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The ubiquitous presence of DNA-damaging agents
and the instability of certain chemical bonds in DNA
have made 1t necessary for living organisms to develop
DNA repair systems. These repair processes help pre-
vent lesions from interfering with essential DNA func-
tions or from converting into permanent mutations that
cause cellular malfunctioning and cell death and in
higher organisms contribute to malignancy and possi-
bly aging. In view of the wide spectrum of possible le-
sions, a network of repair systems has evolved to cope
with different types of DNA damage (for an extensive
review on DNA damage and repair, see Friedberg 1985).
In recent years there have been considerable advances
in understanding the mechanism and genetic control of
two 1mportant repair systems in Escherichia coli: the
excision-repair pathway operating at UV-induced DNA
lesions and bulky DNA adducts and the adaptive re-
sponse directed toward alkylation lesions (recently re-
viewed by Walker 1985). Genetic studies have identified
a number of genes involved 1n these processes. Appli-
cation of recombinant DNA techniques has enabled the
cloning of the genes and the subsequent purification
of the corresponding proteins. The excision pathway,
which constitutes part of the SOS response in E. coll,
1s mediated by the concerted action of the wvrA, -B,
-C, and -D gene products. First, uvrA binds to the
DNA. In conjunction with wvrB a stable complex 1s
formed at the site of the lesion. Incision of the dam-
aged strand (which occurs on both sides of the dam-
age) i1s catalyzed in the presence of uvrC. The unwind-
ing activity of the wvrD gene product stimulates the
release of the 12- to 13-nucleotide fragment containing
the lesion, after which DNA synthesis and ligation
complete the excision-repair process.

Current understanding of the mechanisms of repair
pathways in eukaryotes is rather limited compared with
the knowledge of these pathways in E. coli. In the lower
eukaryote Saccharomyces cerevisiae, more than 30
RAD (radiation sensitive) loci have been identified (for
a review, see Haynes and Kunz 1981). These fall into
three epistatic groups considered to reflect three dis-
tinct cellular responses to DNA injury. The RAD3 ep-
istasis group (consisting of more than 10 loci) is defi-
cient in excision-repair of UV-induced pyrimidine
dimers and cross-links. The RAD6 group (at least 14
members) is disturbed in postreplication repair and
double-strand (ds) break repair, and the RADS2 group

(composed of > 10 mutants) in a process called recom-
binational repair. With the recent cloning of a series of

genes functioning in these repair pathways (e.g., Yasul

and Chevallier 1983; Adzuma et al. 1984; Naumovski
et al. 1985; Nicolet et al. 1985; Reynolds et al. 1985a,b),
prospects for rapid advances in our understanding of
the mechanisms of DNA repair in yeast look favorable.

As far as higher eukaryotes are concerned, valuable
tools for the study of repair and the isolation of genes
are available in the form of naturally occurring human
and laboratory-induced rodent mutants. The human
mutants are cell lines derived from patients suffering
from hereditary disorders such as xeroderma pigmen-
tosum (XP), Fanconi’s anemia, ataxia telangiectasia
(AT), and Bloom’s syndrome. These rare diseases are
characterized by hypersensitivity to specific categories
of damaging agents and, in general, display strongly
increased incidence of neoplasia (for a review on the
clinical and biochemical aspects of these heritable dis-
orders, see Kraemer 1983).

The most extensively investigated repair syndrome 1s
XP. Individuals with this autosomal recessive disorder
clinically present extreme skin sensitivity to sun (UV)
exposure. Furthermore, XP is associated with predis-
position to skin cancer and frequently with neurologi-
cal abnormalities. The primary defect in most XP pa-
tients resides in the excision-repair of UV-induced
lesions (Cleaver 1968); a minority of XP cases (XP var-
1ants) 1s suggested to be deficient in a process termed
“postreplication repair’” (Lehmann et al. 1977). Ge-
netic studies involving cell hybridization have disclosed
the existence of nine complementation groups within
the excision-deficient class of XP patients (de Weerd-
Kastelein et al. 1972; Fischer et al. 1985) and at least
five within excision-deficient mutants generated from
Chinese hamster ovary (CHO) cells (Thompson et al.
1981, 1982; Thompson and Carrano 1983). All these
mutants are unable to perform efficiently the first step
postulated in the excision pathway, i.e., the incision of
the damaged DNA strand. Since the relationship be-
tween the affected human and rodent loci 1s unknown,
these data suggest the involvement of at least 9 and
perhaps more than 13 genes and proteins in nucleotide
excision. Considerable genetic complexity is also found
for AT, in which the response to ionizing radiation 1S
disturbed (Jaspers and Bootsma 1982; Murnane and
Painter 1982). Up to now progress with respect to the
isolation of the components involved in these processes
is limited, due to the complexity of the systems and the
experimental limitations of the organisms. Recently, we
have cloned the first human gene implicated in the ex-
cision of lesions induced by UV and cross-linking
agents. In this paper we summarize a molecular and
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cell biological characterization of this gene. Detailed
information on some of the results presented here has

appeared elsewhere (Westerveld et al. 1984; van Duin
et al. 1986).

MATERIALS AND METHODS

The isolation of ERCC-1 ¢cDNA clones. A human
cDNA expression library was kindly provided by Dr.
H. Okayama (Okayama and Berg 1983). This library
was constructed from poly(A)* RNA of SV40-trans-
formed human fibroblasts and allows for the expres-
sion of the cDNA inserts directed by the SV40 early
promoter. Using colony filter hybridization (Maniatis
et al. 1982), we have 1solated several cDNA clones us-
ing a nick-translated, **P-labeled, 1-kb genomic Pvull
fragment as a probe.

Cell culture and DNA transfection. To determine
the biological function of the different ERCC-1I
cDNAs, CHO 43-3B cells were transfected with each of
the cDNA clones in coprecipitate with the dominant
marker pSV3gptH. Culture, transfection, and selec-
tion conditions were essentially as previously described
(Westerveld et al. 1984). One day prior to transfection,
5 X 10° cells were seeded in 10-cm petri dishes. After
10-14 days of selection, the cells were fixed and clones
were counted.

Northern blotting and hybridization. The total
RNA of Hel a cells was isolated by the LiCl procedure
as described elsewhere (Auffray and Rougeon 1980).
Poly(A)* RNA was obtained by two passages over
oligo(dT)-cellulose and electrophoresed in 1% agarose
gels containing formaldehyde. Blotting was as de-
scribed by Maniatis et al. (1982) on nitrocellulose fil-
ters (Schleicher & Schuel, ph79). Filters were hybrid-
1zed at 42°C in the presence of 50% formamide (1 M
NaCl) to ?P-labeled, nick-translated ERCC-1 probes.

DNA sequencing. The complete ERCC-1 ¢cDNA
sequence was determined in two directions following
the base-specific chemical cleavage technique of
Maxam and Gilbert (1980). To facilitate the sequence
strategy, ERCC-1 cDNA fragments were subcloned in
pUC vectors as described by Maniatis et al. (1982).

RESULTS AND DISCUSSION
Molecular Cloning of ERCC-1

The strategy followed for the isolation of the human
repair gene ERCC-I involved genomic DNA transfec-
tion of partially digested human DNA fragments to the
excision-deficient mutant 43-3B. This mutant, isolated
by Wood and Burki (1982), is very sensitive to UV ir-
radiation as well as the cross-linking agent mitomycin
C (MM-C) and falls into complementation group 2 de-
scribed by Thompson et al. (1981). Prior to transfec-
tion, a dominant marker gene (Ecogpt, Mulligan and
Berg 1981) was ligated in vitro to the 40- to 60-kb hu-

man restriction fragments to facilitate selection proto-
cols and to tag the transferred gene. After selection for
the uptake of the dominant marker gene and subse-
quently for UV or MM-C resistance, primary trans-
formants were obtained with UV and MM-C survival
close to the parental CHO cells. After a second round
of transfection and selection using (undigested) DNA
of a primary transformant, resistant secondary clones
were 1solated that contained only a small amount of
human sequences and a few copies of the dominant
marker gene physically attached to the human DNA.
The linkage of Ecogpt to the human fragments was
used to identify cosmids carrying human sequences in
a cosmid library constructed from the DNA of a sec-
ondary transformant. One of the cosmids i1solated in
this way (cos 43-34) was able to confer UV and MM-C
resistance to the 43-3B cells with a very high efficiency
and apparently carried the human gene (designated
ERCC-1) responsible for the correction (Westerveld et
al. 1984).

Genetic Correction of 43-3B Cells by ERCC-1

After transfection ERCC-] induces the repair-pro-
ficient phenotype in the mutant cells as judged by all
repair parameters investigated. These include: pyrimi-
dine dimer removal (measured by the T4 endonuclease
assay), UV-induced unscheduled DNA synthesis, UV
and MM-C survival, mutability, and induced chromo-
somal aberrations (Westerveld et al. 1984; M. Zdzien-
icka; F. Daroudi; both pers. comm.; J. Hoeijmakers et
al., unpubl.). Furthermore, correction is complemen-
tation-group-specific, since ERCC-1 does not compen-
sate for excision defects in CHO mutants from other
complementation groups than group 2.

43-3B is not corrected in all repair end points to the
wild-type level; e.g., colony-forming ability after UV
irradiation or in the presence of MM-C is somewhat
below that of the parental CHO line (Westerveld et al.
1984). This level is not due to a gene dose effect, since
the difference between transformants and wild-type
cells 1s not diminished when amplified ERCC-1 gene
copies are integrated into the genome of the mutant
cell. A possible explanation might be that the human
gene product 1s unable to replace fully the Chinese
hamster equivalent in the excision process. Further ex-
periments are required to decide between this and other
explanations.

Molecular Characterization of ERCC-1

Localization of the ERCC-1 gene. By restriction
enzyme digestion, subcloning of portions of the cos 43-
34 1n \ vectors, and Southern blot analysis of indepen-
dent genomic 43-3B transformants, the location of
ERCC-1 could be narrowed down to a 15- to 17-kb re-
gion on cos 43-34. A provisional physical map of this
region 1s presented in Figure 1. The isolation of unique
probes from this area was hampered by the abundance
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Figure 1. Physical map of the human DNA insert of cosmid 43-34. Cosmid 43-34 contains, in addition to the human excision-
repair gene ERCC-1, the dominant marker gene Ecogpt, which renders transfectants resistant to mycophenolic acid and which
was ligated to the human DNA prior to transfection (see text). The position of the genes and the location of the unique 1-kb
Pvull probe are indicated. Symbol designation for restriction enzyme cleavage sites: (B) BamHI; (Bg) Bg/ll; (C) Clal; (H)
Hindlll; (K) Kpnl; (Pv) Pvull; (S) Sall; (Sc) Scal; (Ss) SstI; (X) Xhol. Sites S1 and S3 are from the cosmid vector. Not all Pvull

sites are indicated.

of repetitive elements. Nevertheless, the 1-kb Pvull
fragment situated at one end of the identified segment
(Fig. 1) was found to be largely free of repeats. This
fragment was used as probe for Southern and northern
hybridizations as well as for screening cDNA libraries.
Hybridization with DNA from a well-characterized
panel of human/rodent hybrids demonstrated that the
presence or absence of the human ERCC-/ gene cor-
related well with the presence or absence of chromo-
some 19, indicating that this chromosome harbored
ERCC-1 (van Duin et al. 1986). Subsequent subchro-
mosomal localization carried out by Brook et al. (1985),
using various chromosome 19 translocation hybrids,

assigned ERCC-1 to band ql13.2-13.3.

Expression of ERCC-1 and isolation of c¢cDNA
clones. To obtain information on the size of ERCC-
I transcript(s), poly(A)* RNA of HeLa cells was ana-
lyzed by northern hybridization. Main hybridization
was observed with an RNA species migrating as a rela-
tively broad band at the position corresponding with a
size of 1.0-1.1 kb. Weak hybridization was also found
with a ~3-kb transcript (Fig. 2). Similar hybridization
patterns were obtained with RNA 1solated from human
fibroblasts, keratinocytes, and blood cells. We con-
clude from these results that ERCC-1 1s constitutively
expressed in a variety of human cell types, and that the
1.0- to 1.1-kb transcript is probably the mature mRNA.
Additional evidence (J. Hoeijmakers et al., unpubl.) in-
dicates that the ~3-kb minor transcript is most likely
the result of the use of an alternative polyadenylation
signal located downstream of the termination site used
for the main ERCC-1 messenger. The ~3-kb RNA spe-
cies, therefore, possesses a correspondingly longer 3’
untranslated region. Finally, the constitutive level of
ERCC-1 transcripts in HeLa cells is not significantly
altered by UV irradiation or MM-C treatment (J. Hoe-
ijmakers et al., unpubl.), suggesting that this repair
gene does not belong to a family of inducible genes, as
in the case of the SOS response in E. coll.

Using the unique Pvull probe from the ERCC-1 gene
region, three cDNA clones (pcD3A, pcD3B7, pcD3C)
varying in size from 800 to 1000 bp were isolated from
a human expression cDNA library constructed by
Okayama and Berg (1983). The physical maps of the

inserts are given in Figure 3. Extensive characteriza-
tion, including sequence analysis, revealed that all three
clones lacked different portions of the ERCC-I tran-
script. However, by combining different segments of
each clone, a complete cDNA version of the ERCC-1
transcript could be generated (pcDE, Fig. 3). Compar-
ison of the cDNA sequence with the genomic DNA
demonstrated that the gene consists of 10 exons (see
Fig. 4), one of which (exon VIII, 72 bp) corresponded
exactly with a 72-bp region missing in one of the cDNA

Kb
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Figure 2. Northern blot analysis of poly(A)* RNA.
Poly(A)*RNA (20 pg) of HeLa cells was size-fractionated by
agarose gel electrophoresis in the presence of formaldehyde.
After transfer to nitrocellulose, ERCC-1 mRNA was visual-
ized by hybridization with a 3?P-labeled probe from the ERCC-

! gene.
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PHYSICAL MAPS OF ERCC-1 cDNA's
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Figure 3. Physical maps of ERCC-1 cDNAs. The three ERCC-1 clones isolated from the human expression cDNA library using
a genomic ERCC-1 probe (Fig. 1) are depicted in the upper three rows. Clone pcD3B7, which extends most to the 5’ end has an
internal deletion of 104 bp causing a frameshift in the reading frame (shaded area) and premature termination of the coding
sequence. Clone pcD3A lacks an internal region of 72 bp, which appears to correspond with exon VIII of the ERCC-1 gene.
The incomplete clone pcD3C stops 161 nucleotides before the start of the open reading frame and therefore lacks 54 amino-
terminal codons (a potential ATG start codon is present in the vector). See Fig. 4 for detailed information on the regions covered
by these cDNAs. cDNA clone pcDE was constructed by substituting the internal Smal fragment of pcD3B7 with the correspond-
ing fragment of pcD3C. Clone pcDE-72 was obtained by ligation of the Smal-Bgl/ll fragment of pcD3A to the equivalent sites
in pcDE. The results of transfection of the cDNA clones to 43-3B cells are summarized in the right part of the figure; (UVR,
MM-C®) induction of UV and MM-C resistance in 43-3B. Symbol designation for restriction enzyme cleavage sites: (BG) Bglll;

(H) Hindll; (K) Kpnl; (Ps) PstI; (Pv) Pvull; (Rs) Rsal; (SM) Smal; (T) Tagql.

clones (pcD3A, Fig. 3). This finding made it very likely
that this cDNA insert was derived from an alterna-
tively spliced ERCC-I transcript. S1 analysis con-
firmed the occurrence of differential processing of
ERCC-1 precursor RNA yielding two mature mRNASs
of 1.1 and 1.0 kb (see van Duin et al. 1986 for further
details). Therefore a complete cDNA clone lacking the
alternatively spliced 72-bp exon (pcDE-72) was also
constructed as indicated in Figure 2. S1 analysis of the
transcriptional start at the genome indicated that both

cDNASs were complete except for the first 9-11 nucleo-
tides.

Biological functions of the ERCC-1 transcripts. To
examine the role of the two transcripts in
the excision process, the corresponding cDNAs in-
serted 1n “Okayama’” mammalian expression vectors
were transfected to 43-3B mutant cells. As shown in
Figure 3 the cDNA of the large transcript (pcDE) con-
ferred resistance to UV and MM-C, in contrast to that
of the small mRNA and two of the three incomplete
cDNAs. This rules out the possibility that one of the
full-length clones functions in the removal of UV-in-
duced photolesions, and the other in the repair of cross-
links. Apparently, the presence of the differentially
spliced exon is essential for correction of the mutation
in 43-3B cells. The role of the small transcript, if any,

1s unknown because it is not required for complement-
ing the repair deficiency in the mutant cell.

An interesting observation is provided by the finding
that the incomplete clone of pcD3C also compensates
for the 43-3B defect (Fig. 3). This clone lacks the first
54 amino acids of the putative ERCC-1 gene product.
Apparently, these are not essential for correction.

Sequence analysis of the ERCC-1 cDNAs. The nu-
cleotide and deduced amino acid sequence was deter-
mined for both ¢cDNAs and is presented in Figure 4.
The sequence contains open reading frames (ORFs) for
largely 1dentical polypeptides of 297 amino acids (in
the case of pcDE) and 273 amino acids (for pcDE-72).
The ORF i1s preceded by an untranslated region of 142
bp and followed by a 3’ noncoding sequence of 65 nu-
cleotides, which contains the common polyadenylation
signal (AATAAA) at the expected distance (~20 nu-
cleotides) from the poly(A) tail. The alternatively
spliced exon (Fig. 4, in italics) encodes an internal pro-
tein part of 24 amino acids, which is rather rich in thre-
onine residues (~30%). The calculated molecular mass
for the two predicted gene products is 32,562 and 29,993
daltons. The hydrophobicity value of —26 and the ab-
sence of long hydrophobic stretches suggest that the
polypeptides should be water soluble and probably do
not represent membrane-associated proteins. Experi-
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Figure 4. Nucleotide sequence of the ERCC-1 cDNA clone pcDE and deduced amino acid sequences. The position of exon
borders is indicated by | . The alternatively spliced 72-bp exon absent in pcDE-72 is printed in italics. Arrows indicate the
regions covered by the various cDNA clones isolated from the Okayama cDNA library. Stop codons and the polyadenylation
signal AATAAA are underlined. Sequencing was done by the Maxam and Gilbert procedure.

ments to isolate ERCC-1 gene product(s) using E. coli
expression systems and gene amplification in CHO cells
are 1n progress.

Homology of ERCC-1 gene products with other pro-
teins. Using DIAGON software (Staden 1982), the
ERCC-I nucleotide and predicted amino acid sequence
was compared with a number of prokaryotic and yeast
repair genes and proteins. Significant amino acid ho-
mology was detected with the yeast excision-repair
protein RADI0. Figure SA presents a possible align-
ment of both proteins, and quantitative data are com-
piled in Figure 5B. Since RADI0 is predicted to be only
210 amino acids (Reynolds et al. 1985b), the ERCC-1
gene product possesses an extra carboxy-terminal re-
gion of 83 amino acids, which harbors the protein seg-
ment encoded by the alternatively spliced exon. For the
remainder the proteins show 26.5% identity. If substi-
tutions of physicochemically closely related amino
acids are allowed (see legend to Fig. 5 for explanation),
the overall homology raises to 39%. Particularly, the

carboxy-terminal 125 amino acids display a high degree
of similarity (34 % identical, 51 % strongly homologous
residues). The finding of extensive homology leads us
to believe that ERCC-1 and RADI0 probably are evo-
lutionarily related. This idea 1s strengthened by the fact
that the mutant phenotypes of RADI0 and 43-3B are
very similar (Table 1). The relatively low level of ho-
mology found between the amino-terminal parts of
both proteins can be explained by the indication from
the pcD3C transfection experiment (Fig. 3) that the
amino-terminal 54 amino acids are not required for 43-
3B correction. If this part of the ERCC-1 protein 1s not
essential for its function, it i1s concelvable that 1t 1s less
subject to evolutionary conservation. The main and
striking difference between RADI0 and ERCC-I con-
cerns the carboxy-terminal extension of the human gene
product absent in the predicted yeast homolog. In this
part resides the 24-amino-acid stretch specified by the
alternative exon that is shown to be essential for ge-
netic complementation of the 43-3B mutation. It might
be that ERCC-1 has gained additional functions not
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Figure 5. Homologies of the predicted protein sequence of ERCC-/ to that of RADI10 and uvrA. (A) Alignment of amino acid
sequence of ERCC-1 and RADI0. (B) Schematic representation showing ERCC-1/RADI0 and ERCC-1/uvrA homologies. The
table on the right gives percentage of identity and close homology of the region indicated by the arrows. The numbering refers
to the amino acid sequence of the respective proteins. (C) Alignment of amino acid sequences of part of ERCC-1 and uvrA.
Sequence identities are indicated by solid-line boxes; physico-chemically closely related amino acids (K,R; D,E; I,L,V) by dashed-
line boxes; and weakly related amino acids (see Schwartz and Dayhoff 1978 for group classification) by dotted underlining. The

standard one-letter amino acid abbreviations are used. The RADI0 and uvrA sequences are from Reynolds et al. (1985b) and
Husain et al. (1986), respectively.
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Table 1. Phenotypic Comparison of Excision-repair Mutants CHO 43-3B and S. cerevisiae RADI0

References®

CHO-43-3B® RADIO? CHO 43-3B RADIO
UV sensitivity® 6-7 X ~10x l 3
UV-induced mutagenesis 38 x (0.5-2 J/M?) [5-50% (5-25 J/Mm?) 1 4
4-NQO sensitivity® 5 X ~4 X 1 5
4-NQO-induced mutagenesis 1.5-3 X ~2 X | 5
MMS sensitivity® 1.5-2 X 1. 31X 1 6
X-ray sensitivity — — I 3
Excision deficient (incision ) + - 2 f|
MM-C sensitivity > 100 X unknown |

aCompared with wild type.
bSensitivities compared at Dy.

cReferences: 1. Zdzienicka and Simons (1986); 2. Wood and Burki (1982); 3. Cox and Parry (1968); 4. Lawrence
and Christensen (1976): 5. Prakash (1976); 6. Zimmermann (1968); 7. Prakash (1977).

specified by the yeast protein. However, other expla-
nations have not been ruled out, and further research,
including mutual complementation experiments using
the yeast and human genes and mutants, is required to
resolve this issue. Such studies have been initiated.

In addition to the extensive homology between
ERCC-1 and RADI0, computer analysis revealed also
a regional homology between ERCC-I and uvrA,
which is shown in Figures 5B and C. This concerns a
stretch of 42 amino acids that exhibits 31% identity
and 52% strong homology. As depicted 1n Figure 5B,
the homologous part in ERCC-1 overlaps just with the
point where the RADI0 homology stops. If the uvrA/
ERCC-1 homology represents a functional domain
shared by the two proteins, it 1s apparently not present
in a complete form in RADI0. As nothing 1s known
about the function of this particular region in uvrA,
the significance of this observation remains to be de-
termined. Comparison of ERCC-1 with published se-
quences of other repair proteins (uvrB, alkA, phr of E.
coli and vyeast, bacteriophage T4 denV, and yeast
RADI, -3, -6, and -52) did not reveal significant ho-
mologies.

To obtain additional information on possible func-
tional properties of the ERCC-I gene product(s), a
search was made for amino acid homology with known
functional protein domains. Since nucleotide excision
is anticipated to take place in the nucleus, the ERCC-I
amino acid sequence was screened for the presence of
sequence motifs resembling nuclear location signals
(NLS). The most precisely defined NLS is harbored by
the SV40 large T antigens and consists of a series of
predominantly basic amino acids, of which Lys-128 by
mutation analysis is shown to be essential (Kalderon et
al. 1984a) (Fig. 6A). When inserted into other proteins,
the sequence is sufficient to redirect the hybrid poly-
peptide to the nucleus (Kalderon et al. 1984b). A re-
lated, but not identical, sequence found at a similar
position in polyoma large T exhibits the same proper-
ties (Richardson et al. 1986). Figure 6 A compares a re-
gion in the amino terminus of ERCC-I1 with the two
viral NLS. The high level of similarity at important po-
sitions strongly suggests that the ERCC-1 gene product
is a nuclear protein. The putative NLS region is located

in the apparently nonessential amino-terminal part of
the protein. The finding that its absence does not in-
activate ERCC-1 can be explained in two ways. First,
the predicted size of ERCC-1 gene product(s) 1s such
that it can enter the nucleus also by passive diffusion
(Paine et al. 1975). Although this process i1s probably
less efficient, it might be sufficient to allow transform-
ants to survive our UV and MM-C selection protocol.
Second, the absence of a NLS might be less serious in
rapidly dividing cells, such as CHO cells, in which the
nuclear membrane is frequently absent due to the high
rate of mitotic events.

In addition to a NLS, we have examined whether
DNA binding properties could be inferred from the
ERCC-1 amino acid sequence. A well-characterized
helix-turn-helix motif has been associated with DNA
binding potential for a number of prokaryotic DNA
binding proteins (Pabo and Sauer 1984) and recently
for homeobox proteins (e.g., Desplan et al. 1985) and
yeast mating-type regulatory proteins (e.g., Porter and
Smith 1986). A compilation of some of these protein
domains is presented in Figure 6B. Specific amino acid
positions 5, 8-10, and 15 are considered to be of struc-
tural importance, whereas residues 11-13, 16, 17, and 20
(Wharton and Ptashne 1985) and possibly 14 and 19
(Laughon and Scott 1984) are thought to be involved
in determining the DNA sequence specificity and hence
might vary between different proteins. Comparison of
ERCC-1 with these sequences reveals that identical or
related amino acids are present at the important points.
Therefore this region, which appears to be the most
strongly conserved part between ERCC-1 and RADI0,
might comprise a DNA-binding domain. However, di-
rect proof for this hypothesis awaits experiments with
the isolated ERCC-1 protein.

Finally, a region of ERCC-I was identified that
shared homology with the consensus sequence for
ADP-ribosylation found in a family of proteins called
G proteins, or guanine nucleotide-binding proteins.
Transducin and the ras proteins are prominent mem-
bers of this family. These polypeptides interact with
specific receptors and transduce signals by influencing
the activity of enzymes that determine the intracellular
concentration of ‘“second messengers’”’ such as CAMP
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A

Polyoma T antigen-1I: Pro||Prof|Lys || Lys] Ala |[Arg| Glu Asp
qug T antigen: GIn | His | Ser | Thr | Pro||Pro|]|Lys || Lys|| Lys Arg Val
Pro Ly

Nuclear location signal

ERCC-1: Gln | Pro | Ser | Gly | Pro Ala :Arg: s |yLys! Phe |Val
i ) e
ne S +e +e te
1 S 10 15 20
* ¥ * * * % * %

Antp Arg lle Glu Ile|lAlalHis AlalLeu Cys LeulThr Glu Arg Gln

Lys Ile Trp Phe Gln Asn Arg Arg

Ttz Arg |le Asp Ile|Ala|Asn AlalLeu Ser LeulSer Glu Arg GIn Lys Ile Trp Phe GIn Asn Arg Arg

——— . ———— — T — — S — — O —

oV Leu Glu Asn Leu|Met|Lys Asn Leu|Ser Arg Ile Gln Lys Asn Trp Val Ser Asn Arg Arg

al (unspliced) Lys Glu Glu Val|Ala|Lys Lys Ile|Thr Pro Leu GIn|Val|Arg Val Trp Val Cys Asn Met Arg

(spliced) Phe Ile Asn Lys Arg
ERCEC=1] GIn Ser Thr Cys|Ala|Leu Phe|lLeu Ser Leu Arg Tyr His Asn|Leu|His Pro Asp Tyr Ille His Gly Arg

a=-hel ix a-helix
C
cKi-ras 2 (98-106) Glu I?n—l - - 1le Lys - | Arg Val-iiy_s Asp  Ser_
Dros-ras 2 (95-103) Arg |GIn| - - 1le Leu - |Arg Val|Llys Asp Arg
Gsa (194-205) .EEE..G]” Asp Leu Leu Arg Cys | Arg Val | Leu Thr Ser.
T (167-178) Glu | GIn Asp Val Leu Arg Ser Arg Val | Lys Thr Thr
ERCC~1 (228-238) Glu |Gln Asp Phe Val - Ser | Arg Val | Thr Glu Cys

Figure 6. Homologies in amino acid sequences between the predicted ERCC-1 gene product(s) and various functional protein
domains. (4) Homology of part of the ERCC-1 amino acid sequence with NLS of SV40 and polyoma T antigens. Extensive
characterization of the NLS of SV40 T antigen is described by Kalderon et al. (1984a,b), and that of the polyoma T antigen by
Richardson et al. (1986). Identity is indicated by solid-line boxes, and close homology by dashed-line boxes. The positions of
essential (e), important ( +e), nonessential (ne) amino acids are deduced from the mutation analysis of the SV40 NLS. The
ERCC-1 region shown corresponds with residues 12-23 of the ERCC-/ amino acid sequence in Fig. 4. (B) Alignment of various
DNA-binding protein domains with part of the ERCC-1 amino acid sequence. The residues at positions 5, 8-10, and 15, which
are considered to play an important role in determining the orientation of the two a-helices with respect to each other, are
boxed; those amino acids thought to be involved in determining sequence specificity for DNA binding are indicated by an
asterisk. The sequence from the Drosophila fushi tarazu (ftz) and Antennapedia (Antp) homeo box proteins and yeast mating-
type regulatory proteins a, and «2 are taken from the compilation of Shepherd et al. (1984). (C) Homology of the ERCC-]
amino acid sequence with the site for ADP-ribosylation of the a-subunits of transducin (Ta) and the GTP-binding stimulatory
protein of adenylate cyclase (Gsa) and homologous regions of two ras proteins. Residues that have been retained in all proteins
are boxed. Identical and closely related amino acids are indicated by solid and dashed underlining, respectively. The arrowhead
points to the arginine residue that is the actual site of ADP-ribosylation by cholera toxin (Van Dop et al. 1984). The ras proteins
appear not to be good substrates for this reaction (Beckner et al. 1985). The amino acid sequences are from Tanabe et al. (1985)
and Robishaw et al. (1986). The residue numbers of the protein part shown are between the brackets.

and perhaps Ca** (Lochrie et al. 1985). ADP ribosy- (Fig. 6C). Among the residues conserved around this

lation (e.g., by various bacterial toxins) freezes G pro- site, the valine immediately following the arginine and
teins in a GTP- or GDP-bound form, thereby interfer- a glutamine preceding it at some distance are most
ing with signal transduction. The cholera toxin site for strongly conserved (Robishaw et al. 1986). Recently, it
mono-ADP-ribosylation of the a-subunit of transdu- has been found that the same acceptor as used by tox-

cin has been localized to Arg-174 (Van Dop et al. 1984) Ins may be modified by the enzymes of host cell origin

|

O — [ e— — —— —_—
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(see Ueda and Hayaishi 1985 for a recent review on
ADP-ribosylation). Poly-ADP-ribosylation of specific
nuclear proteins is closely related to DNA repair events;
however, its exact role is not clear. Although 1t 1s un-
certain whether mono-ADP-ribosyl proteins provide
the initiation site for poly-ADP-ribosylation, the ho-
mology displayed by ERCC-1 with the ADP-ribosyla-
tion sites of G proteins (Fig. 6C) is suggestive of at least
mono-ADP-ribosylation. It is worth noting that the lo-
cation of the putative ribosylation site 1s such that al-
ternative splicing of the ERCC-1 precursor RNA would
disrupt the Arg-Val sequence (see Fig. 4). It 1s likely
that this destroys the putative ADP-ribosyl acceptor
function of this domain. Evidence for in vivo mono-
and/or poly-ADP-ribosylation of one of the ERCC-I
gene products and analysis of its function can only be
obtained by direct experiments.

CONCLUDING REMARKS

We have described molecular and cell biological
characterizations of the first human excision repair
gene ERCC-1. It is clear that more work needs to be
done concerning this gene, but also that many more
genes implicated in the nucleotide excision process
should be isolated. SV40-transformed XP fibroblasts
seem to be ideal starting material for the cloning of
additional (complementing) repair genes. However, so
far they have not successfully been employed for this
purpose, notwithstanding many attempts in different
laboratories, including ours (Lehmann 1985). We think
that this is due at least in part to the fact that the hu-
man cells used are very restricted in the amount of
DNA that becomes integrated in their genome after ge-
nomic DNA transfections. On the average a 20-fold to
100-fold lower amount of exogenous DNA is found in
such human transformants, compared for example,
with CHO cells (Hoeijmakers et al. 1986). Therefore,
it is not surprising that up to now the most promising
results have been obtained using laboratory-induced
rodent mutants. Transformants corrected by the up-
take of human genes have been isolated for a number
of CHO repair mutants (Rubin et al. 1983; Maclnnes
et al. 1984;: Thompson et al. 1985), indicating that the
isolation of more repair genes is underway. Another
potential route to human repair genes is opened by the
finding of extensive homology between the ERCC-I/
and RADI0 gene products. This might indicate that
the excision-repair system in toto is strongly conserved
during eukaryotic evolution. If so, this may be utilized
for the isolation of mammalian genes by virtue of ho-
mology with yeast excision-repair genes. The degree of
divergence at the nucleotide level between ERCC-1 and
RADIO renders it unlikely that the evolutionary dis-
tance between both ends of the eukaryotic spectrum
can be overcome in one step. Therefore, evolutionary
intermediate ‘‘stations on the road” from yeast to
mammals may have to be taken. At the same time, this
study will yield valuable information on evolution of
the genes investigated, and the evolutionary conserva-

tion and importance of specific parts or functional do-
mains of the gene products. As in the case of E. coli,
progress in the understanding of mammalian repair de-
pends very much on the success with which these and
other approaches will yield genes.
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