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Several human genes related to DNA excision repair (ER) have been isolated via ER cross-species
complementation (ERCC) of UV-sensitive CHO cells. We have now isolated and characterized cDNAs for the
human ERCCS5 gene that complement CHO UV135 cells. The ERCCS5 mRNA size is about 4.6 kb. Our available
cDNA clones are partial length, and no single clone was active for UV135 complementation. When cDNAs were
mixed pairwise with a cosmid clone containing an overlapping 5'-end segment of the ERCC5 gene, DNA
transfer produced UV-resistant colonies with 60 to 95% correction of UV resistance relative to either a genomic
ERCC5 DNA transformant or the CHO AAS progenitor cells. cDNA-cosmid transformants regained interme-
diate levels (20 to 45%) of ER-dependent reactivation of a UV-damaged pSVCATgpt reporter plasmid. Our
evidence strongly implicates an in situ recombination mechanism in cDNA-cosmid complementation for ER.
The complete deduced amino acid sequence of ERCC5 was reconstructed from several cDNA clones encoding
a predicted protein of 1,186 amino acids. The ERCCS protein has extensive sequence similarities, in bipartite
domains A and B, to products of R4D repair genes of two yeasts, Saccharomyces cerevisiae RAD2 and
Schizosaccharomyces pombe radl3. Sequence, structural, and functional data taken together indicate that
ERCCS5 and its relatives are probable functional homologs. A second locus represented by S. cerevisiae YKL510
and S. pombe rad2 genes is structurally distinct from the ERCCS5 locus but retains vestigial A and B domain
similarities. Our analyses suggest that ERCCS is a nuclear-localized protein with one or more highly conserved

helix-loop-helix segments within domains A and B.

DNA repair pathways are ubiquitous enzymatic and DNA
replicative processes that renew genomes from diverse types
of damage (reviewed in reference 16). Nucleotide excision
repair (ER) enzymes have the capacity to recognize a wide
variety of helix-distorting and bulky DNA alterations, in-
cluding pyrimidine dimers, (6-4) photoproducts, and chemi-
cally induced adducts. The biochemistry of ER in Esche-
richia coli is fairly well characterized (64). It comprises a
highly ordered set of sequential protein complexes and
events at damaged sites that produce excision of the alter-
ations (46). Six proteins, including the uvrABC excinuclease
complex, helicase II (uvrD), DNA polymerase I, and DNA
ligase are the minimal necessary and sufficient components
to excise the lesion containing oligonucleotide in vitro and to
replace it by gap-filling DNA synthesis (22, 55). In contrast,
the genetic and biochemical evidence in eucaryotes now
implicates more than 10 genes and proteins as crucial for ER
(6, 17, 31). The increased complexity of eucaryotic ER is
also evidenced by the general lack of resemblance of almost
all known ER proteins of yeasts and mammals compared
with those of E. coli.

The importance of ER to human health is evident from at
least two human genetic disorders, xeroderma pigmentosum
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(XP) and Cockayne’s syndrome (CS), and from recent
epidemiological studies (reviewed in references 4, 26, 42,
and 68). Most XP patients exhibit sun-induced skin degen-
eration, a high incidence of skin cancer, and frequently
ocular and neurologic abnormalities. Cultured fibroblast
cells of XP patients are moderately to profoundly deficient in
ER (10, 69). There are at least eight XP genetic complemen-
tation groups (A through G and variant forms) probably
representing different genes (26). Related diseases include at
least three CS complementation groups (29) and XP-D/
trichothiodystrophy syndrome (30, 56). Cells of CS patients
also exhibit partial ER deficiency and increased UV sensi-
tivity (63, 67). CS patients exhibit growth retardation and
neurologic and skin degeneration but surprisingly lack in-
creased rates of skin cancer (42). A few XP patients of
groups B, D, and G have a more complex presentation that
combines XP and CS syndromes (29, 30, 42, 67).
Characterization of XP and CS genes was first made
possible by human gene transfer into rodent CHO cell
mutants (6). By using this method, human repair genes
ERCCI, ERCC2 (XP-D), ERCC3 (XP-B), and ERCC6 (CS
group B) have been sequenced and found to encode different
deduced proteins (14, 62, 63, 66, 67). Conversely, mouse
DNA complemented human XP-A cells, resulting in isola-
tion of a functional mouse gene designated XPAC (58, 59).
The present work follows from the functional cloning of the
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human ERCCS gene in cosmid clones (41). The ERCCS gene
is approximately 32 kbp in size, and in cosmids it function-
ally corrects the ER deficiency of CHO UV135 cells and
mouse mutant Q31 cells (41). In this study, we report the
complete coding sequence of ERCCS, its deduced amino
acid sequence, and a preliminary functional characterization
of the ERCC5 cDNA. The ERCC5 mRNA has an apparent
length of 4.6 kbp. No full-length, functional cDNA clones
have been isolated so far. However, we determined their
capacities to functionally complement the UV sensitivity of
CHO UV135 cells by a novel cDNA-cosmid gene transfer
approach. Our preliminary evidence strongly supports a
cDNA-cosmid, homologous recombination mechanism for
UV resistance complementation of UV135 cells (41, 43).
cDNA-cosmid transformants have partial capacity for ER-
mediated reactivation of UV-damaged chloramphenicol
acetyltransferase (CAT) reporter gene.

We also report that the ERCCS protein has extensive
sequence similarities, in bipartite domains A and B, to
products of the RAD repair genes of two yeasts, Saccharo-
myces cerevisiae RAD2 and Schizosaccharomyces pombe
radi3 (7, 37, 44). Several lines of evidence argue that ERCC5
and the closely related ER genes of two yeasts are likely
representatives of a functionally homologous locus con-
served widely among eucaryotes. We show that ERCCS also
has vestigial similarities in the conserved domains to other
yeast genes, including S. cerevisiae YKL510, an anonymous
open reading frame (ORF) (23), and its close relative S.
pombe rad2 gene (7). Our amino acid sequence analysis
indicates that ERCCS is probably a nuclear-localized protein
with one or more highly conserved helix-loop-helix (HLH)
segments within domains A and B. We could find no
sequence evidence in the ERCCS protein for nucleoside
triphosphate (NTP)- or Mg?*-binding domains associated
with RNA/DNA helicases (32, 66).

MATERIALS AND METHODS

Mammalian cell lines and culture conditions. The UV-
sensitive cell line UV135 was derived from parental CHO
AAS8 cells as previously described (6). UV135 is deficient in
the damage site incision step of ER (60). UV-resistant cell
line 38.4.4 was derived by two serial genomic DNA transfers
into UV135 cells (41). DNA from 38.4.4 was used for cosmid
cloning of the ERCCS gene. Cells were grown as monolayers
in modified Eagle minimal essential medium supplemented
with 10% fetal bovine serum, penicillin, and streptomycin
(GIBCO) at 37°C in a humidified incubator equilibrated with
5.5% CO.,.

UV irradiation and UV survival studies. Cell monolayers
growing in 100-mm-diameter dishes were irradiated with a
GE germicidal lamp at a dose rate of 0.5J - m™2.s™! by
methods described previously (36). Determination of colony
surviving fractions involved irradiation 3 h after cell plating
at densities of 200 or 2,000 cells per 100-mm-diameter dish.
These cultures were regrown for 8 to 9 days and then stained
with ethanol-crystal violet for enumeration. For selection of
UV-resistant transformants, cells were plated at 500,000 per
dish and UV irradiated with 5 J - m~2 at 20 h postplating and
once again 72 h after plating. After the second exposure, the
colonies were grown for 6 days and then fixed and stained.
UV-resistant colonies from independent experiments were
subcloned for further characterization, using cloning rings.
Single colonies were regrown to a culture size of 2 X 10° to
3 x 106 cells. These populations were then reirradiated once
with 5 J - m~2 to eliminate any remaining UV-sensitive cells
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arising from spontaneous segregation or UV shieldin%. The
surviving cells were regrown to populations of 5 x 10’ cells
and then frozen.

Northern (RNA) analyses. Probe DNAs for potential hy-
bridization to mRNA on Northern blots were isolated from
within the ERCCS5 gene functional boundaries from cosmid
clones cH75 and cH44 (41). We found >15 small DNA
fragments that by Southern hybridization lacked human
low-Ct repetitive DNA sequences (Cyt < 50). Total cellular
RNA and polyadenylated mRNA were isolated from 2 x 107
cells by the vanadyl chloride method (2) and by the Fast-
Track (Invitrogen, Inc.) isolation procedure, respectively.
RNA [10 to 20 pg of total RNA, or 1 to 5 pg of poly(A)*
mRNA] was size separated by electrophoresis on 1% agar-
ose gels containing formaldehyde (53). The RNA was trans-
ferred from the gel to nitrocellulose membranes (Bethesda
Research Laboratories, Inc.) and hybridized to the 3?P-
labeled DNA probes as instructed by the manufacturer.

¢DNA library screens. The human fibroblast pcD2 cDNA
library was from H. Okayama (8). Approximately 3 x 10°
colonies were screened by nylon filter hybridization (Gen-
Plaque; NEN) with two or more DNA probes that were
mRNA positive in Northern analysis. Filters were hybrid-
ized at 65°C as recommended by the manufacturer. Hybrid-
izing clones were repurified to homogeneity through two or
three rounds of filter colony isolations and hybridization to
yield 85 clones in total.

Several other cDNA libraries were screened for predicted
5'-end segments of the ERCC5 cDNA by anchored poly-
merase chain reactions (PCR) (34). Agt10, and Agtl1 libraries
were generous gifts from Davis Chen (Harvard University).
The human hydatid mole tissue cDNA library was kindly
provided by Joe Gatewood (Los Alamos National Labora-
tory). The latter library was constructed in the pcDNA,,
vector by Invitrogen. Four other cDNA libraries constructed
in an Epstein-Barr virus plasmid vector were the gifts of R.
Legerski (48). Each library DNA was prepared by a brief
liquid growth culture prior to the isolation of plasmid or
phage. Specific oligonucleotide primers (18 to 20 nucle-
otides) from vector flanking sequences of each library were
synthesized on ABI Inc. model 380 and 392 DNA synthesiz-
ers, using the manufacturer’s phosphoramidite chemistry.
Nested primers were used from within available ERCC5
cDNA sequences and coupled to 5'-end cDNA vector prim-
ers by PCR (34). The technique allowed us to extend the
available partial cDNA sequences obtained from sequenced
peD library clones. PCR was carried out with an Ericomp
Inc. thermocycling instrument by using AmpliTaq DNA
polymerase (Perkin-Elmer/Cetus). The longest 5’-end cDNA
fragment (620 bp) came from the Invitrogen pcDNAy; li-
brary. The PCR fragment was recloned into pSK II (Strata-
gene, Inc.). We then sequenced nine clones to obtain a
consensus sequence by methods described below. The se-
quence of one clone (PCR8) matched the consensus se-
quence perfectly. This fragment extended our cDNA se-
quence to just beyond the predicted translation start site of
the ERCCS gene (see Results). Its sequence was also later
confirmed by direct comparison with genomic DNA se-
quences of the appropriate exons in a cosmid clone, cH75
(data not shown).

Sequencing of cDNA clones and PCR fragments. Two pcD2
library clones (pcD 59 and pcD F10) were subcloned into the
sequencing-mapping plasmid pSK I or pSK II in both
orientations. Each subclone was sequenced by using modi-
fied T7 DNA polymerase (Sequenase; U.S. Biochemical
Corp.) as instructed by the manufacturer and the dideoxy-
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strand termination method (54). Sequencing templates were
prepared either by single-stranded rescue of pSK DNA as
described by Stratagene or with normal double-stranded
plasmid templates (61). DNA sequencing of cDNA inserts
proceeded by primer walking starting from vector sequence
at 5’ and 3’ ends. The sequencing project was managed by
using Genetics Computer Group software (12).

cDNA-cosmid complementation of UV135 cells. cDNAs and
cosmids were prepared from E. coli DH1 and HB101 host
cells, respectively, by standard alkaline lysis methods (53).
These preparations were further purified by centrifugation
through cesium chloride gradients. Cosmids were linearized
with by restriction endonucleases (e.g., Pvul and Sfil) that
cut the cosmids once within vector sequence. cDNAs were
linearized either with Pvul in vector sequence or alterna-
tively with Xhol to liberate the entire cDNA insert from the
vector with 5'- and 3’-end flanking cuts (8). Transformations
into UV135 cells were carried out by standard DNA-CaPO,
precipitations (53). cDNA-cosmid mixtures (1:1, wt/wt) were
precipitated together at a total DNA concentration of 5
pg - ml~L. One milliliter of precipitate was dispersed into the
medium of each dish. After 18 h of incubation, the cells were
given a brief glycerol shock. Growth medium was aspirated
from each dish, and then an overlay of 3 ml of phosphate-
buffered saline-15% (vol/vol) glycerol was applied for 3 min.
The plates were rinsed once with 10 ml of growth medium,
which was then replaced with fresh medium. After 24 h, cells
were removed from each primary dish by trypsin treatment
and then replated on three to four dishes (~500,000 per dish)
to attach and regrow overnight before UV irradiations as
described above.

DNA repair assay with a CAT reporter gene. Plasmid
pSVCATgpt (21) was prepared as described above and
purified by CsCl gradient for CaPO,-DNA transformation.
Supercoiled plasmid was irradiated with cumulative UV
doses ranging from 0 to 750 J - m~2 and then stored in frozen
(—20°C) aliquots until use. Aliquots of either damaged or
undamaged plasmids were linearized with restriction endo-
nuclease EcoRYV prior to transformation. Plasmid DNA (2.5
pg in 250 mM CaCl,) was mixed slowly with N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid (HEPES)-buffered
saline (1:1 [volfvol], pH 7.05), and precipitates formed at
room temperature (25°C) (53). The precipitation timing and
dispersal were critical for achieving high-level transient
expression of CAT enzyme activity in CHO cells. We
determined that an interval of 15 min of precipitation in
Falcon tubes (no. 2059) followed by very vigorous vortexing
(10 s) are optimal precipitation conditions for these studies.
UV135 cells were plated as monolayers 18 h prior to DNA
transformation. After 20 h of precipitate treatment, cell
monolayers were exposed to 15% glycerol as described
above. After rinsing, growth medium was replaced and
cultures were allowed to recover for 20 h. Cultures were
then harvested by scraping in TEN buffer (53). CAT enzyme
extractions were carried out by multiple freeze-thaw cycles
(53). CAT enzyme was assayed by methods described else-
where (41, 53).

Nucleotide and protein sequence analysis. The ERCCS
cDNA sequence and its protein relatives were analyzed with
the Genetics Computer Group suite of DNA-protein analysis
programs (12).

Nucleotide sequence accession number. The complete nu-
cleotide sequence of ERCC5 cDNA, a portion of which is
shown in Fig. 3, has been submitted to GenBank via Au-
thorin software (Intelligenetics Inc.). The ERCCS5 gene Gen-
Bank accession number is 1.20046.
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FIG. 1. mRNA expression of the ERCCS5 gene in CHO and HeLa
cells. The DNA probe for Northern hybridization was derived from
cosmid cH75, and it includes the sequence of translated exon 1 (see
Fig. 3 and 5). The Northern blots were prepared as described in
Materials and Methods, using 2 pg of poly(A)* mRNA from UV135
(lane A), HeLa (lane B), and 38.4.4 (lane C) cells. Autoradiographic
exposure of the Northern blot was for 3 days at —70°C.

RESULTS

ERCC5 mRNA size. Nonrepetitive DNA probes from
ERCCS5 cosmids cH75 and cH44 (41) were hybridized to
Northern blots of RNA from CHO and human cells. A single
mRNA species with an apparent molecular size of ~4,600
nucleotides was observed for several probes (Fig. 1). As
expected for a human ERCCS5 gene probe, HeLa cell nRNA
gave strong hybridization relative to the UV135 lane (Fig. 1,
lanes A and B). ERCCS5 gene transformant 38.4.4 exhibited
somewhat lower expression level for putative ERCC5
mRNA (Fig. 1, lane C). The same probes produced weak
cross-hybridization to a ~4.6-kb species in CHO UV135
mRNA that was visible only in autoradiographic overexpo-
sures of the Northern blots (faintly visible in Fig. 1, lane A).

Isolation and functionality of ERCC5 cDNA clones from the
pcD2 library. A human fibroblast cDNA expression library
(8) probed with several nonrepetitive cosmid DNA frag-
ments yielded 85 cDNA clones ranging in size from 2.2 to 3.7
kb. It was evident that no single clone was equivalent to the
predicted full-length mRNA (estimated insert size, ~4.8 kb).
The longest clone inserts with no evident rearrangements
were pcD 59 and pcD F10, 3.7 and 3.65 kb, respectively.
These two cDNAs and all others that we have tested were
not active individually for UV resistance correction of
UV135 cells by CaPO,-mediated gene transfer (see below).
The properties of expressed minigene constructs made from
segments of available cDNA and cosmid DNA will be
reported elsewhere.

Most partial-length cDNA clones were indeed shown to be
functional for correction of UV135 cells by cDNA-cosmid
DNA cotransformation. The method was based on our
previous demonstration of UV135 complementation by re-
combination of ERCCS5 gene segments in overlapping clones
(41). Two cosmids, cH75 and cH44, together reconstitute the
functional ERCCS5 gene by recombination in UV135 cells.
Following the same reasoning, these two cosmids were then
tested in pairwise combination with cDNA clones of various
insert lengths (Table 1). Clones pcD F10 and pcD 33 com-
plemented UV135 cells specifically with cH75 (5’ end of
ERCCS) but not with cH44, which contains the 3’ end of the
gene (Table 1). The efficiency of UV-resistant colony induc-
tion was also strongly dependent on the length of the cDNA
insert in these pairwise cotransfers. In the shortest cDNA
clone tested (pcD 64), correction of UV135 was not demon-
strated by colony counting directly (Table 1). The combina-
tion of pcD 64 and cH75 was shown to produce UV-resistant
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TABLE 1. cDNA-cosmid complementation of UV135 cells

cDNA UV colonies
No. of colonies
. a No./5 ug of DNA formed in
Clone  Length®  Cosmid precigitated cDNA +
(kbp) (mean * SEM cosmid expt/no.
[n=13]) formed in
control expt®
None cH75 75 Control
None cH44 8+3 Control
F10 3.65 None 54 1
F10 cH75 107 = 25 ~18
F10 cH44 85 1
33 2.60 None 43 1
33 cH75 50 15 ~8
33 cH44 7+4 1
64 2.35 None 6+4 1
64 cH75 105 <2
64 cH44 6x3 1

2 Cosmid cH75 has all 5’-end exons of RERCCS, including exon 8 (see Fig.
5). Cosmid cH44 has all exons downstream of exon 2.

® The position of each cDNA 5’ terminus is indicated in Fig. 3. Insert
lengths include poly(A) and poly(G/C) tails and vector cloning sites.

€ Values for all controls, including individual cDNA experiments, were
averaged; mean = 6.4.

colonies in UV135 by a sensitive selection-enrichment
method used previously (36, 41). cDNA-cosmid gene trans-
fer demonstrated that these cDNAs were authentic, if in-
complete, derivatives of ERCC5 mRNA. Sequence informa-
tion (5’ termini of the cDNA clones are shown in Fig. 3) and
cosmid exon mapping would later provide detailed informa-
tion about the putative mechanism by which cDNA and
cosmids together reconstitute a UV resistance gene (see
Discussion). Three independent colonies from cDNA-
cosmid gene transfers were characterized further for UV
resistance and DNA excision repair capacity.

UV resistance in ¢cDNA-cosmid transformants. Following
colony isolation and regrowth, three independent transfor-
mant clones retained resistance to UV light (Fig. 2A). Each
transformant displayed an intermediate to normal level of
UV resistance for colony formation relative to 38.4.4 cells
(37% UV survival dose [D;,], 9.5 J - m™~2). Colony-forming
D, doses for transformants A and B were 9J - m™2 (~95%
survival correction relative to 38.4.4), while transformant C
had a D;; of 6 J-m™2 (~60% survival correction). In
comparison, 38.4.4 had a D, for UV survival identical to
that of CHO AABS, the cell line progenitor to UV135 (data not
shown).

Excision repair in cDNA-cosmid transformants. The CAT
reporter gene has been used extensively to monitor ER in
situ for cultured cells (25, 41, 49, 50, 68). UV-irradiated
aliquots of plasmid pSVCATgpt were introduced into UV135
and 38.4.4 cells and the cDNA-cosmid transformants as
described in Materials and Methods. We found that the UV
dose that gave 37% relative CAT activity yield (CAT Dj3,) in
the ER-proficient cell line 38.4.4 is ~900J - m~2 (Fig. 2B). In
UV135 cells, CAT activity declined exponentially with in-
creasing plasmid UV damage, with a CAT D;,0f 110J - m™2
(Fig. 2B). CAT Ds, values for transformants A, B, and C
were 300, 400, and 180 J - m~2, respectively (Fig. 2B). The
~17.5-fold difference in CAT D3, values between UV135 and
38.4.4 cells is comparable to their relative colony survival
D,, values (~5-fold difference) (Fig. 2A). Damaged CAT
gene molecules are therefore reactivated extensively in
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FIG. 2. UV resistance and pSV2CAT gene reactivation in
cDNA-cosmid transformants. (A) Dose responses for colony forma-
tion after UV irradiation. Cells were grown and then UV irradiated
with various single doses as described in Materials and Methods.
Cells analyzed were 38.4.4 (closed circles), cDNA-cosmid transfor-
mants A (closed squares), B (open squares), and C (closed trian-
gles), and UV135 (open circles). Data represent averages of repli-
cate UV irradiations and colony survival determinations. Errors
bars (standard errors of the means) are within the symbol widths.
(B) ER-mediated reactivation of a damaged CAT reporter gene in
cDNA transformants of UV135. Symbols and cell lines for dose-
response curves are the same as for panel A. Plasmid pSVCATgpt
was irradiated and CaPO, transformed into various cell lines as
described in Materials and Methods. The CAT enzyme assay was
performed as described in Materials and Methods and reference 41.
Control (nonirradiated) CAT enzyme activity yields varied less than
15% among the cell lines (data not shown). Slopes were determined
from replicate experiments at each dose to the plasmid (variations in
slope between replicate experiments were <10% for all cell lines).

38.4.4 cells. There is considerably greater heterogeneity
among the transformants for CAT ER D5, values than for
UV resistance D,, values (Fig. 2). Colony-forming D;,
varied less than twofold among the UV resistant cell lines.
Although there is some discrepancy between colony survival
and CAT D,, assays of ER correction (see Discussion), we
conclude that the cDNA-cosmid transformants produced a
significant correction of UV135 ER deficiency as measured
by either assay.

Nucleotide and protein-coding sequence of ERCCS. Evi-
dence for ER complementation by the partial cDNAs and the
estimated ERCC5 mRNA size both indicated that longer
cDNA inserts should be found. PCR-mediated screens of
other cDNA libraries for extension products at the 5’ end
yielded the PCR8 fragment (Materials and Methods). Since
PCR8 was isolated from a cDNA library that was not an
expression vector, we decided not to rescreen the library for
an entire insert. The locations of 5’ termini of PCR8 and of
pcD 59, F10, 33, and 64 are shown in Fig. 3. The cDNA



->PCR 8. . . . +1 . . . . .

-47 AATTAGAGTAGAAGTTGTCGGGGTCCGCTCTTAGGACGCAGCCGCCTCATGGGGGTCCAGGGGCTCTGGAAGCTGCTGGAGTGCTCCGGGCGGCAGGTC 51
1 * * * M GV Q G L WKL L EC S G R QV 17
52 AGCCCCGAAGCGCTGGAAGGGAAGATCCTGGCTGTTGATATTAGCATTTGGTTAAACCAAGCACTTAAAGGAGTCCGGGATCGCCACGGGAACTCAATA 150
18 s P E A L E G K I L AV DI S I WIUILNU QA ATLIKTGUVIRUDU RUHGNS I 50

151 GAAAATCCTCATCTTCTCACTTTGTTTCATCGGCTCTGCAAACTCTTATTTTTTCGAATTCGTCCTATTTTTGTGTTTGATGGGGATGCTCCACTATTG 249
51 E N P HL L TULVFHIRULUGCIKULULT FT FIRTIW®RUZPTIUFVF FDGUDA AUZ®PTULIL 83

250 AAGAAACAGACTTTGGTGAAGAGAAGGCAGAGAAAGGACTTAGCGTCCAGTGACTCCAGGAAAACGACAGAGAAGCTTCTGAAAACATTTTTGARAAGA 348
84 K K Q T L V K R R Q R KDULAS S D S RKTTUEI KILTULI KTT FTUL KR 116

. . - . . . -> pCD 59 . . .
349 CAAGCCATCAAAACTGCCTTCAGAAGCAAAAGAGATGAAGCACTACCCAGTCTTACCCAAGTTCGAAGAGAAAACGACCTCTATGTTTTGCCTCCTTTA 447
117 ¢ A I K T A F R $ K R D E AL P S L T Q V RRENDIULY VL PP L 149
. -> pCD.F10 . . . N . . o .
448 CAAGAGGAAGAAAAACACAGTTCAGAAGAGGAAGATGAAAAAGAATGGCAAGAAAGAATGAATCAAAAACAAGCATTACAGGAAGAGTTCTTTCATAAT 546
150 Q E E E K H 8 8§ E E E D E K E WQEURMNUGQIKUGQATLUOGQTETETFTFHN 182
. PCR 8 <-, . . . . . . . .

547 CCTCAAGCGATAGATATTGAGTCTGAGGACTTCAGCAGCCTGCCCCCTGAAGTAAAGCATGAAATCTTGACTGATATGAAAGAGTTCACCAAGCGCAGA 645

183 P Q A I D I E 8 E D F s 8§ L P P E V KHETIULTUDMMIKTETFTIKRR 215

646 AGAACATTATTTGAAGCAATGCCAGAGGAGTCTGATGACTTTTCACAGTACCAACTCAAAGGCTTGCTTAAAAAGAACTATCTGAACCAGCATATAGAA 744

216 R T L F E A MP EE S DDV F S QY QL K G L L KKNYTULNUGQUHTIE 248

745 CATGTCCMMGGMGTGAATCAGCAACATTCAGGACACATCCGMGG?AGTATGAAGATGMGGGGGCTTTCT GAAGGAGGTAGAGTCAAGGAGAGTG 843

249 H V Q K E V N Q @ H s G HI RRIOQYEUDTESGSGT FTULI KTEVESRI RV 281

844 GTCTCTGAAGACACTTCACATTACATCTTGATAAAAGGTATTCAAGCTAAGACAGTTGCAGAAGTGGATTCAGAGTCTCTTCCTTCTTCCAGCAAAATG 942

282 VvV s E D T S HY I L I K GI QA KTUVAEUVDSESTULUZPS S S KM 314

943 CACGGCATGTCTTTTGACGTGAAGTCATCTCCATGTGAAAAACTGAAGACAGAGAAAGAGCCTGATGCTACCCCTCCTTCTCCAAGAACTTTACTAGCT 1041

315 H G M s F DV K Ss s P CEI KULI KTEIKTEUPUDA ATU®PUP S P RTULTULA 347

1042 ATGCAAGCTGCCCTGCTGGGAAGTAGCTCAGAAGAGGAGCTGGAGAGTGAAAATCGAAGGCAGGCCCGTGGGaGGAACGCACCTGCTGCTGTAGACGAA 1140
348 M Q A A L L G S S S E E ELE S ENURUIRU QARGI RN APA AN BAUVDE 380
1141 GGCTCCATATCACCCCGGACTCTTTCAGCCATTAAGAGAGCTCTTGACGATGACGAAGATGTAAAAGTGTGTGCTGGGGATGATGTGCAGACGGGAGGG 1239
381 6 s I s P R T L S A I K RAULDUDUDTEU DU VKV CAGUDTUDVOQTG G 413
1240 CCAGGAGCAGAAGAAATGCGTATAAACAGCTCCACCGAGAACAGTGATGAAGGACTTAAAGTGAGAGATGGAAAAGGAATACCGTTTACTGCAACACTT 1338
414 P G A E EM R I N S s T EN S DEGL KV RDGI K GTIU®PT FTA ATL 446
1339 GCGTCATCTAGTGTGAACTCTGCAGAGGAGCACGTAGCCAGCACTAATGAGGGGAGAGAGCCCACAGACTCAGTTCCAAAAGAACAAATGTCACTTGTT 1437
447 A S S S V N S A E E HV A S T NUEGURIEUPTD S VP KEU QMSTULV 479
. . . . -> pCDh 33 . . . . .
1438 CACGTGGGGACTGAAGCCTTTCCGATAAGTGATGAGTCTATGATTAAGGACAGAAAAGATCGGCTGCCTCTGGAGAGTGCAGTGGTTAGACATAGTGAC 1536

480 H V 6 T E A F P I s D E S M I K DR KD RYULUZPULE S AV V RUHSD 512

1537 GCACCTGGGCTCCCGAATGGAAGGGAACTGACACCGGCATCTCCAACTTGTACAAATTCTGTGTCAAAGAATGAARACACATGCTGAAGTGCTTGAGCAG 1635
513 A P G L P N G R E L TUPA S PTCT TN SV S KNUETHA ATEV L E Q 545
1636 CAGAACGAACTTTGCCCATATGAGAGTAAATTCGATTCTTCTCTTCTTTCAAGTGATGATGAAACAAAATGTAAACCGAATTCTGCTTCTGAAGTCATT 1734
546 Q@ N E L C P Y E S K F D s s L L s s DD ETIKTGCIKUPNSA ASTEUVTI 578

. . . =>pCD 64. . . . . . .
1735 GGCCCTGTCAGTTTGCAAGAAACAAGTAGCATAGTAAGTGTCCCTTCAGAGGCAGTAGATAATGTGGAAAATGTGGTGTCATTTAATGCTAAAGAGCAT 1833

579 6 P V s L Q E T s s I V s V P s E A V D NV E NV V S F NAKEH 611

1834 1584 bp 3417
612 528 AA 1139
3418 AATGGAGGTGCGACCACCAGCAGCTCTAGTGATAGTGATGACGATGGAGGGAAAGAGAAGATGGTCCTCGTGACCGCCAGATCTGTGTTTGGGAAGARA 3516
1140 N 6 6 A T T S S S S D S DDDGGKTET KMYVYILVTARSVTFG KK 1172
3517 AGAAGGARACTAAGACGTGCGAGGGGAAGAAAAAGGAAAACCTAATTAARAAATATGTATCCTCTATAATTAGT TATGACAGCCATTTGTAATGAATTT 3615
1173 R R K L R R A R G R K R K T * 1186
NLS !
3616 GTCGCAAAGACGTAATAAAATTAACTGGTAGCACGGTC 3653
|______| polyAdenyl. signal
FIG. 3. Partial nucleotide sequence and translated ORF of ERCC5 cDNA. The cDNA sequence was compiled from clones PCRS, pcD 59,
and pcD F10 as described in the text. Asterisks denote positions of translation termination codons. Positions of several 5'-end termini of
functional cDNAs (Table 1) are indicated above the relevant nucleotide sequences. The mRNA polyadenylation site is labeled under the
relevant sequences. The complete nucleotide sequence has been deposited in the GenBank data base.
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sequence compiled from PCR8 and two pcD clones (59 and
F10) gave a long ORF of 3,558 nucleotides encoding a
deduced protein of 1,186 amino acids (aa) (shown partly in
Fig. 3). The predicted ATG translation start site is preceded
by translation terminator codons in all three reading frames
(asterisks in Fig. 3). There are no other long ORFs within
this sequence. We conclude that the translated ORF of 1,186
aa depicted in Fig. 3 represents the deduced ERCCS protein.

The ATG translation start site sequence deviates from one
theoretically most optimal for translation efficiency, i.e.,
GCC(A/G)CCATGG (27). The ATG context in ERCCS5 (GC
CGCCTCATGGGGG) has a C in place of a purine at —3
relative to ATG (Fig. 3). The favorable G base in position +4
is present in ERCCS. The translation start region contains
upstream predicted mRNA sequences exhibiting some po-
tential for stem-loop formation. A short stem-loop may form
between 6 bp starting at base —43 (AGAGATGA) with
sequence at —24 (TCCGCTCT). The significance of an
upstream stem-loop in the ERCC5 mRNA is not known.

A polyadenylation signal (AATAAA) is present down-
stream from the translation termination codon, indicated in
Fig. 3. We also found evidence for occasional polymorphism
of polyadenylation sites in cDNA clones. One other se-
quenced cDNA clone (not shown) is polyadenylated about
150 nucleotides downstream from the end of the sequence
shown in Fig. 3. The two cDNA clones described as func-
tionally complementing with cosmid, as well as many other
clone 3’ ends, had identical poly(A) tail positions beginning
after the last nucleotide in Fig. 3.

ERCCS5 protein similarities to yeast RAD proteins. The
translated protein of the ERCC5 ORF has extensive regions
of amino acid similarity to S. cerevisiae RAD2 and S. pombe
Rad13 deduced proteins (7, 37, 44). Partial alignments of
ERCCS protein with these RAD proteins and two others (S.
cerevisiae YKL510 and S. pombe Rad2) are shown in Fig.
4). The deduced proteins exhibit greatest sequence similar-
ities in bipartite domains, designated A and B (Fig. 4). These
conserved domains are separated by nearly identical-length
intervening sequences in ERCCS, RAD2, and Radl3. The
intervening sequences of these proteins have much lower
amino acid sequence homology, but they are similarly en-
riched in acidic residues (illustrated in Fig. 6). The other two
genes, S. cerevisiae YKL510 and S. pombe rad2, are un-
doubtedly homologous representatives of a distinct struc-
tural and functional locus in their respective species (7, 23).
The products of these two genes retain vestigial amino acid
similarities with the other three in domains A and B but lack
the intervening sequence between the domains (see Fig. 6).

Domain A is >45% identical in pairwise comparisons
between ERCC5, RAD2, and Rad13, with overall similarities
of >70%, allowing for conservative amino acid substitu-
tions. Domain A can be further divided into two segments,
Al and A2, to optimize alignments with YKI.510 and Rad2
(Fig. 4A) (23). The Al segment spans 38 aa beginning at
arginine 15 of ERCCS. The Al consensus sequence includes
9 identical and 34 structurally conserved residues in total
among the five proteins (Fig. 4A). Secondary protein struc-
ture prediction algorithms indicate that the A1 segment may
have several folded B sheets (9, 20). The A2 conserved
region begins at proline 52 of ERCCS. The A2 consensus
sequence has 30 structurally conserved amino acids, includ-
ing 14 identical residues. Two invariant prolines flank a
nonvariant core of FVDG. Secondary structure predictions
(9, 20) suggest that the A2 segment may form an HLH
structure with a flexible loop between the prolines.

Domain B contains the most highly conserved region

MoL. CELL. BioL.

between ERCC5 and RAD?2. It corresponds to at least 110 aa
starting from glutamine 753 of ERCCS5 (Fig. 4B). The domain
B region is >50% identical and >70% conserved in pairwise
comparisons between ERCCS, RAD2, and Rad13. The other
predicted protein sequences, YKIL510 and Rad2, both lack
the intervening segment of over 600 aa, and consequently
their B domains start at leucine 119 in YKL510 and alanine
127 in Rad2 (Fig. 4B). We have divided domain B into three
segments, B1, B2, and B3 (Fig. 4B). Bl is 27 aa in length and
begins at glutamic acid 771 of ERCCS (Fig. 4B). The Bl
segment consensus has 22 structurally conserved residues,
including 14 identical aa, among the five proteins. Secondary
structure predictions (9, 20) and Monte Carlo secondary
folding simulations (22a) indicate consistently that the Bl
segment may also form an HLH structure. Sequences up-
stream of B1 exhibit fairly limited homology, but we note a
short basic amino acid segment between glutamine 753 and
arginine 759 of ERCCS. This upstream region bears some
resemblance to the basic motifs in the basic-HLH DNA-
binding proteins (1). Near segment B2, there is a single
potential tyrosine kinase phosphorylation site at ERCC5
coordinates aa 835 (shown by the asterisk above the se-
quences in Fig. 4B). This site may be conserved only in
RAD?2 and Rad13 proteins (Fig. 4B). YKL510 and Rad2 have
little B2 segment homology to the other three proteins and
lack the potential kinase site. Segment B3 has greater
similarities among the five proteins, starting at isoleucine 852
of ERCCS. In segment B3, 6 aa are identical and 21 aa are
conserved structurally (Fig. 4B). YKL510 and Rad2 differ
from ERCCS and its close relatives by three cysteine sub-
stitutions in the B3 segment. These residues may produce a
zinc finger motif that may implicate this region of these two
genes as an interface for protein-DNA interactions (15).

DISCUSSION

We have determined the complete coding sequence of
3,558 bp (1,186 aa) for the human ERCC5 DNA excision
repair gene. All of our cDNA clones contain inserts smaller
than the estimated full-length mRNA (~4.6 kb), but they are
functional for correction of UV135 cells in pairwise mixtures
with an overlapping cosmid 5'-end segment of the ERCCS5
gene (41). Transformants of UV135 cells derived from
cDNA-cosmid mixtures were 60 to 95% corrected for colo-
ny-forming UV resistance, and they expressed 20 to 45%
relative ER reactivation of damaged plasmid compared with
a genomic ERCCS transformant. Our functionality data and
cDNA sequence analysis provide compelling evidence for
isolation of the entire ERCC5 gene protein-coding region.

We approached the question of authenticating the cDNAs
in a novel way. Each cDNA was cotransformed by CaPO,
precipitation with a cosmid clone known to contain the 5’ or
3’ end of the ERCCS5 gene. cDNA-cosmid cotransformation
provided a rapid complementation test permitting selection
from among many cDNAs the two longest actively comple-
menting clones for complete sequencing. By this test, a
number of cDNAs were also found to be noncomplementing,
and they were not studied further. We had found previously
that cosmids cH75 (5’ end) and cH44 (3’ end) recombine in
UV135 cells to reconstitute the ERCC5 gene (41). Our
evidence strongly supports this mechanism for cDNA-
cosmid correction of UV135.

Relevant structural features of the cDNA and cosmid
clones are illustrated in Fig. 5. Exon-intron junction se-
quences and cosmid restriction mapping will be presented
elsewhere. We have shown that cDNA-cosmid (cH75) com-
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A. Domain A alignments

ERCC5 cDNA AND YEAST RAD PROTEIN HOMOLOGS
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B. Domain B Alignments

-basic-
QK

Bl Consensus QR VT

|-- B 1 HLH? -1
M E QELL LFGIPYI AP EAEAQCA L

hERCC5 752 A--QQ-E-IAAT--GQ-FL-S----R Q—--M: I-DLTDQ
ScRAD2 756 E-QMKDK-DSDE--MD-IK-V---=SR: T--M E-LQLNL
SpRadl3 741 SK-GSEK-DADE--QV-IK-C-===R-==L===V==Q~=~-=--SK-LELKL
YKL510 119 LE-MK-E-RLVK-SKEHNE-A-K~-G-| ===]==T===-=--E~AKKGK
SpRad2 127 ... AKRTVK--RQHND-AKR--E- -FVN--C--—----A-ARSGK
Constant AAs v E LL GP AP EAEAQC L
| -- B 2 -] Ty.Kin.?
B2 Consensus V G TDDSD LFG YRN F VE Y D L...
*
hERCCS5 803 TS-TI-===- IW-~-ARHV---F-NKNKF--Y-QYV-FHNQ~. ..
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FIG. 4. Amino acid alignments of ERCCS with several related RAD proteins of S. cerevisiae and S. pombe. Amino acid alignments were

derived with slight manual modifications from the FASTA program
(12). The S. cerevisiae RAD2 (SCRAD2) and S. cerevisiae YKL510

(33) as implemented in the Genetics Computer Group suite of programs

(ScYKLS510) alignment is from reference 23. Partial amino acid sequences

for S. pombe Radl3 (SpRad13) and S. pombe Rad2 (SpRad2) deduced proteins are from reference 7. Amino acid domains A and B are
described in the text. A consensus sequence (50% identical residues) is shown above the multiple sequence alignment for each domain
segment. Amino acids that are identical with the consensus sequence are represented by dashes; alignment gaps and regions for which no
sequence data are available are indicated by dots. Amino acid numbering denotes actual sequence, not alignment gaps. Invariant amino acids
are indicated below each multiple sequence alignment. (A) The domain A alignment is partitioned into subregions Al and A2 as described in

the text. An optimized alignment of human ERCC5 (hERCCS) with
(B) The domain B alignment is partitioned into three subregions,

S. cerevisiae YKLS510 and S. pombe Rad2 proteins is then found (7, 23).
B1, B2, and B3. Each segment is separated by short spacers with low

sequence similarities. Segment B2 is not well conserved among the five genes and demonstrates in part the structural distinctions between
the two loci (see text). An asterisk is located above the sequences of a potential tyrosine kinase site conserved among ERCCS, RAD2, and

Rad13 proteins.

plementation of UV135 cells is strongly dependent upon the
extent of complementing overlap between clone pairs.
cDNA-cosmid overlaps deduced from sequence analysis
range from 1,499 bp in pcD F10 (the most active clone) to 197
bp for pcD 64, in which production of UV resistance was
marginally detectable. We also find absolute polarity for the
cosmid clone (cH75) that cotransfers UV resistance. This is
expected from the distribution of exons within each cosmid
(Fig. 5B). We presume that cDNA-cosmid homologous
recombination is also facilitated by the size and position of
exon 8 (~1 kb; Fig. 5). Production of UV-resistant colonies
was easily quantified for cDONA-cosmid overlap of >300 bp
in exon 8. From these lines of evidence, cDNA-cosmid
complementation almost certainly occurs by a conventional
mechanism of homologous recombination followed by DNA

integration (43). Cotransfer of cDNA with cosmids or other
cloning vectors may have general usefulness in both pheno-
type and positional cloning strategies, that is, for assessment
of the position of homologous recombination with a much
larger cloning vehicle such as yeast artificial chromosomes
and for phenotype complementation with cosmids or yeast
artificial chromosomes.

The cDNA-cosmid transformants have 60 to 95% colony-
forming ability after UV irradiation relative to the 38.4.4 cell
line, a human genomic ERCC5 DNA transformant. How-
ever, the cDNA-cosmid transformants had 20 to 45% rela-
tive ER reactivation of UV-damaged CAT plasmid com-
pared with that in 38.4.4 cells. We selected 38.4.4 as the
ER-competent control, as it was constructed in the UV135
genetic background. It is therefore nearly isogenic to our
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A. Exons in cDNA Inserts
cDNA-cH75
1 385 7 9 1113 overlaps
Ez 4 6 8 10 12 14 15 (bp)
aud [[THT 1 LA RL
pCD F10 1499
pCD 33 - 475
pCD 64 197
B.
cH75
1. 2345 6 8
Oooas+oa-0-a0-0-Cc——1-
345 6 7 8 9 10 11 12 13 14 15
-ta-0ro-o-—-30-0-03-0-0-C3

cH44
Exons in Cosmid Inserts

FIG. 5. Exon structure in ERCC5 cDNA and cosmid clones. The
genomic exon-intron map positions and exon junction sequences
will be presented elsewhere. The diagram illustrates our current
understanding of the corresponding ERCCS5 gene and cDNA exon-
intron structures. The first translated exon is designated exon 1. (A)
Positions and relative sizes of ~15 translated exons in the combined
ERCCS5 cosmid and cDNA sequences. The 5'-end termini of the
three cDNAs are also shown in Fig. 3. pcD F10 terminates within
translated exon 4. pcD 33 and pcD 64 terminate within exon 8. (B)
Exons in each cosmid (shown not to scale) were confirmed by PCR
and DNA sequencing of the cosmid clone segments (unpublished
results).

cDNA-cosmid transformants. 38.4.4 contains only one func-
tional DNA copy of the ERCCS gene (41), as we presume to
be the case in the cDNA-cosmid transformants. However,
38.4.4 was created with the normal genomic form of the
ERCC5 gene, whereas the cDNA-cosmid transformants
must contain an artificial gene construct. We have no direct
evidence about either (i) relative ERCCS protein levels in the
two types of transformants or (ii) whether there is complete
coding sequence integrity of ERCCS in the cDNA-cosmid
versus genomic ERCCS forms. Significant molecular differ-
ences, in particular the very high DNA lesion densities in the
CAT assay, which exceed by orders of magnitude the DNA
lesion levels affecting UV colony survival, also may contrib-
ute to the discrepancy in ER corrections observed (5, 11,
24, 25, 35, 39, 40, 49). Although the exact cause(s) of partial
CAT plasmid-ER complementation by cDNA-cosmid ERCCS
genes is still speculative, we conclude that survival and CAT
reactivation data taken together provide very good preliminary
evidence that cDNA-cosmid transformants contain a func-
tional, hybrid form of the ERCCS gene.

The cloned cDNA segments encode a predicted ERCCS
protein sequence of 1,186 aa (molecular mass, ~133 kDa).
Figure 6 is an illustration of structural and sequence similar-
ities of ERCCS, S. cerevisiae RAD2, and S. pombe Rad13
deduced proteins. Overall structural similarities include an
acidic central region that is flanked by basic elements near
the C terminus. It seems particularly significant that ERCCS5,
S. cerevisiae RAD2, and S. pombe Radl3 have nearly
identical amino acid intervals separating the bipartite, con-
served domains A and B. Overall amino acid similarities
between ERCC5, RAD2, and Rad13, including conservative
substitutions, exceed 50% in both domains. It seems highly
likely but not yet proved from these comparisons that
ERCCS5 and these RAD genes are functionally equivalent
homologs in their respective species. An evolutionary miss-
ing link in this argument is provided by the S. pombe rad13
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FIG. 6. Structural similarities between ERCCS protein and sev-
eral yeast DNA repair proteins. A diagram of human ERCCS protein
(hERCCS) is compared with published structures for S. cerevisiae
RAD2, (ScCRAD2), S. cerevisiae YKL510 (SCYKLS510), S. pombe
Radl3 (SpRad13), and S. pombe Rad2 (SpRad2) (see text). Two
segments in ERCCS and its relatives are enriched in basic amino
acids (stippled). The central regions of three deduced proteins are
acidic (cross-hatched). These regions are enriched in serine, ty-
rosine, aspartic acid, and glutamic acid. Conserved segments within
domains A and B are indicated by vertical solid bars. Putative NLSs
are indicated at the C termini of all five deduced proteins.

gene and its cognate mutant cell line (7, 31). The cloned S.
cerevisiae RAD2 gene functionally complements S. pombe
mutant radl3 (38). These two genes are therefore function-
ally equivalent homologs. From both sequence and struc-
tural considerations, the deduced ERCCS protein has equiv-
alent similarity to Rad13. There is 55% similarity in domain
A and 71% similarity in domain B between ERCCS5 and
Rad13. All of the available evidence is consistent with the
idea that these three genes are representatives of a function-
ally homologous locus conserved throughout long evolution-
ary distances.

The predicted S. cerevisiae YKL510 and S. pombe Rad2
proteins (7, 23) are strikingly different in overall structure
from ERCCS and its homologs in lacking the intervening
acidic section (Fig. 6). There is also considerable sequence
divergence from the other genes within segments B2 and B3.
Lehmann and colleagues (7, 31) have concluded that Rad2 is
the likely homolog of YKL510. YKL510 will very likely be
assigned an ER function in S. cerevisiae. These two genes
represent a distinct locus with vestigial sequence similarities
to the ERCCS locus.

What possible functions can be inferred about A and B
domains in ERCC5 and RAD2? Both ERCCS and RAD2 are
highly hydrophilic and somewhat acidic proteins (17, 45; this
work). These structures suggest that ERCC5 and RAD2 may
interact strongly with other macromolecules. Acidic nuclear
proteins often have interactions with chromatin components
such as histone (28, 51, 57). Proteins with the basic-HLH
motifs have been shown to dock with the major groove of
DNA (1). Antibody coprecipitation experiments with RAD2
protein and three other ER proteins gave no indication of
RAD?2 interaction with RAD1, RAD3, or RAD10 (3). Of
course, these observations do not rule out any other inter-
actions of RAD2 and ERCCS proteins. ERCC5 and its
homologs have one or more possible basiccHLH DNA-
binding motifs. Our analyses also indicate that ERCC5
protein has at least two nuclear location signals (NLSs) (Fig.
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6). Dingwall and colleagues (13, 52) have described a bipar-
tite 15- to 17-aa sequence shown to be necessary and
sufficient for nuclear localization of certain proteins. Bipar-
tite NLS sequences are frequently (but not always) present
in DNA repair proteins, including RAD2 (18). Matches to
this consensus sequence are coincident with the C termini of
all of these genes (see Fig. 3 for the ERCC5 C-terminal
NLS). We speculate that nuclear localization is a specific
function of the C termini in all of these repair genes.

Finally, members of other protein groups, e.g., putative
RNA/DNA helicases, have roles in mammalian and yeast
ER. The human-S. cerevisiae yeast homologs ERCC2-RAD3
and ERCC3-RAD2S5 and the ERCC6 proteins each have a
complete repertoire of seven RNA/DNA helicase motifs (47,
61, 65, 66). We have analyzed the ERCCS protein sequence
and find no evidence for the two most conserved helicase
motifs, the nucleotide-binding fold domain I [GXxGK(T/S)]
(64) or the Mg?*-binding domain II (32). We would not
expect ERCCS protein to have the NTP-binding function
associated with RNA/DNA helicases by itself.
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ADDENDUM IN PROOF

During review of the manuscript, two groups published
papers which indicated that the candidate ERCCS5 protein
complemented the DNA repair defects of XP-G and UV135
cell extracts in vitro (A. O’Donovan and R. D. Wood,
Nature [London] 363:185-188, 1993) and that a R4D2-like
cDNA complements lymphoblastoid XP-G cells (D. Scherly,
T. Nouspikel, J. Corlet, C. Ucla, A. Baroch, and S. G.
Clarkson Nature [London] 363:182-185, 1993).
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