbele incisie van de beschadigde streng, 

verwijdering van de beschadigde oligonucleotide, DNA synthese ter 0pvulling van het 

ontstane enkelstrengs gat en ligatie. Er bestaan twee NER subroutes, te weten: het snelle 

transcriptie gekoppelde herstel dat gelimiteerd is tot de getranscribeerde streng van de actieve 

genen, en het minder efficiente globale genoom herste!. TID en de meeste XP groepen 

dragen defecten die beide subroutes be'invloeden, terwijl CS specifiek deficient is in 

transcriptie gekoppeld herstel, en in XPC-patienten is het globale genoom herstel aangedaan. 

De relevantie van sequencing projecten van model organismen en het humane genoom 

heeft aangetoond van wezenlijk belang te zijn voor genetici in z'n algemeenheid en in dit 

project voor de identificatie van DNA-reparatie gerelateerde genen. Deze genen zijn van 

belang voor het bestuderen van een complex proces als carcinogenese. Een voorbeeld van 

gen identificatie middels computervergelijking, bekend als computer-kloneren, is de 

identificatie van twee humane homologen van het S. cerel'isiae RAD23 NER gen, aangeduid 
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als HHR23A en HHR23B (beschreven in hoofdstuk III). De identificatie van RAD23 

homologen middels computervergelijking is in detail beschreven, samen met andere 

voorbeelden van andere genen (SNMI, XPE/DDB en PHR), waarvan op gelijke wijze 

homologen geldentificeerd zijn. 

In hoofdstuk IV van dit proefschrift is de identificatie en karakterisering beschreven 

van een DNA herstel eiwit complex, dat specifiek betrokken is bij globaal genoom herstel. 

Dit complex bestaat uit het xeroderma pigmentosum group C eiwit, dat een stabiele associatie 

lleeft met het HHR23B eiwit. Deze heterodimeer venoont hoge affiniteit voor enkelstrengs 

DNA en is specifiek betrokken bij globaal genoom herstel. Computervergelijking heeft 

uitgewezen, dat aile RAD23 equivalenten een ubiquitine-verwant domein bevatlen aan de N

terminus. 

Twee eiwit complexen betrokken in NER (TFIIH en ERCCIIXPF) zijn in de 

afgelopen jaren reeds beschreven: het TFIIH complex (dat onder andere bestaat uit de NER 

genen XPB en XPD; waarin mutaties gevonden zijn in XP, XP-CS en TID patienten) en het 

XPF/ERCCI complex, dat een dubbele rol heeft, ten eerste in het maken van de 5' incisie 

van de beschadigde DNA streng, en ten tweede in mitotische recombinatie. Het XPC

HHR23B complex is het derde NER complex. Dit complex speelt een specifieke rol in het 

globaal genoom herstel. Veel, maar niet aile componenten van deze reparatie complexen zijn 

betrokken bij een bepaald NER syndroom of een NER deficiente hamster complementatie 

groep. De betrokkenheid van NER genen in basale transcriptie zoals bij TFIIH het geval is 

heeft belangrijke klinische implicaties, vanwege het feit dat sommige klinische verschijnselen 

in TID niet verklaard kunnen worden door een defect in NER maar waarschijnlijk het gevolg 

zijn van een subtiel defect in basale transcriptie. 

In hoofdstuk V is de chromosomale lokalisatie van het XPC en de HHR23 genen 

beschreven. Het HHR23A gen is gelokaliseerd op chromosoom 19p13.1. Zowel het XPC als 

het HHR23B gen liggen op chromosoom 3p25.1. Deze co-Iokalisatie is opmerkelijk daar 

beide genprodukten tevens een stabiel eiwit complex vormen. De chromosomale lokalisatie 

van beide humane HHR23 genen gaf geen aanwijzingen met betrekking tot bekende deleties 

of genherschikkingen in NER deficiente zoogdier mutanten. Teneinde inzicht te verkrijgen 

in het moleculaire mechanisme van de verschillende heestel systemen in zoogdieren en om 

de bioiogiscite relevantie van deze processen te kunnen bestuderen, zijn de muize-homologen 

van RAD23 gelsoleerd, MHR23A en MHR23B, gelokaliseerd en gekarakteriseerd zoals 

beschreven in hoofdstuk VI. Co-Iokalisatie van MHR23B en XPC genen is afwezig bij de 

muis, hetgeen een mogelijke functionele betekenis van de co-Iokalisatie bij de mens minder 

waarschijnlijk maakt. Tevens is een tweeledig verband met het ubiquitine-systeem naar voren 
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gekomen. Aile RAD23 homologen bevatten naast een ubiquitine-verwante N-terminus, een 

sterk geconserveerd dome in van 50 amillozuren dat gerepeteerd aanwezig is in de C

terminus. Dit dome in is sterk homoioog aan een specifieke C-terminale extensie van een van 

de ubiquitine conjugerende enzymen. Deze aanwijzingen yoar een ubiquitine gerelateerde 

functie worden versterkt door de recente bevinding in gist dat het RAD23 een suppressor is 

van een ubiquitine mutant (Dr. Madura). Hoofdstuk VII behandelt de rol van het HHR23B 

eiwit in DNA reparatie, getest in een ill vitro nagebootste reparatie reactie. Aangetoond is 

dat zowel het HHR23B als het XPC eiwit nodig zijn voor NER. Daarnaast is gevonden dat 

een klein deel van HHR23B gecomplexeerd is met XPC eiwit en dat het grootste gedeeIte 

van het HHR23B eiwit in vrije vorm voorkomt. In hoofdstuk VIII is de eiwit karakterisering 

van XPC en de HHR23 homologen en de relatie met TFIIH componenten belieht. ZlIivering 

en immullo-depletie experimenten suggereren dat de XPC activiteit niet in een stabiel 

complex geassocieerd is met basale transcriptie initiatie reparatie factor TFIIH. Het HHR23A 

eiwit is enkel detecteerbaar in vrije vorm in de cel. De relatief hoge expressie van de HHR23 

equivalenten in vergelijking met XPC eiwit duidt op een additionely funetie voor deze 

HHR23 eiwitten. Immunofiuorescentie experimenten hebben aangetoond dat de HHR23 en 

XPC eiwitten in de celkern gelokaliseerd zijn. Daarnaast is voor XPC een specifieke 

associatie met het chromatine gevonden tijdens de anafase en telofase. 

De ge'isoleerde mllize-genen worden gebruikt om (NER)-deficiente cellijnen en 

muizen, middels homologe recombinatie, in embryonate stamcellen te verkrijgen. Het effect 

van deze genprodukten op processen als DNA herstel, recombinatie, meiose en carcinogenese 

wordt hierdoor toegankelijk ill vivo. 
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