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Most life forms have the ability to respond to alterations in genomic
DNA that occur spontaneously or are caused by environmental agents.
Generally, these responses take one of two forms. Cells can either repair
the damage and restore the genome to its normal physical and functional
state, or they can tolerate lesions in a way that reduces their lethal effects
(Friedberg et al. 1995). This brief overview exclusively considers the for-
mer cellular response to DNA damage, which represents true DNA
repair. However, the tolerance of base damage, typically by replicative
bypass, sets the stage for permanent mutations in DNA. In fact, a major
function of DNA repair is the prevention of mutations, which can have
significant phenotypic consequences, including neoplastic transformation
in mammalian cells (Friedberg et al. 1995).

The repair of altered bases in DNA is frequently classified into two
major categories that have important mechanistic distinctions. A rela-
tively limited group of lesions in DNA can be repaired in single-step
reactions that directly reverse the damage. The light-dependent mono-
merization of cyclobutane pyrimidine dimers by DNA photolyase is a
well-characterized example (Kim and Sancar 1993). DNA photolyases
have been extensively characterized from many prokaryotes and fungi,
and from vertebrates, including fish (Yasuhira and Yasui 1992) and mar-
supials (Yasui et al. 1994). However, this mode for the repair of the
quantitatively major form of DNA damage induced by ultraviolet (UV)
radiation seems to have been lost in placental mammals (Li et al. 1993).
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The direct removal of small alkyl groups (such as methyl groups) specifi-
cally from the Q5 position of guanine and the O% position of thymine in
DNA is another notable example of repair by the reversal of base
damage. The enzyme that removes alkyl groups from these specific sites
in guanine and thymine is designated O°-methylguanine-DNA methyl-
transferase and is ubiquitous in nature.

A more general mode of DNA repair, which is the primary topic of
this review, is the physical excision of damaged or inappropriate bases
from the genome by multistep biochemical reactions. At present, three
specific modes of such repair have been identified and characterized in
eukaryotes. These are referred to as base excision repair, nucleotide exci-
sion repair, and mismatch repair.

BASE EXCISION REPAIR OF DNA IN EUKARYOTES

The term base excision repair (BER) was coined to emphasize that this
DNA repair mechanism is characterized by the excision of nucleic acid
base residues in the free form (Friedberg et al. 1995). In contrast,
nucleotide excision repair (NER) removes damaged nucleotides as part
of fragments which are about 30 nucleotides long. The primary and ini-
tiating event of BER is the hydrolysis of the N-glycosyl bond linking a
nitrogenous base to the deoxyribose-phosphate chain, thereby releasing
the free base (Fig. 1). The hydrolysis of N-glycosyl bonds in DNA is
catalyzed by a class of enzymes called DNA glycosylases. Multiple
DNA glycosylases have been identified in eukaryotic cells (Table 1).
Each enzyme removes a limited spectrum of base alterations. Uracil-
DNA glycosylase is particularly specific, as it catalyzes the excision ex-
clusively of the base uracil (and 5-fluorouracil) from DNA. Uracil in
DNA usually results from the spontaneous or chemically induced de-
amination of cytosine, although it can occasionally arise by incorporation
from small intracellular pools of dUTP or from the deamination of dCTP
(Friedberg et al. 1995). Since deamination of cytosine in DNA generates
a U+G mispair, excision of uracil is important to avoid G-C—A-T transi-
tion mutations during subsequent semiconservative DNA replication.
The enzyme from human cells is encoded by the UNG gene, which maps
to chromosome 12 (Aasland et al. 1990). The amino acid sequence of hu-
man uracil-DNA glycosylase shares extensive amino acid sequence
identity with the ung gene product from a variety of other organisms.
Another highly specific DNA glycosylase is the thymine mismatch-
DNA glycosylase, which to date has been identified only in extracts of
human cells (Neddermann and Jiricny 1993). This enzyme specifically
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Figure 1 Base excision repair (BER) of DNA in eukaryotes. Repair of a uracil
residue initiated by uracil-DNA glycosylase is shown as an example. A
branched pathway of repair synthesis is depicted, resulting in either single
nucleotide repair patches (left) or longer patches of variable size (right), depend-
ing on which enzymes are utilized. Enzymes implicated in the longer patch
repair mode are tentatively assigned. (Adapted, with permission, from Lindahl et

al. 1995.)

catalyzes the excision of T when it is mispaired with G, a mispairing that
results from the deamination of 5-methylcytosine in DNA. Hence, this
form of BER represents one of the several biochemical strategies that hu-
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Table 1 DNA glycosylases for base excision repair in eukaryotes

DNA glycosylase E. coli homolog Substrates

Uracil-DNA glycosylase ung uracil or fluorouracil in
DNA

3-MeA-DNA glycosylase alkA 3-methyladenine
hypoxanthine

0O2-methylthymine

(minor groove alterations)
FaPy-DNA glycosylase frg (mutM) formamidopyrimidines

8-hydroxyguanine

(oxidized and ring-opened

purines)
Pyrimidine hydrate-DNA nth (endolll) thymine glycol
glycosylase cytosine hydrate

urea (oxidized and ring-
opened pyrimidines)

G:T mismatch glycosylase - thymine when paired to
guanine, O%-methyl-
guanine, or 6-thioguanine

man cells possess for the repair of mismatched bases (see below).

The excision of bases from duplex DNA generates apurinic or apy-
rimidinic (AP) sites (Fig. 1). The repair of these sites of base loss utilizes
a specific class of endonucleases designated AP endonucleases (Fried-
berg et al. 1995). Prokaryotes such as Escherichia coli have at least two
such enzymes. However, studies of yeast and mammalian cells have thus
far resulted in the purification and characterization of a single major
endonuclease that catalyzes the incision of phosphodiester linkages
exclusively 5’ to AP sites, generating 3'-OH and 5’-deoxyribose-
phosphate residues (Fig. 1). This enzyme also has 3’-phosphatase ac-
tivity, and, in some organisms, a weak 3’ -5’ exonuclease activity. In
mammalian cells, the gene that encodes this AP endonuclease is vari-
ously called BAPI (bovine AP endonuclease), APEX (AP endonuclease/
exonuclease), HAPI (human AP endonuclease), or APE (AP endonucle-
ase) (Demple et al. 1991; Robson et al. 1991, 1992; Seki et al. 1991). In-
triguingly, the HAPI/APE protein was also independently isolated as
REF-1, a redox factor that can regulate the Fos-Jun transcriptional ac-
tivation proteins (Walker et al. 1993; Xanthoudakis et al. 1994). Thus, in
addition to its role in BER, this protein may play a role in transducing
signals associated with oxidative stress to a regulatory network which in-
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volves genes associated with the metabolism of reactive oxygen species.
Like human uracil-DNA glycosylase, the HAP1 protein shows extensive
evolutionary conservation at the amino acid sequence level, and the
protein can correct some of the mutant phenotypes of E. coli cells defec-
tive in Xth protein, the major AP endonuclease in that organism.

The completion of BER requires the removal of the 5'-terminal
deoxyribose-phosphate residue generated by the AP endonuclease, fol-
lowed by repair synthesis and DNA ligation. A 47-kD enzyme activity
designated DNA deoxyribophosphodiesterase (dRpase) has been identi-
fied in human cells and can remove such sugar-phosphate residues from
duplex DNA (Price and Lindahl 1991). If this enzyme is indeed utilized
in vivo, a single nucleotide gap would be generated that can be filled in
by a DNA polymerase (Fig. 1). In vitro, such repair synthesis is efficient-
ly catalyzed by DNA polymerase-f (Dianov et al. 1992). It has been sug-
gested that because of its limited fidelity, polymerase-f may be utilized
in this particular very short patch mode of repair synthesis during BER
and not in repair synthesis associated with longer repair patches.

BER is sometimes associated with the generation of longer repair
patches. There are experimental indications that DNA polymerases 6 and
e are primarily involved in this second BER synthesis mode in both yeast
and human cells. These longer repair tracts are thought to result from a
nick translation reaction accompanied by strand displacement in the
5+—3 direction, thereby generating a flap type of structure (Fig. 1).
Removal of the overhanging 5’ -terminal single-stranded region of DNA
is believed to be effected by a 5’ single-strand/duplex junction-specific
nuclease originally designated DNase IV (Lindahl et al. 1969; Robins et
al. 1994) and more recently as FEN-1 (Harrington and Lieber 1994).
This nuclease, which is conserved in the yeasts Saccharomyces cere-
visiae as Rad27 protein and in Schizosaccharomyces pombe as rad2
protein (Murray et al. 1994), has also been implicated in lagging-strand
DNA synthesis during semiconservative replication (Ishimi et al. 1988;
Turchi et al. 1994; Waga et al. 1994). Inspection of the predicted amino
acid sequences of DNase 1V, Rad27, S. pombe rad2 protein, and various
prokaryotic DNA polymerases endowed with 5’ —3’ exonuclease ac-
tivity (such as E. coli DNA polymerase I), shows limited regions of
amino acid sequence homology (Table 2). Interestingly, this homology is
shared with junction-specific nucleases that are involved in NER in S.
cerevisiae and in mammalian cells (Table 2; see later discussion).

The final biochemical event during BER is DNA ligation. Mam-
malian cells (and possibly the yeast S. cerevisiae) contain several DNA
ligases. These are fully discussed in chapter 20. A recently recognized
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Table 2 Amino acid sequence homology between various nuclease families

E. colipol 1 (101) -MGLPLL--SGVEADD-IG-LAR-A---G
Bacillus caldotenax poll (97) -Y-1P-Y----YEADD-IG-LA--A---G
Streptococcus

pneumoniae pol 1 (102) -MGI--Y--A-YEADD-IG-L-K-A---G
Thermus flavus pol 1 (104) LLGL--L--PGFEADD-LA-LAK-A---G
T4 rnh (orfA) (119) YMPY-VM----YEADD-IAVL-K---L-G
T5 D15 (116) ---FP-F---GVEADD--AYI-K----L-
T76 (121) ---F-CI--P-LEGDD-MGVIA--P--FG
S. cerevisiae Rad27 (145) LMGIPYI--AP-EAEAQCA-LAK-GKVYA
S. pombe Rad2 (147) LMGIPFV--APCEAEAQCA-LARSGKVYA
Mus musculus FEN-1 (145) LMGIPYL--AP-EAEA-CA-LAKAGKVYA

Homo sapiens DNase IV (147) LMGIPYL--AP-EAEA-CA-L-KAGKVYA

S. cerevisiae Rad2 (781) -FGIPYI--APMEAEAQCA-L-----V-G
S. pombe Rad13 (767) LFGLPYI--AP-EREAQCS-L-—---V-G
Xenopus laevis XPG (811) LFGIPYI--APMEAEAQCAIL~-~T----G
H. sapiens XPG (778) LFGIPYI--APMEAEAQCAIL--T----G

The various nucleases shown are grouped according to known functions. The top group are DNA
polymerases with associated nuclease activities. The next group are members of the eukaryotic
DNase IV family, followed by the S. cerevisiae Rad2 nuclease family. The numbers in parentheses
refer to amino acid position. Only identical or related amino acids are shown. The dashes indicate
nonconserved positions. The EA(G)E(D) motif that is conserved in all 15 sequences is shown in
bold. (Adapted, with thanks, from Stuart G. Clarkson.)

aspect of DNA metabolism that can affect the kinetics of BER is the
potential competition for strand breaks in DNA between the enzymatic
machinery required for the completion of this repair process and the en-
zyme poly(ADP-ribose) polymerase. This enzyme normally has a high
affinity for strand breaks in DNA. However, in the presence of NAD*,
the bound enzyme undergoes extensive autoribosylation, which results in
decreased binding affinity for DNA and its eventual dissociation
(Molinete et al. 1993; Satoh et al. 1993). It has been suggested that the
binding of non-ribosylated poly(ADP ribose) polymerase to strand
breaks introduced by the sequential action of a DNA glycosylase and AP
endonuclease during BER may signal a slowing or cessation of DNA
replication while BER takes place. Alternatively, or additionally, the
binding of poly(ADP-ribose) polymerase to DNA may serve to reduce
the potential for the initiation of recombination at sites of strand
breakage (Lindahl et al. 1995).
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NUCLEOTIDE EXCISION REPAIR OF DNA IN EUKARYOTES

NER is characterized by the excision of damaged bases in oligonu-
cleotide fragments. In contrast to the limited substrate specificity of most
DNA glycosylases, NER operates on a large spectrum of base damage,
particularly that produced by environmental mutagenic and carcinogenic
agents which produce bulky, helix-distorting perturbations in DNA struc-
ture. In human cells, NER is the principal mechanism by which base
damage produced by UV radiation is removed from DNA. Individuals
with the rare inherited disorder xeroderma pigmentosum (XP) have
defects in NER genes (Table 3), generally leading to a greatly increased
risk of sunlight-induced skin cancer (Cleaver and Kraemer 1989).

There is now compelling evidence that in both prokaryotes and
eukaryotes, the oligonucleotides excised during NER are generated by
dual incisions which flank sites of base damage. Unlike BER, which is
believed to require no more than 5 proteins to complete the entire pro-
cess, there is good evidence that in eukaryotes the events that precede
repair synthesis and DNA ligation during NER require the participation
of between 15 and 20 gene products (Table 3). This degree of biochemi-
cal complexity is reminiscent of that associated with the initiation of
basal transcription by RNA polymerase II. Indeed, it has been suggested
that the generation of a transcription "bubble" as part of the process of
promoter clearance during RNA polymerase II transcription, and the gen-
eration of a bubble that defines the single-strand/duplex DNA junctions
required for bimodal incision during NER (Fig. 2), may be mechanis-
tically related (Hoeijmakers and Bootsma 1994). This suggestion is to a
large extent prompted by the recent discovery that both in the yeast S.
cerevisiae and in human cells the processes of NER and RNA
polymerase II-mediated transcription share multiple proteins in common
(Table 3) (Bootsma and Hoeijmakers 1993; Chalut et al. 1994; Drapkin
and Reinberg 1994; Friedberg et al. 1994).

Among the many proteins required for the initiation of RNA
polymerase II transcription in S. cerevisiae (all of which are encoded by
essential genes) are a complex of six polypeptides designated core TFIIH
(Table 3) (Svejstrup et al. 1995). This core complex is believed to assem-
ble with three other proteins (TFIIK) endowed with kinase activity for
the carboxy-terminal domain of the largest subunit of RNA polymerase
II, to yield a holoTFIIH supercomplex, the form of TFIIH that is func-
tional in transcription initiation (Svejstrup et al. 1995). Four of the six
subunits of core TFIIH have been directly shown to be indispensable for
NER in this yeast (Table 3) (Svejstrup et al. 1995). In crude extracts of S.
cerevisiae that are competent for RNA polymerase I basal transcription,
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Figure 2 Nucleotide excision repair (NER) in mammalian cells. The steps
shown are (1) DNA damage recognition; (2) incision on the 3’ side of the
damage; (3) the generation of a further opened structure by the helicase func-
tion(s) of TFIIH and incision on the 5/ side of the damage; (4) release of a
damage-containing oligonucleotide; (5) repair synthesis.

a different supercomplex can be identified that includes all six subunits
of core TFIIH plus at least five other proteins which are indispensable for
NER but are not known to be required for transcription, namely, Radl,
Rad2, Rad4, Rad10, and Rad14. This supercomplex comprising at least
these 11 proteins is referred to as the nucleotide excision repairosome
(Svejstrup et al. 1995). There are indications of comparable protein com-
plexes for transcription and NER in human cells (Roy et al. 1994).

The observation that core TFIIH is common to both repair and tran-
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scription may help explain the fact that in both yeast and mammalian
cells NER takes place significantly faster in the template strand of tran-
scriptionally active genes than in the nontranscribed strand (Bohr 1992;
Hanawalt 1992). However, it remains to be determined whether the par-
ticular form of TFIIH that participates in transcriptionally coupled NER
is the same as that loaded onto the DNA during transcription initiation as
part of the TFIIH holocomplex. It is intuitively compelling to consider
that when the TFIIH holocomplex is loaded onto promoter sites, the NER
proteins are retained in the transcription elongation complex. Thus, if
transcription is arrested at sites of base damage in the template strand,
the core TFIIH complex would constitute a strategically positioned
nucleation site for the assembly of a functionally active repairosome.
However, there is as yet no direct experimental evidence for this mech-
anism. An alternative possibility is that TFIIH does not participate in the
process of transcription elongation. There is indeed some evidence for
this view (Drapkin and Reinberg 1994; Goodrich and Tjian 1994). In this
event, repair proteins would be recruited to sites of arrested transcription
at base damage by a mechanism(s) that is yet to be specifically deter-
mined. Additionally, in mammalian cells, most of the genome is tran-
scriptionally silent, so NER frequently occurs in the absence of a coup-
ling to transcription. Yet components of TFIIH are still required, and it
remains to be discovered precisely how these are delivered to damaged
sites in transcriptionally silent regions of the genome.

Biochemical functions have been identified for several NER proteins
(Table 3). The bimodal incision mechanism involves single-strand/
duplex junction-specific nucleases. In S. cerevisiae the nuclease that is
believed to incise DNA 5’ to sites of base damage is carried in the
Rad1/Rad10 protein complex (Tomkinson et al. 1993). The mammalian
homologs of Rad1/Rad10 are ERCC4 and ERCCI1, respectively (Table
3). In vitro, the yeast Rad1/Rad10 endonuclease (and presumably the
ERCC1/XPF complex in mammalian cells) cuts splayed-arm substrates
specifically at 3’ single-strand/duplex junctions where the single strand
has a 3’ end (Bardwell et al. 1994). Reciprocally, purified human XPG
protein cuts splayed-arm substrates specifically at single-strand/duplex
junctions where the single strand has a 5 end, and additionally cuts bub-
ble substrates with a consistent polarity (O’Donovan et al. 1994). Thus,
XPG protein is believed to incise DNA on the 3’ side of damage during
NER. Presumably the homologous Rad2 protein acts similarly (Harring-
ton and Lieber 1994). Rad2 protein (Habraken et al. 1993), Rad1/Rad10
complex (Tomkinson et al. 1993; Sung et al. 1993), and XPG protein
(O’Donovan et al. 1994; Habraken et al. 1994) also can cut bac-
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teriophage M13 DNA, presumably at single-strand/duplex junctions at
hairpin loops in such DNA. Thus, it seems reasonable to conclude that
bimodal damage-specific incision during NER in eukaryotes is achieved
by the concomitant or sequential actions of the Rad1/Rad10 and Rad2
nucleases in yeast, and by the ERCC1/XPF and XPG nucleases in mam-
malian cells (Fig. 2). There are indications that the XPC protein may also
participate in the incision process (Shivji et al. 1994).

Studies on NER suggest that the excised oligonucleotide fragments
have a precise size of approximately 30 + 2 nucleotides in human (and
presumably in yeast) cells. Based on the established specificity of the
endonucleases just discussed for single-strand/duplex junctions, we are
led to the model that an open structure of about 30 nucleotides is some-
how generated in damaged DNA during NER in eukaryotes. Regardless
of precisely how the TFIIH core complex is loaded onto DNA, the
known biochemical properties of two components of this complex may
help explain how such an open structure might arise. Both the yeast Rad3
(human XPD) and Ssl2 (human XPB) proteins are DNA helicases with
opposite directionality. It is therefore possible that one or both of these
helicases unwind limited regions of duplex DNA on either side of a
damaged site during NER (Fig. 2). There is indeed extensive evidence
that the 5*—3* helicase function of Rad3 protein is specifically required
for NER but not for transcription. The 3’ —5’ helicase function of yeast
Ssl2 (XPB) protein is essential for the viability of yeast cells and is there-
fore presumably indispensable for transcription as well.

It is not yet established how endonucleolytic cleavage is directed spe-
cifically to the DNA strand containing a lesion. The yeast Rad14 and
homologous human XPA proteins are DNA-binding proteins with prefer-
ential affinity for certain types of DNA damage (Robins et al. 1991; Guz-
der et al. 1993; Jones and Wood 1993; Asahina et al. 1994). Presumably,
these proteins play some role in the recognition of base damage. The
XPE protein may also participate in this process (Chu and Chang 1988;
Hirschfeld et al. 1990; Keeney et al. 1993; Takao et al. 1993; Payne and
Chu 1994). It has also been shown that the helicase function of purified
Rad3 (human XPD) protein is arrested by the presence of many types of
base damage, specifically in the strand on which the protein translocates
(Naegeli et al. 1992; Sung et al. 1994). Hence, Rad3 (XPD) protein may
also be an important player in damage recognition, both in the non-
transcribed bulk of the genome and in transcribed regions of DNA.
Specific protein-protein interactions, such as found between XPA and
ERCC1, may help direct endonucleolytic cleavage to the correct strand
(Li et al. 1994; Park and Sancar 1994).
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In addition to the proteins discussed above, there are indications that
other polypeptides are involved in NER. In yeast, these include the
RAD7, RAD16, and RAD23 gene products, but the precise functional
role(s) of these proteins remains to be determined. Recent studies using a
cell-free system for NER in yeast indicate an absolute requirement for
Rad7 protein (Z. Wang and E.C. Friedberg, unpubl.). The single-stranded
DNA-binding replication protein A (RP-A) is necessary for NER sup-
ported by mammalian cell extracts in vitro, where it participates during
DNA repair synthesis. Additionally, RP-A is required for damage-
specific incision (Coverley et al. 1992; Shivji et al. 1992). The homolog
of this heterotrimeric protein in S. cerevisiae is encoded by the RFA
genes, and yeast strains carrying mutations in the RFAJ gene are ab-
normally sensitive to UV radiation, suggesting a role for RP-A in NER in
vivo (Longhese et al. 1994).

The repair synthesis step of NER in mammalian cells requires the
DNA polymerase accessory factor proliferating cell nuclear antigen
(PCNA) in vitro (Shivji et al. 1992), and there is also evidence that
PCNA is involved in vivo (Celis and Madsen 1986; Toschi and Bravo
1988; Miura et al. 1992; Hall et al. 1993; Jackson et al. 1994). These ob-
servations, together with experiments with chemical inhibitors, implicate
the PCNA-dependent DNA polymerases & or £ in the repair synthesis
step. Perhaps either enzyme works in this function, but DNA
polymerase-¢ appears to be the most suitable candidate in vivo (Nishida
et al. 1988; Syvioja et al. 1990). Recent studies have shown that DNA
polymerase-¢ is also functionally well suited for NER in vitro, and in the
presence of RP-A, replication protein C (RP-C) is also required (R.D.
Wood et al.,, unpubl.). RP-C functions to load PCNA onto a DNA
template in order to initiate DNA synthesis (Podust et al. 1994). The
repair synthesis patch in vitro (Hansson et al. 1989; Shivji et al. 1992)
and in vivo (Cleaver et al. 1991) is about 30 nucleotides long, reflecting
precise filling of the gap created by the excision of oligonucleotides.

MISMATCH REPAIR IN EUKARYOTES

Mismatches can arise in DNA by two primary mechanisms. Replicative
DNA polymerases do not copy templates with complete accuracy, so
mismatches can arise because of replicative errors. Additionally,
heteroduplexes formed as recombination intermediates between two
homologous pieces of DNA (such as two alleles of a gene) can contain
mismatches arising from polymorphisms. The former mechanism is the
most important source of mismatches in somatic cells.
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General (so-called long-patch) mismatch repair is best understood in
E. coli, where the core enzymes of the system are the products of the
mutH, mutL, and mutS genes (Modrich 1991; Friedberg et al. 1995). Mis-
match repair can only protect cells from permanent mutations if the
parental strand (containing the correct information) can be accurately
distinguished from the daughter strand. In E. coli, the strand discrimina-
tion signal is provided by adenine methylation in GATC sequences; new-
ly replicated DNA is not yet methylated on the daughter strand (Modrich
1991; Friedberg et al. 1995). The MutH protein binds to DNA at hemi-
methylated GATC sequences and effects incision on the unmethylated
strand. MutS protein recognizes and binds to the mismatch, and the inter-
vening region (often hundreds of nucleotides long) is excised and
recopied by a DNA polymerase (Modrich 1991; Friedberg et al. 1995).
The MutL protein mediates communication between the distantly bound
MutH and MutS products, bringing them together by looping out the in-
tervening region of DNA (Fig. 3) (Modrich 1991).

Long-patch mismatch excision repair is a highly conserved process
that appears to work in a similar way in eukaryotes as in E. coli, except
that strand discrimination does not appear to be methyl-directed in
eukaryotes (Friedberg et al. 1995). Thus, there may be no eukaryotic
MutH homolog. Instead, the strand-discrimination signal is thought to be
provided by single-stranded nicks or gaps in newly replicated DNA,
which have not yet been joined by a DNA ligase. A protein that recog-
nizes these nicks or gaps would replace the function of MutH. However,
several structural homologs of Mutl. and MutS have been isolated from
yeast and from mammalian cells. Of the two known MutS homologs, one
(hMSH?2) is a nuclear protein and the other (hnMSH1) is mitochondrial.
Interestingly, there are at least three Mutl. homologs in humans
(hMLH1, hPMS1, and hPMS2). hMSH2 has been demonstrated to be a
DNA mismatch-binding protein in vitro (Palombo et al. 1994). It seems
probable that the MutS and MutL proteins form complexes with one an-
other in different combinations to facilitate recognition of a wide range
of different types of mismatches, ranging from common single base-pair
mismatches such as G-°T, through loop-outs of one, two, or more
nucleotides.

Inactivation of mismatch repair genes in humans is clearly implicated
in the pathogenesis of hereditary non-polyposis colon cancer (HNPCC).
Individuals with this condition inherit an inactivated allele of a mismatch
repair gene, and colorectal carcinomas in these individuals (as well as
sporadic tumors from non-HNPCC patients) have two inactivated alleles.
The mismatch repair defect increases the spontaneous mutation rate in
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Figure 3 General (long-patch) mismatch repair of DNA in E. coli. The
eukaryotic process is believed to share many of the features shown here. See text
for details.

the cells. This hypermutable state is thought to be an early event in the
progression of tumors to malignancy, as it greatly accelerates the acquisi-
tion of mutations in other tumor suppressor genes and oncogenes. Thus
far, HNPCC families have been found with mutations in the hMSH2,
hMLH1, hPMS1, and hPMS2 genes (Fishel et al. 1993; Leach et al.
1993; Bronner et al. 1994; Nicolaides et al. 1994; Papadopoulos et al.
1994). A notable characteristic of colorectal carcinoma cell lines is their
high rate of polymorphism in microsatellite repeat sequences. During
DNA replication, di- or trinucleotide repeat units in such sequences can
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be accidentally lost or gained by replication fork slippage. In the absence
of mismatch repair, the lengths of the microsatellite sequences change
more rapidly than in normal cells, reflecting the hypermutable state
(Aaltonen et al. 1993).

An interesting feature of mismatch repair-defective cells is an associ-
ation with tolerance to simple DNA N-nitroso-methylating agents such
as MNNG and MNU (Karran and Bignami 1994). This tolerance results
because the most toxic DNA adduct produced by such agents, Q%-
methylguanine, can pair with thymine and the resulting GOOMe-T base
pair is recognized as a mismatch. However, G*T mismatches are nearly
always repaired by removal of the T residue, so futile cycles of mismatch
repair are initiated. The major alternative pathway for the removal of O°-
methylguanine is by the OS%-methylguanine-DNA methyltransferase
referred to earlier, but many cells, particularly those that are transformed,
spontaneously lose expression of this enzyme. In such cases, the repeated
excision cycles of futile mismatch repair eventually lead to lethal strand
breaks (Karran and Bignami 1994). Thus, there may be selective pressure
for loss of mismatch repair in cells that are frequently exposed to
methylating agents. Colon cells are exposed to bile acids that can be con-
verted into methylating compounds (Karran and Bignami 1994). Cells
with defective O%-methylguanine-DNA methyltransferase and defective
mismatch binding proteins become more resistant to DNA-methylating
agents, but are hypermutable and show microsatellite instability (Branch
et al. 1993; Kat et al. 1993; Aquilina et al. 1994).

Mismatch repair can be studied in vitro and the entire repair process
can be carried out in mammalian cell extracts, so details of the
biochemistry of this excision repair mode are emerging rapidly.

CONCLUDING REMARKS

The general topic of excision repair of DNA in eukaryotes has undergone
many exciting developments in recent years. The biochemistry of BER is
essentially fully defined in vitro and is consonant with the genetics of
this process. It has additionally been firmly established that NER is a
complex biochemical process involving a large number of gene products.
The findings in a number of laboratories that some components of the
NER machinery are also components of the RNA polymerase II basal
transcription apparatus have added new and exciting dimensions to this
DNA repair mode, including new insights into the possible molecular
pathogenesis of human hereditary diseases associated with defective
NER (Friedberg et al. 1994; Vermeulen et al. 1994). Equally dramatic
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strides have been made in deciphering the mechanism of strand-directed
mismatch repair in eukaryotes. The association of defective NER and
mismatch repair with a variety of human cancers provides convincing
support for the somatic mutation hypothesis of neoplastic transformation
and the crucial role of DNA repair in protecting against this consequence
of DNA damage.

ACKNOWLEDGMENTS

We apologize to many of our colleagues for the restrictive reference list
necessitated by space limitations. We thank our laboratory colleagues for
critical review of the manuscript. E.C.F. and R.D.W. acknowledge grant
support from the U.S. Public Health Service and the Imperial Cancer Re-
search Fund, respectively.

REFERENCES

Aaltonen, L.A., P. Peltomiki, F.S. Leach, P. Sistonen, L. Pylkkénen, J.-P. Mecklin, H.
Jarvinen, S.M. Powell, J. Jen, S.R. Hamilton, G.M. Petersen, K.W. Kinzler, B. Vogel-
stein, and A. de la Chapelle. 1993. Clues to the pathogenesis of familial colorectal can-
cer. Science 260: 812-816.

Aasland, R., L.C. Olsen, N.K. Spurr, H.E. Krokan, and D.E. Helland. 1990.
Chromosomal assignment of human uracil-DNA glycosylase to chromosome 12.
Genomics T: 139-141.

Aquilina, G., P. Hess, P. Branch, C. MacGeoch, 1. Casciano, P. Karran, and M. Bignami.
1994. A mismatch recognition defect in colon-carcinoma confers DNA microsatellite
instability and a mutator phenotype. Proc. Natl. Acad. Sci. 91: 8905-8909.

Asahina, H., I. Kuraoka, M. Shirakawa, E.H. Morita, N. Miura, I. Miyamoto, E. Ohtsuka,
Y. Okada, and K. Tanaka. 1994. The XPA protein is a zinc metalloprotein with an
ability to recognize various kinds of DNA damage. Mutat. Res. 315: 229-237.

Bardwell, A.J., L. Bardwell, A.E. Tomkinson, and E.C. Friedberg. 1994. Specific
cleavage of model recombination and repair intermediates by the yeast Rad1-Rad10
DNA endonuclease. Science 265: 2082-2085.

Bohr, V.A. 1992. Gene-specific DNA repair: Characteristics and relations to genomic
instability. In DNA repair mechanisms (ed. V.A. Bohr et al), pp. 217-227.
Munksgaard, Copenhagen.

Bootsma, D. and J.H.J. Hoeijmakers. 1993. Engagement with transcription. Nature 363:
114-115.

Branch, P., G. Aquilina, M. Bignami, and P. Karran. 1993. Defective mismatch binding
and a mutator phenotype in cells tolerant to DNA damage. Nature 362: 652-654.

Bronner, C.E., S.M. Baker, P.T. Morrison, G. Warren, L.G. Smith, M.K. Lescoe, M.
Kane, C. Earabine, J. Lipford, A. Lindblom, P. Tannergérd, R.J. Bollag, A.R. Godwin,
D.C. Ward, M. Nordenskjeld, R. Fishel, R. Kolodner, and R.M. Liskay. 1994. Mutation
in the DNA mismatch repair gene homologue hAMLH1 is associated with hereditary
non-polyposis colon cancer. Nature 368: 258-261.



Excision Repair in Eukaryotes 265

Celis, 1.E., and P. Madsen. 1986. Increased nuclear cyclin/PCNA antigen staining of non
S-phase transformed human amnion cells engaged in nucleotide excision DNA repair.
FEBS Lett. 209: 277-283.

Chalut, C., V. Moncollin, and J.M. Egly. 1994. Transcription by RNA polymerase 1I: A
process linked to DNA repair. BioEssays 16: 651-655.

Chu, G. and E. Chang. 1988. Xeroderma pigmentosum group E cells lack a nuclear factor
that binds to damaged DNA. Science 242: 564-567.

Cleaver, J.E. and K.H. Kraemer. 1989. Xeroderma pigmentosum. In The metabolic basis
of inherited disease, 6th edition (ed. C.R. Scriver et al.), pp. 2949-2971. McGraw-Hill,
New York.

Cleaver, J.E., J. Jen, W.C. Charles, and D.L. Mitchell. 1991. Cyclobutane dimers and (6-
4)photoproducts in human-cells are mended with the same patch sizes. Photochem.
Photobiol. 54: 393-402.

Coverley, D., M.K. Kenny, D.P. Lane, and R.D. Wood. 1992. A role for the human
single-stranded DNA binding protein HSSB/RPA in an early stage of nucleotide exci-
sion repair. Nucleic Acids Res. 20: 3873-3880.

Demple, B., T. Herman, and D.S. Chen. 1991. Cloning and expression of ape, the cDNA-
encoding the major human apurinic endonuclease-definition of a family of DNA-repair
enzymes. Proc. Natl. Acad. Sci. 88: 11450-11454.

Dianov, G., A. Price, and T. Lindahl. 1992. Generation of single-nucleotide repair
patches following excision of uracil residues from DNA. Mol Cell. Biol. 12:
1605-1612.

Drapkin, R. and D. Reinberg. 1994. The multifunctional TFITH complex and
transcriptional control. Trends Biochem. Sci. 19: 504-508.

Fishel, R., M.K. Lescoe, M.R.S. Rao, N.G. Copeland, N.A. Jenkins, J. Garber, M. Kane,
and R. Kolodner. 1993. The human mutator gene homolog MSH2 and its association
with hereditary nonpolyposis cancer. Cell 75: 1027-1038.

Friedberg, E.C., G.C. Walker, and W. Siede. 1995. DNA repair and mutagenesis. ASM
Press, Washington, D.C.

Friedberg, E.C., AJ. Bardwell, L. Bardwell, Z. Wang, and G. Dianov. 1994.
Transcription and nucleotide excision repair-reflections, considerations and recent
biochemical insights. Mutat. Res. 307: 5-14.

Goodrich, J.A. and R. Tjian. 1994. Transcription factors IIE and ITH and ATP hydrolysis
direct promoter clearance by RNA polymerase II. Cell 77: 145-156.

Guzder, S.N,, P. Sung, L. Prakash, and S. Prakash. 1993. Yeast DNA-repair gene RAD14
encodes a zinc metalloprotein with affinity for ultraviolet-damaged DNA. Proc. Natl.
Acad. Sci. 90: 5433-5437.

Habraken, Y., P. Sung, L. Prakash, and S. Prakash. 1993. Yeast excision repair gene
RAD?2 encodes a single-stranded DNA endonuclease. Nature 366: 365-368.

1994. Human xeroderma-pigmentosum group-G gene encodes a DNA
endonuclease. Nucleic Acids Re.s 22: 3312-3316.

Hall, P.A,, P.H. McKee, H. Menage, R. Dover, and D.P. Lane. 1993. High levels of pS3
protein in UV-irradiated normal human skin. Oncogene 8: 203-207.

Hanawalt, P.C. 1992. Transcription-dependent and transcription-coupled DNA repair
responses. In DNA repair mechanisms (ed. V.A. Bohre et al.), pp. 231-242.
Munksgaard, Copenhagen.

Hansson, J.,, M. Munn, W.D. Rupp, R. Kahn, and R.D. Wood. 1989. Localization of
DNA repair synthesis by human cell extracts to a short region at the site of a lesion. J.




266 E.C. Friedberg and R.D. Wood

Biol. Chem. 264: 21788-21792.

Harrington, J.J. and M.R. Lieber. 1994. Functional domains within FEN-1 and Rad2
define a family of structure-specific endonucleases—Implications for nucleotide
excision-repair. Genes Dev. 8: 1344-1355.

Hirschfeld, S., A.S. Levine, K. Ozato, and M. Protic. 1990. A constitutive damage-
specific DNA-binding protein is synthesized at higher levels in UV-irradiated primate
cells. Mol. Cell. Biol. 10: 2041-2048.

Hoeijmakers, J.H.J. and D. Bootsma. 1994. Incisions for excision. Nature 371: 654-655.

Ishimi, Y., A. Claude, P. Bullock, and J. Hurwitz. 1988. Complete enzymatic synthesis of
DNA containing the SV40 origin of replication. J. Biol. Chem. 263: 19723-19733.

Jackson, D.A., A B. Hassan, R.J. Errington, and P.R. Cook. 1994. Sites in human nuclei
where damage induced by ultraviolet-light is repaired—Localization relative to tran-
scription sites and concentrations of proliferating cell nuclear antigen and the tumor-
suppressor protein, p53. J. Cell Sci. 107: 1753-1760.

Jones, C.J. and R.D. Wood. 1993. Preferential binding of the xeroderma pigmentosum
group A complementing protein to damaged DNA. Biochemistry 32: 12096~12104.

Karran, P. and M. Bignami. 1994. DNA damage tolerance, mismatch repair and genome
instability. BioEssays 16: 833-839.

Kat, A., W.G. Thilly, W.H. Fang, M.J. Longley, G.M. Li, and P. Modrich. 1993. An
alkylation-tolerant, mutator human cell line is deficient in strand-specific mismatch
repair. Proc. Natl. Acad. Sci. 90: 6424-6428.

Keeney, S., G.J. Chang, and S. Linn. 1993. Characterization of a human DNA-damage
binding protein implicated in xeroderma pigmentosum E. J. Biol. Chem. 268:
21293-21300.

Kim, S.T. and A. Sancar. 1993. Photochemistry, photophysics, and mechanism of
pyrimidine dimer repair by DNA photolyase. Photochem. Photobiol. 57: 895-904.

Leach, F.S., N.C. Nicolaides, N. Papadopoulos, B. Liu, J. Jen, R. Parsons, P. Peltomiéki,
P. Sistonen, L.A. Aaltonen, M. Nystrém-Lahti, X.-Y. Guan, J. Zhang, P.S. Meltzer, J.-
W. Yu, F.-T. Kao, D.J. Chen, K.M. Cerosaletti, R.E.K. Fournier, S. Todd, T. Lewis,
R.J. Leach, S.L. Naylor, J. Weissenbach, J.-P. Mecklin, H. Jarvinen, G.M. Petersen,
S.R. Hamilton, J. Green, J. Jass, P. Watson, H.T. Lynch, J.M. Trent, A. de la Chap-
pelle, K.W. Kinzler, and B. Vogelstein. 1993. Mutations of a mutS homolog in
hereditary nonpolyposis colorectal cancer. Cell 75: 1215-1225.

Li, L., S.J. Elledge, C.A. Peterson, E.S. Bales, and R.J. Legerski. 1994. Specific associa-
tion between the human DNA repair proteins XPA and ERCC1. Proc. Natl. Acad. Sci.
91: 5012-5016.

Li, Y.F., S.T. Kim, and A. Sancar. 1993. Evidence for lack of DNA photoreactivating en-
zyme in humans. Proc. Natl. Acad. Sci. 90: 4389-4393 .

Lindahl, T., J.A. Gally, and G.M. Edelman. 1969. Deoxyribonuclease IV: A new ex-
onuclease from mammalian tissues. Proc. Natl. Acad. Sci. 62: 597-603.

Lindahl, T., M.S. Satoh, and G. Dianov. 1995. Enzymes acting at strand interruptions in
DNA. Philos. Trans. R. Soc. Lond. Biol. Sci. 347: 57-62.

Longhese, M.P., P. Plevani, and G. Lucchini. 1994. Replication factor A is required in
vivo for DNA replication, repair, and recombination. Mol. Cell. Biol. 14: 7884-7890.
Miura, M., M. Domon, T. Sasaki, and Y. Takasaki. 1992. Induction of proliferating cell

nuclear antigen (PCNA) complex-formation in quiescent fibroblasts from a xeroderma
pigmentosum patient. J. Cell. Physiol. 150: 370-376.
Modrich, P. 1991. Mechanisms and biological effects of mismatch repair. Annu. Rev.



Excision Repair in Eukaryotes 267

Genet. 25: 229-253.

Molinete, M., W. Vermeulen, A. Burkle, J. Menissier-De Murcia, J.H. Kupper, J.H.J.
Hoeijmakers, and G. de Murcia. 1993. Overproduction of the poly(ADP-ribose)
polymerase DNA-binding domain blocks alkylation-induced DNA-repair synthesis in
mammalian cells. EMBO J. 12: 2109~2117.

Murray, J.M., M. Tavassoli, R. Al-Harithy, K.S. Sheldrick, A.R. Lehmann, A.M. Carr,
and F.Z. Watts. 1994. Structural and functional conservation of the human homologue
of the Schizosaccharomyces pombe rad2 gene, which is required for DNA repair and
chromosome segregation. Mol. Cell. Biol. 14: 4878-4888.

Naegeli, H., L. Bardwell, and E.C. Friedberg. 1992. The DNA helicase and adenosine-
triphosphatase activities of yeast rad3 protein are inhibited by DNA damage—A poten-
tial mechanism for damage-specific recognition. J. Biol. Chem. 267: 392-398.

Neddermann, P. and J. Jiricny. 1993. The purification of a mismatch-specific thymine-
DNA glycosylase from HelLa cells. J. Biol. Chem. 268: 21218-21224.

Nicolaides, N.C., N. Papadopolous, B. Liu, Y.F. Wei, K.C. Carter, S.M. Ruben, C.A.
Rosen, W.A. Haseltine, R.D. Fleischmann, and C.M. Fraser. 1994. Mutations of 2 pms
homologs in hereditary nonpolyposis colon cancer. Nature 371: 75-80.

Nishida, C., P. Reinhard, and S. Linn. 1988. DNA repair synthesis in human fibroblasts
requires DNA polymerase 8. J. Biol. Chem. 263: 501-510.

O’Donovan, A., A.A. Davies, J.G. Moggs, S.C. West, and R.D. Wood. 1994. XPG
endonuclease makes the 3’ incision in human DNA nucleotide excision repair. Nature
371: 432-435.

Palombo, F., M. Hughes, J. Jiricny, O. Truong, and J. Hsuan. 1994, Mismatch repair and
cancer. Nature 367: 417.

Papadopoulos, N., N.C. Nicolaides, Y.-F. Wei, S.M. Ruben, K.C. Carter, C.A. Rosen,
W.A. Haseltine, R.D. Fleischmann, C.M. Fraser, M.D. Adams, J.C. Venter, S.R.
Hamilton, G.M. Petersen, P. Watson, H.T. Lynch, P. Peltomaki, J.-P. Mecklin, A. de la
Chapelle, K.W. Kinzier, and B. Vogelstein. 1994. Mutation of a mutL homolog in
hereditary colon cancer. Science 263: 1625-1629.

Park, C.H. and A. Sancar. 1994. Formation of a ternary complex by human XPA,
ERCC1, and ERCC4(XPF) excision-repair proteins. Proc. Natl. Acad. Sci. 91:
5017-5021.

Payne, A. and G. Chu. 1994. Xeroderma-pigmentosum group-e binding factor recognizes
a broad spectrum of DNA damage. Mutat. Res. 310: 89-102.

Podust, L.M., V.N. Podust, C. Floth, and U. Hiibscher. 1994. Assembly of DNA
polymerase & and & holoenzymes depends on the geometry of the DNA template.
Nucleic Acids Res. 22: 2970-2975.

Price, A. and T. Lindahl. 1991. Enzymatic release of 5’ -terminal deoxyribose phosphate
residues from damaged DNA in human cells. Biochemistry 30: 8631-8637.

Robins, P., D.J.C. Pappin, R.D. Wood, and T. Lindahl. 1994. Structural and functional
homology between mammalian DNase IV and the 5’ nuclease domain of Escherichia
coli DNA polymerase 1. J. Biol. Chem. 269: 28535-28538.

Robins, P., C.J. Jones, M. Biggerstaff, T. Lindahl, and R.D. Wood. 1991. Complementa-
tion of DNA repair in xeroderma pigmentosum group A cell extracts by a protein with
affinity for damaged DNA. EMBO J. 10: 3913-3921.

Robson, C.N., A.M. Milne, D.J.C. Pappin, and 1.D. Hickson. 1991. Isolation of cDNA
clones encoding an enzyme from bovine cells that repairs oxidative DNA damage in
vitro—Homology with bacterial repair enzymes. Nucleic Acids Res. 19: 1087-1092.



268 E.C. Friedberg and R.D. Wood

Robson, C.N., D. Hochhauser, R. Craig, K. Rack, V.J. Buckle, and 1.D. Hickson. 1992.
Structure of the human DNA-repair gene HAPI and its localization to chromosome 14q
11 2-12. Nucleic Acids Res. 20: 4417-4421.

Roy, R., J.P. Adamczewski, T. Seroz, W. Vermeulen, J.-P. Tassan, L. Schaeffer, E.A.
Nigg, J.H.J. Hoeijmakers, and J.-M. Egly. 1994. The MO15 cell cycle kinase is associ-
ated with the TFITH transcription-DNA repair factor. Cell 79: 1093-1101.

Satoh, M.S., G.G. Poirier, and T. Lindahl. 1993. NAD+-dependent repair of damaged
DNA by human cell extracts. J. Biol. Chem. 268: 5480-5487.

Seki, S., S. Ikeda, S. Watanabe, M. Hatsushika, K. Tsutsui, K. Akiyama, and B. Zhang.
1991. A mouse DNA-repair enzyme (APEX nuclease) having exonuclease and apurinic
apyrimidinic endonuclease activities—Purification and characterization. Biochim.
Biophys. Acta 1079: 57-64.

Shivji, M.K.K., A.P.M. Eker, and R.D. Wood. 1994. DNA repair defect in xeroderma
pigmentosum group C and complementing factor from HeLa cells. J. Biol. Chem. 269:
22749-22757.

Shivji, M.K.K., M.K. Kenny, and R.D. Wood. 1992. Proliferating cell nuclear antigen is
required for DNA excision repair. Cell 69: 367-374.

Sung, P., P. Reynolds, L. Prakash, and S. Prakash. 1993. Purification and characterization
of the Saccharomyces cerevisiae RADI-RADI0 endonuclease. J. Biol. Chem. 268:
26391-26399.

Sung, P., J.F. Watkins, L. Prakash, and S. Prakash. 1994. Negative superhelicity
promotes ATP-dependent binding of yeast Rad3 protein to ultraviolet-damaged DNA.
J. Biol. Chem. 269: 8303-8308.

Svejstrup, J.Q., Z. Wang, W.J. Feaver, X. Wu, T.F. Donahue, E.C. Friedberg, and R.D.
Kornberg. 1995. Different forms of TFIITH for transcription and DNA repair: Holo-
TFITH and a nucleotide excision repairosome. Cell 80: 21-28.

Syvioja, I., S. Suomensaari, C. Nishida, J.S. Goldsmith, G.S.J. Chui, S. Jain, and S. Linn.
1990. DNA polymerases a, §, and €: Three distinct enzymes from HeLa cells. Proc.
Natl. Acad. Sci. 87: 6664-6668.

Takao, M., M. Abramic, M. Moos, V.R. Otrin, J.C. Wootton, M. McLenigan, A.S.
Levine, and M. Protic. 1993. A 127 kDa component of a UV-damaged DNA-binding
complex, which is defective in some xeroderma pigmentosum group E patients, is
homologous to a slime-mold protein. Nucleic Acids Res. 21: 4111-4118.

Tomkinson, A.E., A.J. Bardwell, L. Bardwell, N.J. Tappe, and E.C. Friedberg. 1993.
Yeast DNA repair and recombination proteins Radl and Rad10 constitute a single-
stranded-DNA endonuclease. Nature 362: 860-862.

Toschi, L. and R. Bravo. 1988. Changes in cyclin/proliferating cell nuclear antigen distri-
bution during DNA repair synthesis. J. Cell Biol. 107: 1623-1628.

Turchi, J.J., L. Huang, R.S. Murante, Y. Kim, and R.A. Bambara. 1994. Enzymatic com-
pletion of mammalian lagging-strand DNA replication. Proc. Natl. Acad. Sci. 91:
9803-9807.

Vermeulen, W., A.J. van Vuuren, M. Chipoulet, L. Schaeffer, E. Appeldoorn, G. Weeda,
N.G.J. Jaspers, A. Priestly, C.F. Arlett, A.R. Lehmann, M. Stefanini, M. Mezzina, A.
Sarasin, D. Bootsma, J.-M. Egly, and J.H.J. Hoeijmakers. 1994. Three unusual repair
deficiencies associated with transcription factor BTF2(TFIIH). Evidence for the exis-
tence of a transcription syndrome. Cold Spring Harbor Symp. Quant. Biol. 59:
317-329.

Waga, S., G. Bauer, and B. Stillman. 1994, Reconstitution of complete SV40 DNA-



Excision Repair in Eukaryotes 269

replication with purified replication factors. J. Biol. Chem. 269: 10923-10934.

Walker, L.J., C.N. Robson, E. Black, D. Gillespie, and I.D. Hickson. 1993. Identification
of residues in the human DNA-repair enzyme HAP1 (REF-1) that are essential for
redox regulation of jun DNA-binding. Mol. Cell. Biol. 13: 5370-5376.

Xanthoudakis, S., G.G. Miao, and T. Curran. 1994. The redox and DNA-repair activities
of REF-1 are encoded by nonoverlapping domains. Proc. Natl. Acad. Sci. 91: 23-27.

Yasuhira, S. and A. Yasui. 1992. Visible light-inducible photolyase gene from the gold-
fish Carassius auratus. J. Biol. Chem. 267: 25644-25647.

Yasui, A., A.P.M. Eker, S. Yasuhira, H. Yajima, T. Kobayashi, M. Takao, and A.
Oikawa. 1994. A new class of DNA photolyases present in various organisms including
aplacental mammals. EMBO J. 13: 6143-6151.





