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I. STUDIES WITH THE ERCC2 NUCLEOTIDE-EXCISION-REPAIR GENE

A. BACKGROUND

ERCC2 was f'u'stidentified as a gene on human chromosome 19 that complemented the UV

sensitivity of CHO UV5 cells in somatic cell hybrids (1). Subsequent studies localized ERCC2

to the same chromosomal region (19q13.2-13.3) as the ERCC1 gene and showed that the two

genes were less than 250 kb apart (2). Cloning of ERCC2 was accomplished by transfection of

genomic DNA into UV5 cells and rescue of the gene from a secondary transformant (3).

, Recovery of the gene was aided by the presence of repetitive sequences that were detected on

Southern blots with a probe for Alu-family repeats. ERCC2, which is 19 kb in size,

quantitatively corrected the UV sensitivity and incision defect in UV5 cells upon transfection (3).

An ERCC2 eDNA clone was recovered from the peD2 expression library (4). Although this

clone was truncated at the 5' end, it conferred transient, but not stable, correction to UV5 cells

upon transfection (4). Based on genomic sequence, this clone was extended by oligonucleotide

addition to obtain minigene constructs in which the complete open reading frame (ORF) was

present (5). Translation of the ERCC20RF gives an amino acid sequence that has 72 %

similarity with the S. cerevisiae RAD3 protein (4), which encodes a DNA helicase (6).
t.

B. ERCC2 MUTATIONS IN XERODERMA PIGMENTOSUM GROUP D

An ERCC2 minigene in a modified poD2 vector was used to demonstrate correction in

mammalian cells. Transfection of this minigene into UV5 cells gave stable and complete

correction of UV resistance measured by colony forming ability (5). Since the repair deficiency

of UV5 cells is very similar to that seen in xeroderma pigmentosum (XP) cell lines, ERCC2 was

a candidate XP gene. XP cell lines were tested for correction by the minigene using an assay

based on transient correction to UV resistance measured 18 hr after DNA electroporation. Only

cell lines from XP group D showed increased UV resistance when transfected with the minigene.

Two XP-D cell lines (A31-27, a subclone of hybrid HD2, and XP6BE(SV,IO)) were also used to

I obtainstable _a_n_fo_rmanm,whose UV survival was substantially increased by the presence of

-Ii



Larry H. Thompson, et al. 3

the ERCC2 minigene (5). These complementation results suggested that ERCC2 is mutated in

XP-D cell lines. To examine this point, the procedure of reverse transcription/PCR was used to

obtain the ERCC20RF for nucleotide sequencing (5). The 3' portion of the sequence was

analyzed in several XP-D cell lines, and each of them contained mutations as summarized in

Table I. In A31-27 cells both a base substitution and a deletion were identified, implying that

two different alleles of the ERCC2 locus are expressed. In XP6BE(SV40) and XP-CS-2 cell

" lines, only one type of mRNA appears to be expressed, and it contains a base substitution. In

each of these two cell lines, two alleles of ERCC2 are present; therefore, either only one is%.

expressed or they are both the same. The details of these findings will be reported elsewhere (5).

II. CLONING OF ERCC4 BY CHROMOSOMAL COSMID LIBRARY TRANSFECTION

Genetic complementation studies have identified at least 10complementation groups of UV

sensitive rodent cell mutants that are defective in nucleotide excision repair (7). The human

genes that complement the f'u'stsix of these groups (genes ERCC1 through ERCC6) have each

been cloned with the exception of ERCC4. This gene appears to lack r_',petitivesequences,

which has impaired its cloning by genomic DNA transfection (8). ERCC4 has been mapped to
i.

chromosome 16p13.13--p13.2 using a series of somatic cell hybrids derived from CHO UV41

crossed with human cell lines (9). The availability of a chromosome 16 cosmid library from the

National Gene Library Project (provided by Dr. Larry Deaven, Los Alamos Natl. Lab.)

suggested using this library as an approach toward isolating ERCC4. "!['hislibrary was

constructed in the vector sCos- 1 (10), which contains a neo gene conferring Geneticin resistance

in mammalian cells and kanamycin resistance in E. coli. The outline of this approach is shown in

Fig. 1. The initial transfection was performed by electroporation to obtain a UV-resistant

tra_sformant in which a minimal number of extra copies of the neo gene were present. Selection

for repair proficiency was done using mitomycin C at 10 nM as UV41 is - 100-fold sensitive to

this drug (11). From 1.25 x 107 transfected cells, one transformant that was resistant to both

Geneticin and mitomycin C was obtained. This clone was shown to be cross resistant to UV

' qP _1
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radiation, suggesting that it was a genuine ERCCd transformant. This inference was verified by

performing a secondary transfection in which DNA from this clone was introduced into UV41

cells by calcium phosphate precipitates to maximize the amount of DNA transferred into

individual cells. From 5.6 xl0 7 transfected cells, two transformants that were resista_lt to both

Geneticin and UV radiation were obtained.

The DNA of ali three transformants was analyzed by southern blotting in an attempt to

" understand the configuration of the integrated ERCC4 and neo sequences (results not shown).

Analysis indicated that the vector portion of the cosmid had broken during integration. The
%

primary transformant appeared to contain a second copy of the vector in addition to the one

associated with ERCC4. In the two secondary transformants, the extra copy of vector was

absent. Since the secondary transformants possess a functional neo gene, which should also

function in E. coli, our cloning strategy is based on making a cosmid library of the DNA from a

secondary transformant by using a cosmid vector that contains no neo gene. It should be

possible to use kanamycin selection to recover cosmid clones containing both neo and ERCC4

sequences.

III. STUDIES WITH THE XRCCI STRAND-BREAK REPAIR GENE

A. PROPERTIES OF CHO EM9 AND THE COMPLEMENTING XRCC1 GENE

The CHO mutant EM9 was isolated on the basis of its hypersensitivity to killing by ethyl

methanesulfonate and found to have a deficiency in the repair of single-strand DNA breaks after

exposure to ionizing radiation of alkylating agents (12). The repair of double-strand breaks in

EM9 appears to be essentially normal (13). Another property of considerable interest is the 10-

fold elevation in baseline level of sister chromatid exchange (SCE) (12). This high level of SCE

is reminiscent of the phenotype of cells from Bloom's syndrome (BS), but the mutation in EM9

differs since the SCE level was found to be normalized in somatic cell hybrids between EM9 and

BS cells (14). So far, the molecular defect in EM9 has eluded identification. No obvious

abnormalities were found in the poly(ADP-ribose) polymerase system (15), two
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apurinic/apyrimidinic endonuclease activities (16), and DNA ligases I and II (17). At the time of

these earlier analyses, ligase III activity was unknown in mammalian cells (18). Recently, a

deficiency in ligase III activity in EM9 cells has been seen, which is not present in EM9

transformants corrected with the human XRCC1 gene (Dr. Siv Ljungquist, personal

communication; see section IIID below).

The human XRCC1 (X-ray repair cross complementing) gene that corrects the repair

defect of EM9 was cloned (19). XRCC1 is 33 kb in length and encodes a 2.2 kb transcript and a

, corresponding putative protein of 633 amino acids (-_69.5 kDa). From a pcD2 human cDNA

library a nearly full-length clone (pXR1-30) was obtained that partially corrected EM9 cells (-- 80

% correction in terms of SCE level) (19). A comparison of nucleotide sequences derived from

cosmid clones and pXR1-30 showed that this cDNA was missing 26 bp from the 5' end of the

open reading frame (ORb3, including the putative ATG initiation codon (19). In a recent study,

we extended the incomplete ORF by oligonucleotide addition (20). Constructs containing either

the SV40 early promoter for overexpression or the native promoter (in a construct lacking

information for intron splicing) were prepared and introduced into EM9 cells. Both constructs "

gave very efficient correction, which implies that the reconstructed ORF is most likely correct.

B. BACTERIAL EXPRESSION OF XRCC 1 FUSION PROTEINS AS IMMUNOGENS

The recent cloning of XRCC1 provides an opportunity to begin unravelling the biochemistry of

mammalian DNA strand-break repair. Therefore, we have overexpresse.d XRCC I as a fusion

protein in E.coli with the aim of rapidly purifying recombinant protein to produce rabbit anti-

XRCC 1 antibodies, which should help purify normal, non-fusion protein overexpressed in

another system. A 2.2 kb EcoRI cassette containing the full-length XRCC10RF (19,20) was

inserted into the EcoRl cloning site of the prokaryotic vector pMAL-cR 1 (New England

Biolabs), resulting in an in-frame fusion to the 3' end of the bacterial mal E gene, which encodes

the 42 kDa maltose-binding protein (MBP) (21). This construct (pMAL-cR1X) and pMAL-cR 1

were introduced into strain XL l-Blue, producing strains XLpM-cR IX and XLpM-cR 1,

II1'
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respectively. Transcription from the Ptacpromoter present upstream of the male gene was

induced in early log-phase cells by the addition of IPTG. The control vector pMAL-cR1 was

expected to produce a protein of 52 kDa, consisting of MBP fused at its C-terminus to the LacZct

complementing peptide (Fig. 2A) and pMAL-cRIX to produce a fusion product of approximately

111 kDa (Fig. 2A). Culture samples were taken at t = 0 and 3 hr after induction. The results

(Fig. 2A) show that XLpM-cR1 produced the expected 52 kDa product (compare lanes 2 and 3).

Induced XLpM-CR1X cells produced proteins of a variety of sizes, with the largest appearing to

be > 116 kDa (compare lanes 2 and 4). This protein was interpreted as the MBP-XRCC1 (MBP-
%

X) fusion despite the size anomaly, since other proline-rich proteins are known to migrate slower

in SDS-PAGE than is predicted by their size (22). The ladder of bands representing proteins in

the range 50-97 kDa comprised most of the induced product but did not appear to be the result of

proteolytic degradation of MBP-X during extract preparation because lysis of pelleted cells with

hot SDS-loading buffer immediately after sampling gave identical results. In addition, similar

results were obtained when MBP-X was expressed in an E.coli strain lacking Lon, the major

ATP-dependent intracellular protease, and in a strain lacking both Lon and HtpR, a sigma factor

required for the induction of heat shock proteins. It is possible that the ladder of bands

represents premature translation-termination products, rather than proteolysis. In an attempt to

bypass this problem and generate immunogen quantifies of protein, we constructed a deleted

version of pMAL-cR1X in which _ 500 bp of the 5'-end XRCC10RF was fused in-frame to

both the 3' end of MBP and the LacZet sequence (pMAL-cRIXS). Expression should result in a

67 kDa tripartite protein containing 16 kDa of XRCC 1 sequence. Fig. 2A (lane 5) shows that

this construct produced a high level of recombinant protein of the correct size although some

truncated proteins were also seen.

The presence of MBP at the N-terminus of the fusion proteins facilitated their rapid

purification by affinity chromatography. Non-recombinant extract proteins were separated from

either the deletion fusion protein (MBP-XS--LacZo0 or the full-length fusion protein (MBP-X)

using a column of cross-linked amylose (Fig. 2A, lanes 6 and 7, and lanes 8 and 9,
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respectively). The truncated fusion proteins copurified with both MBP-X and MBP-X&LacZo_

indicating that the N-terminal MBP is intact in these products and supporting the idea that

abortive translation was responsible for truncation. For cells harboring either of these

constructs, 50 mg of crude extract gave -_9 mg of purified product. The multiple cloning site of

the pMAL-cR 1 vector encodes the 4 amino acid recognition sequence for the protease Factor Xa

(FXa), allowing cleavage of the fusion proteins at the junction between the MBP and XRCCI

" proteins (21). The level of MBP-XS,-LacZo_ protein (67 kDa), and its truncated versions,

decreased with increasing incubation time with FXa while the level of MBP (42 kDa) increased"b

(Fig. 2B). Two major proteins of apparent sizes >29 kDa also appeared with increasing

incubation time, the largest of which was interpreted as being the 25 kDa X&LacZtx product

expected from cleavage at the FXa site of MBP-X&LacZo.. These two protein bands, but not the

MBP band, were recognized by polyclonal antibody (Sigma) raised against LacZ (unpublished

observations). The smaller proteins that appeared with increasing digestion most likely resulted

from cleavage of the truncated versions of MBP-X_-LacZ_ that copurified with this product.

Full-length XRCC1 protein was also readily separated from MBP by incubation with 1-5%

(w/w) FXa (Fig. 2C). The disappearance of the putative MBP-X fusion protein (>116 kDa) and

the ladder of truncated forms was accompanied by the appearance of the 42 kDa MBP protein

and a major protein of 66-70 kDa, which was interpreted as likely being full-length XRCC 1.

Recombinant XRCC1 protein purified in this way will serve as immunogen for producing

antibodies.

C. ABSENCE OF DAMAGE INDUCIBILITY OF XRCCI mRNA

Recent studies have shown that exposure of mammalian cells to DNA-damaging agents can

enhance the transcription of many genes (23). One of these proteins is 13polymerase (24). an

enzyme probably involved in repair processes (25). We wished to determine whether XRCCI

transcription is stimulated by DNA damage. Filters containing poly(A) + RNA isolated from a

variety of cell types and exposure conditions were analyzed by methods of quantitative dot bl,,t

I
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hybridization (23,26). The results of this study are summarized in Table II, where the relative

mRNA levels of XRCC1 are compared with ft-actin levels as controls. As well as DNA

damaging agents, other conditions known to produce transcriptional activation are included

(dibutyrl-cAMP, growth arrest, TPA, and heat shock). The cell lines were either CHO or human

(HeLa, HL60, or EBV_transformed lymphoblasts). No convincing evidence for XRCC1

induction was seen with any of the conditions. Interestingly, the kinase inhibitor H7, at a dose

" that probably inhibits many cellular processes, reduced the mRNA levels. This effect was more

. pronounced when the cells were also treated with fairly high doses of MMS or x rays. The only

other treatments that substantially reduced the mRNA level were ones that forced the cells into

Go, such as serum starvation. Northern blots were also prepared for many of the DNA

damaging agents shown, but again no significant transcriptional activation was seen.

D. CHARACTERIZATION OF THE MOUSE HOMOLOG OF XRCC1

It is now possible to use virtually any cloned gene as a vehicle for producing a knock-out

mutation by targeted recombination. When this procedure is performed in mouse ES (embryonic

stem) cells, it is possible to introduce the desired mutation into mice through blastocyst injection

of mutant ES cells (27). We are interested in constructing transgenic mice that carry a mutation

in the XRCC1 gene and other DNA repair genes. Ttaus, we cloned the mouse XRCC1 gene

from a cosmid library (kindly provided by Dr. John Mudgett), and we also isolated the mouse

XRCC1 cDNA as described elsewhere (28). The nucleotide sequence and translated amino acid

sequence of the mouse XRCC1 cDNA were determined and compared with those of the human.

The mouse sequence is 631 amino acid residues compared with 633 for the human. The

sequence identity and similarity are 86 % and 93 %, respectively. This relatively high degree of

of sequence conservation suggests conservation of function of this gene among mammals, an

inference that is consistent with our finding that both the human and mouse genes efficiently

correct the defect in the EM9 hamster cell mutant. In terms of the question of XRCC l's

biochemical function, both mouse and human amino acid sequences were analyzed for regions of
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homology with known DNA ligases, but no similarities were found. In particular, XRCCI

sequences lack the conserved motif for the AMP binding site that is common to ali ligases (22).

These analyses suggest that XRCC 1 is not a DNA ligase, but it could be a ligase associated

factor.
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TABLE I

DNA sequence analysis of mutatiotts in cDNA of

XP-D cell lines using reverse transcriptaselPCR

XP-D line Mutation 1 Mutation 2

A31-27 (Hybrid HD2) base subst, small deletion
(splice change)

. XP6BE(SV40) base subst, same or
not expressed

•. XP-CS-2 (XP-H) base subst, same, deleted, or
not expressed

TABLE 1I

Relative mRNA values for XRCC1 and ft-actin

Exp. date Cell type Agent Treatment time (hr) Dose XRCC1 _-actin

10/17/88 HL60 control 0 I_g/m1 1.0 l.tl
MMS 4 25 I_g/m1 0.9 11.8
MMS 4 100 ag/ml 0.6 0.9
MMS 4 200 i_g/ml 0.6 0.8
Dibutyrl-cAMP 90 50 _tg/m1 0.4 I).4

• 4/26/90 HeLa
control 1
UV 4 2Jim 2 0.9
UV 4 7 Jim2 0.9

, UV 4 14 Jim2 1.1
DDP 4 10 _vl 1.2
DDP 4 167 IIM 1.0

9/24/87 CHO control 1.0 I()
MMS 2 100 _tg/ml 0.9 ()')
MMS 4 100 _tg/ml 0.5 (),',
MMS 8 100 _tg/ml 0.4 t)"
MMS 25 100 _tg/ml 1.0 I ()
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11/30/88 CHO control 1.0 1.0
MMS 4 100 lag/ml 2.1 0.9
G-zero 4 no serum 0.8 1.0
G-zero 24 no serum 1.4 0.8
G-zero 48 no serum 0.9 0.6
G-zero 72 no serum 0.4 0.4

7/29/87 CHO control 1.0 1.0
G-zero 24 0.5% FBS 0.9 0.6
G-zero 48 depleted medium 0.5 0.4

3/23/90 lymphoblasts (GM0536)
control 1.0 1.0

" TPA 4 30 ng/ml 0.6 0.6
H7 4 500M 0.7 1.0

.. x-ray + H7 4 -- 0.4 0.7
x-rays 4 20 Gy 0.8 0.6
MMS 4 100 lag/ml 0.6 0.9
MMS + H7 4 -- 0.3 1.2

5/8/87 CHO control 1.0 1.0
Heat shock 4 9 rain at 45.5 ° C 1.1 0.7
Adriamycin 4 2 lag/ml 1.2 1.1

5/6/87 CHO control 1.0 1.0
HN2 4 40 taM 0.9 1.0

MNNG 4 30 gM 0.9 0.9
DDP 4 45 lag/ml 1.1 0.8

5/13/87 CHO control 1.0 1.0
UV 4 14 Jim 2 1.0 1.0
near UV 4 300 Jim 2 1.1 1.2

• AAAF 4 20luM 0.8 0.8
peroxide Ihr + 3 hr chase 400 taM 0.8 1.1

8/28/87 CHO control 1.0 1.0
MMS 4 6 lag/ml 0.9 1.3
MMS 4 25 lag/ml 1.0 1.7
MMS 4 100 lag/ml 0.9 1.3
MMS 4 200 lag/ml 0.9 1.1

near UV 4 900 Jim 2 1.2 1.6

11/14/88 CHO control 1.0 1.0
TPA 0.25 30 ng/ml 1.2 1.3
TPA 0.5 30 ng/ml 1.1 1.3
TPA 1.0 30 ng/ml 1.1 1.4
TPA 2.0 30 ng/ml 0.9 1.4
TPA 0.5 300 ng/ml 1.0 1.3
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FIGURE LEGENDS

Fig. 1: Strategy for cloning ERCC4 using a chromosome 16 cosmid library. The chromosome

16 sCos-1 genomic cosmid library was introduced into UV41 cells by electroporation (5 x 106

cells with 5 Bg of DNA per sample (x3); 300 V, 1600 BF). Cells were plated at 5 x 105 per 10-

cm dish and allowed 48 hr expression. Mitomycin C to 10 nm and G-eneticin to 1.7 mg/ml was

added to the dishes and incubation continued for 10 days. A single colony was recovered and

shown to be resistant to 5 J/m2 UV radiation. Cells were grown to mass culture in Geneticin and

" frozen. In a secondary transfection, 2-ml calcium phosphate precipitates were prepared (3), and

1 ml was added to each of two 10-era dishes containing 2 x 106 cells and 10 ml of medium.

After 22 hr the dishes were rinsed and replenished with 20 ml of fresh medium. After 29 hr

expression, UV irradiation at 3.5 J/m2 was performed in situ (3). The dishes were then

replenished with 20 ml of medium containing Geneticin. Two Geneticin-resistant colonies arose

among 28 dishes.

Fig 2: Panel A. An analysis of MBP-XRCC1 fusion proteins in E.coli by SDS-PAGE. IPTG

• was added to early log phase cultures of XLI-Blue (OD600 = 0.5) to a final concentration of 0.3

mM, and growth continued for 3 hr. Immediately prior to induction, l-ml samples were
i

" removed from the cultures and the pelleted bacteria frozen. Three hr after induction, additional

samples (100-500 ml) were taken and used to prepare soluble cell exu'act by sonication.

Electrophoresis was performed with the lysate from frozen uninduced cells treated with hot SDS-

loading buffer and the soluble cell extract prepared from induced cells. Lane 1,.10 lag molecular

weight'markers (Sigma). Lane 2, 15 lag protein from uninduced bacteria. Lane 3, 15 lag protein

from induced bac_da harboring pMAL-cRI. Lane 4, 15 lag protein from bacteria harboring

pMAL-cRIX. Lane 5, 15 lag protein from bacteria harboring pMAL-cR1X& Lane 6, as Lane 5,

15 lag protein from bacteria harboring pMAL-cR IX& Lane 7, as lane 6 but 15 lag of affinity

purified extract. Lane 8, 15 lag bf protein from bacteria harboring pMAL-cRIX; lane 9, as lane
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8, but 15 _tgof affinity purified extract. Cartoons depict construct regions that encode the fusion

ORFs (boxes) with transcription reading from left to right, and the nature of the fusion protein

expressed from these ORFs (wavy lines). The location of the FXa cleavage site (junction of

MBP with the XRCCI polypeplide sequences) is shown by circles. Panel B. Cleavage of

MBP-X_LacZtx fusion proteins. Samples of affinity-column purified fusion protein were

incubated at 4° C with or without FXa protease (New England Biolabs and Boehringer

• Mannheim) for the times indicated and were subsequently run by SDS-PAGE on 12% gels.

Lane 1, 10 I.tgmolecular weight markers (Sigma). Lane 2, 1 I.tgof purified MBP (New England
*l

Biolabs). Lane 3, 6.6 _tg of fusion protein incubated for 24 hr with no FXa. Lanes 4-7, 6.6 _tg

fusion protein incubated with 1% FXa (w/w) for the times indicated. Panel C. Cleavage of

MBP-X fusion protein. SDS-PAGE was run on 12% gels. Lane 1, 10 _g molecular weight

markers (Sigma). Lane 2, 5 I.tgfusion protein incubated without FXa. Lanes 3-5, 5 _tg fusion

protein incubated for 19 hr with FXa at concentrations shown• Cartoons depict the position and

structure of the fusion protein (wavy lines). The location of the FXa cleavage site (junction of

VIBP with the XRCC1 polypeptide sequences) is indicated by circles•
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