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Mutations in the Drosophila mus308 gene confer specific hypersensitivity to DNA-cross-linking agents as a
consequence of defects in DNA repair. The mus308 gene is shown here to encode a 229-kDa protein in which
the amino-terminal domain contains the seven conserved motifs characteristic of DNA and RNA helicases and
the carboxy-terminal domain shares over 55% sequence similarity with the polymerase domains of prokaryotic
DNA polymerase I-like enzymes. This is the first reported member of this family of DNA polymerases in a
eukaryotic organism, as well as the first example of a single polypeptide with homology to both DNA poly-
merase and helicase motifs. Identification of a closely related gene in the genome of Caenorhabditis elegans
suggests that this novel polypeptide may play an evolutionarily conserved role in the repair of DNA damage in
eukaryotic organisms.

The mus308 gene is one of over 30 identified Drosophila
genes required for resistance to DNA-damaging agents (10, 11,
27, 48). Mutant alleles of mus308 are, however, unique in
conferring strong hypersensitivity to DNA interstrand cross-
linking agents such as photoactivated psoralen, diepoxybutane,
and nitrogen mustard without conferring hypersensitivity to
the monofunctional alkylating agent methyl methanesulfonate
(13). It thus seems probable that the wild-type mus308 gene
product functions in a repair pathway that targets DNA cross-
links but is not required for either base excision repair of
alkylated bases or the repair of DNA strand breaks occurring
as a result of methyl methanesulfonate treatment. Very little is
known about the mechanism by which interstrand cross-links
are repaired in multicellular eukaryotes, and characterization
of the mus308 gene represents an important step toward iden-
tifying the essential components involved in this repair path-
way.

MATERIALS AND METHODS

Fly stocks. The mus308 mutant stocks and culture conditions used have been
previously described (12, 35). All other stocks are described by Lindsley and
Zimm (37).
PCR cloning of the Men gene. The degenerate-sense primers coding for the

protein sequence IQFEDFA were 59-AT(ATC)CA(GA)TT(TC)GA(GA)GA(T
C)TT(TC)GC-39. The antisense primers corresponding to the protein sequence
FNDDIQG were 59-CC(CT)TG(TAG)AT(AG)TC(AG)TC(AG)TT(AG)AA-
39. The annealing temperature was 408C in a 0.1-ml reaction volume containing
50 mM KCl, 10 mM Tris-HCl (pH 9.0), 0.1% Triton X-100, 1.5 mM MgCl2, 50
mM each deoxynucleoside triphosphate (dNTP), 100 nM each primer, 2 U of Taq
DNA polymerase, and 200 ng of Drosophila genomic DNA. The reaction was
carried out for 28 cycles. The 92-bp product was reamplified, electrophoresed on
a 12% polyacrylamide gel, cut out, minced, and eluted overnight into 0.5 M
ammonium acetate. For library screening, 10 ng of PCR product was labeled by
15 cycles of thermal cycling in a 25-ml reaction volume containing the same
components as above except that no antisense primer was present, dGTP and

dTTP were at 20 mM, and [32P]dCTP and [32P]dATP were each at 2 mM (40
mCi). The product was used to screen the iso-1 Drosophila genomic library
(kindly provided by J. Tamkun, University of California, Santa Cruz) by standard
methods (4, 46).
Isolation and sequencing of genomic and cDNA clones. All genomic clones

were isolated from the iso-1 lambda and cosmid libraries. All cDNA clones were
isolated from a 2- to 14-h embryonic library of strain Canton-S (Stratagene) or
from an ovarian library kindly provided by P. Tolias, Public Health Research
Institute, New York, N.Y. After lZAP phage purification, plasmids were auto-
excised by the method recommended by Stratagene. Other phage inserts were
subcloned into pBluescript vectors prior to sequencing. The complete genomic
DNA and cDNA sequences were determined for both strands with 35S-dATP
and Sequenase (U.S. Biochemical). Sequencing subclones were generated by
exonuclease III-mung bean nuclease digestion (Promega). Gaps in the sequence
were filled in with gene-specific primers. The sequences were assembled with
PC-Gene (IntelliGenetics). Computerized database similarity searches were
done with the BLAST (3) and FASTA (43) algorithms.
Northern blot analysis. Total RNA from ovaries of the control strain mwh red

e and the various alleles of mus308 was isolated by hot-phenol extraction (36).
Approximately 60 mg per track was electrophoresed, blotted to nitrocellulose
(BA85; Schleicher & Schuell), and probed with a restriction fragment labeled
with 32P by random primer extension. For normalization, the blot was reprobed
with the Drosophila ribosomal protein 49 gene (42). Sizes were calculated by
comparison of mobility with standards from the GIBCO-BRL 0.24- to 9.5-kb
RNA ladder.
In situ hybridization. DNA clones were labeled with biotin-14-dATP

(GIBCO-BRL) and hybridized to salivary chromosome squashes (33). Detection
was carried out with a streptavidin-alkaline phosphatase conjugate, nitroblue
tetrazolium, and 5-bromo-4-chloro-3-indolylphosphate (GIBCO-BRL).
Homology modeling. The C-terminal region of the predicted MUS308

polypeptide was aligned to the C-terminal domains of prokaryotic DNA poly-
merase I-like enzymes by using a variety of computer algorithms including
Bestfit, Pileup (20), Clustal (52), and MACAW (34). With several possible
alignments, the Homology module of the Biosym software package was used to
model MUS308 onto the structure of DNA polymerase I from E. coli (PDB entry
1KLN [6]). Energy minimization was performed in vacuo with a distance-depen-
dent dielectric constant and the consistent-valence force field (CVFF) with cross
terms and Morse potentials and a nonbond cutoff of 15 Å (1.5 nm). Models were
evaluated with the Profiles module.
Accession numbers. The GenBank accession number of mus308 is L76559.

Themus-1 homolog from Caenorhabditis elegans spans cosmids R12B2 (U00066)
and W03A3 (U50184). The C-terminal 3.3 kb of the mus-1 gene is contained
within cDNAs yk20d11 (D35423) and yk47d11 (D67135 and D64204). The gene
ceh-10 resides within a putative 2.66-kb intron of mus-1. Database sequences
with helicase motifs similar to MUS308 have accession numbers Z49325, P35207,
U35242, P32639, and U22156 (Saccharomyces cerevisiae); D36993, D68935,
D37217, and U20861 (C. elegans); Z42372, D29641, U09877, and D31241 (Homo
sapiens); and U42580 (Chlorella virus). Of these, the most closely related to
MUS308 are D36993, D68935, and Z42372.
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RESULTS

Themus308 gene was cytogenetically localized to the 87D1,2
region of the third chromosome and shown to be closely linked
to theMen locus (35), which codes for malic enzyme. Although
the latter gene had not been cloned inDrosophila melanogaster,
sequence information for the homologous gene in other or-
ganisms was available and revealed regions of perfectly con-
served amino acid sequence among diverse species. Degener-
ate oligonucleotide primers were designed to amplify a small
region of the Drosophila Men gene from genomic DNA by
PCR. The resulting fragment was used to probe a lambda
library of D. melanogaster genomic DNA, and one of the se-
lected clones mapped to the 87D1,2 region by in situ hybrid-
ization to polytene chromosomes. We carried out a bidirec-
tional chromosomal walk from this position that covered
approximately 70 kb and crossed two deficiency breakpoints
[Df(3R)karSZ-29 and Df(3R)karSZ-13 (35)] that established the
orientation of the walk and delimited the proximal extent of
themus308 gene. By in situ hybridization, the distal breakpoint
of Df(3R)karSZ-13 was mapped to a region 13.5 to 16 kb from
the subsequently established 39 end of the mus308 gene. By
genomic Southern blot analysis, the PCR-generated fragment

from the putative Men gene mapped to a region 1.8 to 2.0 kb
from the 59 end of the mus308 open reading frame.
Southern blot analyses of restriction fragment length poly-

morphisms (data not shown) and Northern (RNA) blot anal-
yses of DNA and RNA from flies homozygous or hemizygous
for several mutant alleles established the position of mus308
within the walk (Fig. 1). The mus308D15 allele is associated
with a genomic insertion of approximately 4 kb that results in
the synthesis of a truncated transcript of approximately 3.4 kb
and low levels of a 9.0-kb mRNA that is likely to represent a
large chimeric “readthrough” transcript (Fig. 1, lane 2). The
mus308D9 allele has a different insertion of similar size in the
same genomic region (Fig. 2) that results in undetectable tran-
script levels (Fig. 1, lane 3). The mus308D10 allele contains an
insertion at the 39 end of the gene (Fig. 2) that leads to reduced
levels of a slightly truncated 6.7-kb transcript (Fig. 1, lanes 4
and 5). The mus308D14 mutant expresses a normal-size tran-
script at 10% of the usual level, and the mus308D2 mutant
expresses transcripts of approximately 8.5 and 5.5 kb along
with a moderately reduced level of normal-size transcript (data
not shown). The nature of the mutations in these two alleles is
unknown.
Sequence analysis of genomic clones and 13 partial but over-

lapping cDNA clones revealed a gene structure consisting of
seven exons and a predicted open reading frame of 6,177 bases
(Fig. 2). The precise transcriptional start site has not been
determined, although Northern blot analysis indicates that it
occurs within a region of four tandem repeats, each containing
a consensus TATA sequence. The first ATG of the large open
reading frame is situated 241 bp downstream of the most
proximal TATA sequence. The sequence downstream from
this ATG predicts a 2059-amino-acid, 229-kDa gene product.
Comparison of mus308 sequences with the GenBank data-

base revealed the existence of genomic cosmid sequences from
C. elegans encoding a polypeptide that is clearly homologous to
the mus308 product. Sequencing of a partial cDNA clone
(kindly provided by Y. Kohara, National Institute of Genetics,
Mishima, Japan) permitted us to determine the location of
exons that make up a portion of the mRNA encoded by this
gene, which expresses a transcript approximately 5.5 kb in
length (data not shown). We have tentatively named this C.
elegans gene mus-1.
The C-terminal regions of the MUS308 and MUS-1

polypeptides share substantial identity (up to 38%) and simi-
larity (up to 59%) with the C-terminal subdomain of prokary-
otic DNA polymerase I (Pol I) enzymes (Fig. 3). Sequence
conservation is particularly striking in regions that are highly
conserved within the bacterial and related bacteriophage se-
quences. This degree of sequence identity is sufficient to permit

FIG. 1. Northern blot analysis of mus308 mutants. Total RNA from ovaries
of the control strain mwh red e and the indicated alleles of mus308 was electro-
phoresed, blotted, and probed with a 2.2-kb EcoRI-SacI cDNA fragment (Fig. 2).
The migration and sizes (in kilobases) of standard RNA markers are indicated to
the right of the blot. For normalization of loading, the blot was reprobed with the
Drosophila ribosomal protein 49 gene (42). The mus308D16 allele is a deficiency
that removes the entire mus308 gene and surrounding sequences (35).

FIG. 2. Schematic representation of themus308 gene structure. The seven exons and six introns are shown to scale. Arrows show the extent of the 59 tandem repeat,
the regions of helicase and DNA polymerase homology (detailed in Fig. 4 and 5), and the location of an immediately adjacent gene. The bottom line indicates sites
for restriction endonucleases EcoRI (E), PstI (P), and SacI (S). Gray bars delimit restriction fragments containing insertion sites in the indicated mus308 alleles or the
distal breakpoint of deficiency Df(3R)karSZ-29.
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homology modeling based on the known crystal structure of
the Pol I Klenow fragment from Escherichia coli (6). Modeling
suggests a substantial conservation of structure between the
polymerizing subdomain of Pol I and the last 400 amino acids
of the MUS308 protein (Fig. 4). The largest apparent changes
in MUS308 relative to Pol I are a deletion of 8 residues in the
loop region following helix H1, an insertion of 7 residues in a
loop between helices J and K, and an insertion of 7 residues
near the C-terminal end of helix Q. Insertions and deletions in
these regions are also evident in one or more of the other
bacterial or bacteriophage Pol I sequences. As judged by the
method of Lüthy et al. (38), the modeled structure has no
seriously misfolded regions within the major secondary-struc-
ture elements that form the DNA-binding cleft (Fig. 5), and we
propose that the C-terminal domain of MUS308 is homolo-
gous to prokaryotic Pol I. Further support for this contention
derives from the numerous in vitro mutagenesis, cross-linking,
and modeling analyses of Pol I that have identified amino acid
residues critical for polymerase function. Of 23 amino acid
residues that are both highly conserved throughout the Pol I
family and implicated in function (Fig. 3), 21 are conserved in
both MUS308 and MUS-1 (Table 1).
No convincing sequence alignment can be detected between

MUS308 or MUS-1 and prokaryotic Pol I proteins outside of
the polymerase domain. Pol I from E. coli is organized into
three domains with three distinct enzymatic activities, an N-

terminal 59-nuclease, a central 39 3 59 exonuclease, and the
C-terminal polymerase domain. Not all Pol I-like DNA poly-
merases possess the proofreading 393 59 exonuclease activity.
Those which do possess the activity have three moderately
conserved regions containing four side chain carboxylates that
ligate the divalent metal ions which participate in catalysis of
phosphoryl transfer (7–9), and we find little evidence of such
sequences in the region immediately amino-terminal of the
MUS308 or MUS-1 polymerase domains. However, closer to
the N terminus is a region of 212 residues (737 to 948 in
MUS308) that may represent a 59-nuclease domain. This re-
gion is 41% identical and 61% similar between MUS308 and
MUS-1, suggesting a significant conservation of function. All
sequenced bacterial DNA polymerases of the Pol I family and
related phage exonucleases contain six conserved motifs char-
acteristic of the N-terminal 59-nuclease domain (24). These
motifs include 10 conserved acidic residues, most of which are
closely juxtaposed in the recently solved crystal structure of
Taq Pol I from Thermus aquaticus (31). The carboxylates of at
least six of these side chains form three divalent metal ion-
binding sites that may participate in the catalysis of phosphoryl
transfer as proposed for the 393 59 exonuclease domain of E.
coli Klenow fragment. Four of these acidic residues are highly
conserved not only in prokaryotic 59-nucleases but also in sev-
eral eukaryotic proteins (the RAD2/XPG family and the
FEN-1 family) that can catalyze endonucleolytic cleavage at

FIG. 3. Similarity of the C-terminal domains of MUS308 andMUS-1 to bacterial Pol I. The predicted amino acid sequence was aligned with the polymerase domains
from E. coli (E.c.), Streptococcus pneumoniae (S.p.), and Bacillus caldotenax (B.c.). Capital letters indicate that at least four of the five residues are identical or similar,
and boldface type indicates 100% identity. Asterisks denote residues that are highly conserved among bacterial and bacteriophage Pol I sequences (15, 18) and which
have been implicated in polymerase function (2, 30).
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DNA single-strand–duplex junctions, as can the 59-nuclease of
Pol I (16, 25, 26, 39, 44). A similar cluster of four acidic
residues is found in the 212-residue conserved region of
MUS308 and MUS-1 (Fig. 6). However, confirmation of the
functional role of this domain of MUS308 will require bio-
chemical data.
Remarkably, the N-terminal domains of MUS308 and

MUS-1 contain the seven motifs characteristic of most mem-
bers of “superfamily 2” DNA and RNA helicases (Fig. 7) (21,
22). A BLAST search of the protein and translated nucleic acid
databases by using these domains detects significant alignment
(smallest sum probabilities, ,0.05) with a large number of
known or suspected helicases. Additional analysis by multiple
sequence alignment indicates that three of the helicase motifs
in MUS308 and MUS-1 occur in variant form, which serves to
define a subfamily of putative helicases that also includes four

other sequences from C. elegans, five sequences from S. cerevi-
siae, and the apparent human homologs of these sequences
(accession numbers are given in Materials and Methods).
Within most members of this subfamily, motif I (the Walker A
box) is unusual in having a serine in place of the glycine found
in almost all other known or putative helicases. In SwissProt
(release 31), 3,077 protein sequences contain an annotated
putative Walker A-type NTP-binding motif. Of these, rela-
tively few have a serine in the same position as in members of
the MUS308 family. Several are involved in replication, recom-
bination, and/or repair, e.g., bacterial RecA protein and DnaB
replicative helicase, yeast Rad57, and mammalian parvovirus
NS-1 replication accessory protein. Another distinguishing
characteristic of the MUS308 subfamily is a conserved threo-
nine in motif V. This is almost invariably a hydrophobic resi-
due in other known superfamily 2 members. An additional
unique feature of the MUS308 subfamily is a methionine in
motif VI that replaces what is commonly an arginine in other
helicases. Finally, the subfamily also contains a conserved mo-
tif preceding motif V (called IVa in Fig. 7), which, although
present in some other helicases, is uniquely characterized by a
histidine residue that is almost invariably a hydrophobic resi-
due in other helicases (unpublished observations).

DISCUSSION

The C-terminal regions of MUS308 and MUS-1 are strik-
ingly homologous to the polymerizing domains of the prokary-
otic Pol I family. They are unlike any other sequenced eukary-
otic DNA polymerase, with the possible exception of
mitochondrial DNA polymerase g (Pol g), which is believed to
be an evolutionary homolog of bacterial DNA polymerase I.
The C-terminal region of MUS308 shares considerably less
sequence similarity with yeast Pol g than it does with Pol I.
Indeed, MUS308 is no more similar to Pol g than Pol I is to Pol
g, indicating that Pol g is unlikely to be the evolutionary pro-
genitor of MUS308. Aside from sequence homology, two other
lines of evidence strongly support close homology between Pol
I and MUS308. First, the three-dimensional structure of the
C-terminal domain of MUS308 can be successfully modeled
with Pol I as a template. We verified the legitimacy of this
model by using a program which evaluates the local three-

FIG. 4. Homology modeling of the C-terminal region of MUS308. (A) Schematic (32) of the experimentally derived X-ray diffraction structure of the polymerizing
domain (amino acids 521 to 928) of E. coli Pol I (6). This was used as a template for modeling. Certain functionally critical side chains are shown (Table 1). (B)
Schematic of the modeled MUS308 protein from residues 1644 to 2059.

FIG. 5. Profile analysis of the modeled three-dimensional structure of the
C-terminal 416 residues of MUS308 (heavy line) and the corresponding region of
the experimentally determined structure of the Pol I Klenow fragment from E.
coli (lighter line) (6). The method of Lüthy et al. (38) was used to evaluate the
local environment of every amino acid side chain in the structure and score the
suitability of that side chain for its environment. The window size shown is 20
amino acids. Potentially misfolded regions are indicated by scores approaching
zero. The apparently misfolded region in both structures from 60 to 85 corre-
sponds to a region of missing and poorly resolved residues in the Pol I template
structure. Other low-scoring regions in the MUS308 model correspond to inser-
tions in the sequence relative to Pol I. These areas were modeled de novo as
loops and not extensively evaluated.
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dimensional environment of every amino acid residue in the
structure and scores the suitability of that side chain for its
environment. If the modeled structure contains incorrect folds,
this will be reflected in a low score for that particular region
(38). On average, the MUS308 model scores almost as highly
as does the empirically determined structure of Pol I Klenow
fragment. This provides a high degree of confidence that the
structure of the C-terminal region of MUS308 is very similar to
that of Pol I. Second, most of the amino acid residues known
to be critical to polymerase function are conserved in both
MUS308 and MUS-1. The two exceptions are Lys-635 (E. coli
numbering) and His-734. Chemical modification of Lys-635 in
E. coli Pol I results in a functional polymerase with reduced
processivity (5). Mutation of His-734 to alanine significantly
reduces both DNA binding and kcat(dTTP) for the polymerase
reaction, although the extent of reduction in the latter is de-
pendent on the dTTP concentration (2). The corresponding
residue in both MUS308 and MUS-1 is phenylalanine. The
effect of this substitution cannot currently be predicted. Phe-
nylalanine 762 of E. coli Pol I is replaced by tyrosine in both
MUS308 and MUS-1, as well as in some other bacterial Pol I
sequences. Mutation of this residue to tyrosine in Pol I from E.
coli and Thermus aquaticus greatly decreases the ability of the

enzyme to discriminate deoxynucleotides from dideoxynucle-
otides (51).
The N-terminal domains of MUS308 and MUS-1 are clearly

similar to the large superfamily of helicases and helicase-like
proteins. We have identified 15 other sequences in GenBank
which have uniquely characteristic sequence similarity to this
region of MUS308 and MUS-1; however, only 1 of these, the
SKI2 antiviral protein of S. cerevisiae, has any known biological
function (55). The MUS308 subfamily, as a group, is not ob-
viously more closely related to any one helicase family than to
another but, rather, appears to combine motifs from various
families. For example, the sequence of motif II is characteristic
of the so called DEXH family of helicases, which is highly
diverse in function and includes “repair/recombination” heli-
cases such as Rad3, Rad25, and Rad54 of S. cerevisiae and
RecG and RecQ of E. coli. The sequence of motif IV, however,
is more characteristic of the DEAD family of RNA helicases,
and the asparagine in motif V is found in the SNF2/RAD54
family of helicase-like ATPases potentially involved in tran-
scriptional regulation and DNA repair.
Biochemical and genetic analyses in both prokaryotes and

eukaryotes indicate that DNA interstrand cross-links are re-
paired by an excision-recombination mechanism (17, 23, 29, 40,
41, 47, 53, 54). In prokaryotes, removal of a DNA interstrand
cross-link is initiated by the UvrABC endonuclease complex,
which incises one strand on each side of the cross-link (53). In
eukaryotes, this initial step is presumably carried out by an
analogous complex of proteins that is required for nucleotide
excision repair (reviewed in reference 19). At least one allele
of mus308 is proficient in the initial incision step of nuclear
DNA cross-link repair (13), and thus MUS308 does not appear
to be involved in incision.
The first postincision step in cross-link repair in E. coli is

thought to be the generation of a gap at the site of incision

FIG. 6. Alignment of metal-ion-binding residues of Taq DNA polymerase
with a conserved region of MUS308. The acidic residues shown in boldface type
correspond to residues 117, 119, 142, and 144 in Taq DNA polymerase. Also
shown is a region of the human XPG repair nuclease and the FEN-1 protein,
both of which possess 59-nuclease activity with similarities to Pol I.

TABLE 1. Conservation of key residues in the polymerase domain of Pol I and MUS308

Residue in
E. coli Pol I Location Possible function Conserved

in MUS308
Conserved
in MUS-1

Asn-579 Loop DNA Pi binding Yes Yes
Ser-582 Loop DNA Pi binding Yes Yes
Thr-609 Helix H2 DNA binding Yes Yes
Arg-631 Helix I DNA Pi binding Yes Yes
Lys-635 Helix I DNA Pi binding No Noa

Arg-668 b-Hairpin loop DNA binding, catalysis Yes Yes
Asn-675 Loop DNA Pi binding Yes Yes
Asn-678 Helix J DNA Pi binding Yes Yes
Arg-682 Loop DNA binding Nob Yes
Arg-690 Helix K DNA binding Yes Yes
Asp-705 b-Strand 9 Metal binding/catalysis Yes Yes
Gln-708 Loop dNTP binding? Yes Yes
Glu-710 Helix L dNTP binding Yes Yes
His-734 Helix N DNA binding No No
Arg-754 Helix O dNTP Pi binding Yes Yes
Lys-758 Helix O dNTP binding Yes Yes
Phe-762 Helix O dNTP ribose binding Yesc Yesc

Tyr-766 Helix O DNA binding Yes Yes
Arg-841 Helix Q DNA/dNTP binding Yes Yes
Asn-845 Helix Q dNTP binding Yes Yes
Gln-849 Helix Q DNA binding, catalysis Yes Yes
His-881 b-Hairpin loop dNTP binding Yes Yes
Asp-882 b-Hairpin loop Metal binding/catalysis Yes Yes
Glu-883 b-Strand 13 Metal binding Yes Yes

a This is a histidine in C. elegans and bacteriophage SP1 and an arginine in Mycobacterium tuberculosis and M. leprae.
b This residue is not 100% conserved in the Pol I family. An adjacent lysine residue in Drosophila MUS308 may play the same functional role.
c This is a tyrosine in MUS308 and also in Pol I from some other bacterial species.
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FIG. 7. Presence of helicase-like motifs in the N-terminal domain of MUS308. The predicted sequence was aligned with MUS-1 (predicted from the cDNA and
genomic sequence), with related sequences from S. cerevisiae (SKI2 and YE02) and C. elegans (CEW08D2), and with a known DNA helicase (RecG) and RNA helicase
(Dead) from E. coli. The eukaryotic sequences all belong to the MUS308 subfamily. Roman numerals indicate regions conserved in many DNA and RNA helicases,
and the bars mark their approximate extent. Regions Ib and IVa are not commonly recognized motifs but are characteristic of the MUS308 subfamily. The asterisks
denote residues that are highly unusual or unique among known or suspected helicases and thus might serve as markers for this subfamily. Shading marks regions of
identity in at least three of the seven sequences. A portion of SKI2 and CEW08D2 is not shown and is marked by //.
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through the action of the 59-nuclease of Pol I, perhaps in
concert with the UvrD helicase. The resulting single-stranded
region provides a substrate for binding of RecA protein and
the initiation of homologous pairing and strand exchange (47).
The polymerizing activity of Pol I can then carry out repair
synthesis with the undamaged homolog as a template. Pol I can
also fill in the gap left by subsequent excision of the cross-link
from the other strand.
The polymerase domain of the MUS308 protein may play a

role analogous to bacterial Pol I in gap fill-in during recombi-
national repair of DNA cross-links. A 59-nuclease, if present,
might function to create the gap necessary for binding of pro-
teins that promote homologous pairing and strand exchange.
The helicase domain could function similarly to one of several
helicases of E. coli (RecBCD, UvrD, RecG, and RuvAB)
known to participate in various aspects of recombinational
repair. The MUS308 helicase domain has some sequence sim-
ilarity to the RecG helicase, particularly in motif V and in the
lack of a nearly invariant arginine in motif VI (Fig. 7). Few
DNA polymerases can catalyze strand displacement from a
nick or small gap in the absence of a helicase or other accessory
factor, and covalent coupling between a helicase and a poly-
merase would be one mechanism to coordinate duplex unwind-
ing and polymerization.
Two lines of evidence suggest that MUS308 is involved in

the repair not only of interstrand cross-links but also of other
types of DNA damage in which the coding potential of both
strands is simultaneously compromised. Such damage can oc-
cur as a result of DNA synthesis on a damaged template, with
the formation of daughter strand gaps opposite lesions (re-
viewed in reference 19). It has been observed that mus308D2

mutant primary cell cultures display a reduced ability to syn-
thesize high-molecular-weight DNA in vivo on a UV-damaged
template (14), indicative of a defect in repairing such damage.
A similar role for MUS308 was recently proposed on the basis
of the hypermutability of a mus308 mutant in response to
mutagens that produce persistent lesions in DNA (1).
The phenotype of mus308 mutants is comparable in certain

respects to that seen in Fanconi anemia, a typically fatal human
genetic disorder that is characterized by cellular hypersensitiv-
ity to DNA-cross-linking agents and a failure of bone marrow
stem cells to proliferate normally, leading to pancytopenia.
The gene for one of the four known complementation groups
of Fanconi anemia has been cloned. However, the predicted
amino acid sequence has thus far provided no clue to the
function of this gene (49, 50). We are currently investigating
the possibility that mus308 is a homolog of one of the Fanconi
anemia genes. Other than mus308 and possibly one or more of
the genes associated with Fanconi anemia, the only reported
example of a gene specifically associated with unique sensitivity
to cross-linking agents is the PSO2 gene (also known as SNM1)
(28, 45). The predicted amino acid sequence of this gene is also
uninformative with respect to function.
Should biochemical analysis confirm that the MUS308 protein

is in fact a helicase-polymerase or a helicase-nuclease-poly-
merase, it will represent the first example of these activities
residing on the same polypeptide. Biochemical characteriza-
tion of these activities and the identification of homologs in
other eukaryotes should prove useful in elucidating the mech-
anism of DNA cross-link repair in eukaryotes.
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