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D N A  is a remarkably versatile and stable carrier of 
genetic information in living cells, even though it is 
continually subject to undesired chemical alterations. 
Various types of radiation, such as ultraviolet (UV) 
light and X-rays, and numerous chemical agents 
induce a wide range of lesions that interfere with the 
proper functioning of DNA. As well as its immediate 
hampering effect on vital processes, notably transcrip- 
tion and replication, DNA damage may also give rise 
to mutations and chromosomal aberrations that lead 
to inborn defects, carcinogenesis and cell death. The 
time-dependent accumulation of DNA damage and 
mutations may even contribute to (cellular) ageing. To 
minimize such problems, evolution has equipped all 
living organisms with an intricate network of repair 
pathways. Together, these systems act as a kind of 
intranuclear 'immune system' that is able to recognize 
and eliminate many types of lesions. 

One of the most important, and general, repair 
processes is the nucleotide excision repair (NER) path- 
way. This system deals with a strikingly diverse array 
of structurally unrelated lesions, including various 
UV-induced photoproducts [cyclobutane pyrimidine 
dimers (CPD) and 6-4 photoproducts], chemical 
adducts and certain types of crosslinks. In all organ- 
isms, NER consists of five steps: damage recognition, 
incision of the damaged strand on both sides of the 
lesion and at some distance from it, excision of the 
lesion-containing oligonucleotide, synthesis of new 
DNA using the undamaged strand as template, and 
ligation. The reaction is in principle error-free. In this 
review I shall describe the main features of the NER 
pathway in Escherichia coli - the organism in which 
the mechanism is understood in the most detail - and 
compare it with the equivalent process in yeast. For a 
comprehensive review on DNA repair in general, see 
Ref. 1. 

NER in E. coil 
Figure 1 outlines the core components involved in 

NER in E. coli, and their role in the mechanism. The 
.main properties of the key proteins UvrA-D and of 
two auxiliary factors, Phr and Mfd, are summarized in 
Table 1. 

The NER reaction is thought to start when two 
molecules of UvrA dimerize in the presence of ATP 
and complex with one molecule of UvrB (Ref. 2). The 
heterotrimer binds DNA; its weak 5'-03' DNA helicase 
activity may then allow it to translocate along one of 
the strands of the helix, scanning it for distorting 
lesion#. If such an injury is encountered, translocation 
stops and UvrB is hooked onto the DNA, inducing a 
specific DNA conformation that includes a kink and a 
locally denatured region. The UvrA molecules dis- 
sociate, allowing UvrC to bind z. The UvrBC complex 
then makes two incisions in the damaged strand: one, 
located eight phosphodiester bonds 5' of the injury, is 
probably catalysed by UvrC. The other incision, five 
bonds 3' of the lesion, is presumably made by UvrB 
(Refs 2, 4). The concerted action of UvrD (which is 
also a helicase) and DNA polymerase I accomplishes 
the release of the 12-13-mer containing the damaged 
site, turnover of bound UvrB and UvrC, and synthesis 
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information is constantly deterioratin~ mainly as a 
consequence of the action of numerous genotoxic agents. 
In order to cope with this fundamental problem, all living 
organism have acquired a complex network of DNA 
repair systems to safeguard their genetic integrity. 
Nucleotide excision repair (NER), one of the most 
important of these, is a complex m u l t i ~  reaction that 
removes a remarkaMy wide range of lesions. This is the 
first of a series of two reviews on this repair process. Part 
l focuses on the main characteristics of the NER pathway 
in £ coil and yeasL Part !I, to appear in the next issue of 
TIG, deals with NER in mammals and compares it with the 
process in yeasL 

of an undamaged copy of the sequence that has been 
removed 2. Finally, DNA ligase seals the nicks in the 
repaired strand. 

The crucial step, the detection of a lesion by dis- 
crimination between abnormal and normal DNA struc- 
tures, is carried out by the cooperative action of just 
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Model for the reaction mechanism of E. coli nucleotide excision 
repair (see text for a full explanation). A, B, C and D, molecules 
of UvrA, B, C and D respectively; Pol I, DNA polymerase I; 
ligase, DNA ligase. DNA strands are represented by notched 
lines. Sequential stages in NER are numbered. 
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TABLE 1. Properties o f  the major Nrdl proteins o f E  coU" 

Protein 

No. of No. of  
amlno molecules 
acids per cell b Properties of protein 

UvrA 940 25 
(250) 

UwB ~ 3  5 ~  
(2000) 

UvrC 610 10 

UvrD 720 3000 
(helicase II) (4500) 

Phr 471 10-20 

Mfd 1148 ? 

Binds UV-irradiated dsDNA 
Can dimerize and complex with UvrB 
Two NTP binding sites 
Two zinc finger domains 

Binds UvrA 2 
5'--*3' DNA helicase activity as a 
UvrA2B complex 
One NTP binding site, probably 
makes 3' incision 

Binds ss and dsDNA 
Endonudease activity in complex with 
UvrB, probably makes 5' incision 

3'--->5' DNA or DNA-RNA helicase 
Binds NTP and DNA 

Photoreactivates CPD 
Stimulates repair by UvrABC 
Binds FADH2, pterin and 
UV-irradiated dsDNA 

Confers specificity for transcribed 
strand on in vitro repair by UvrABC 
Displaces RNA polymerase 
Interacts with UvrA 

aDNA polymerase I and DNA ligase are not included. 
bThe number of molecules per cell after SOS induction is shown in parentheses. 

two proteins: UvrA and B. The AzB complex is able 
to recognize an impressive spectrum of damaged 
structures ranging from thymine glycols to bulky 
chemical adducts and inter- and intrastrand crosslinks. 
Moreover, these lesions are usually present in trace 
amounts (concentrations of 1 in 106 nucleotides or 
less). It should be noted, however, that not all lesions 
are identified with the same efficiency, and some are 
substrates of more than one repair system. 

The scheme shown in Fig. 1 is the core reaction of 
E. coli NER, which can be entirely mimicked in vitro 
using naked, damaged DNA as substrate and the puri- 
fied proteins mer:tioned above. However, in the cell, 
additional factors are involved that modulate the sys- 
tem or permit it to act on chromatin. An interesting 
example is the strand-selective repair of active genes, 
a sub-pathway of NER that was first discovered in 
mammals by the pioneering work of Hanawalt and co- 
workers (reviewed in Refs 5, 6). It has been found 
in tn'vo 7, and for E. coli also in vitro s, that the NER system 
removes transcription-blocking (CPD) lesions from the 
transcribed strand of an active gene faster than from 
the nontranscribed strand or from the genome overall, 
The system can apparently differentiate between the 
two strands of a gene and assigns a higher priority to 
eliminating DNA damage in more sensitive sites in the 
genome than to dealing with the same injury in less 
critical locations. In E. coli this sophisticated process 
requires at least one extra factor: the transcription- 
repair coupling factor, identified by Sancar and 
co-workers as the product of the mfd gene s (Table 1). 
It has recently been shown that in vitro the Mfd 

protein dissociates an RNA 
polymerase molecule stalled at a 
lesion and binds the UvrA subunit 
of the repair complex (C.P. Selby 
and A. Sancar, submitted). Some 
auxiliary components in this pro- 
cess have been identified, notably 
the photoreactivating enzyme 
photolyase. This enzyme itself 
monomerizes CPDs by direct photo- 
reversal but, in addition, appears 
to facilitate the repair of these 
lesions by the NER pathway 9. It is 
likely that more modulating factors 
will be discovered. Finally, NER 
in E. coli is under the control of 
the SOS response. This ingenious 
and versatile regulatory system, 
mediated by the lex~recA regulon, 
permits a low constitutive level 
of expression of a number of NER 
genes under normal conditions and 
a strong induction when the bac- 
terium is suddenly confronted with 
severe damage to its DNA (Table 1). 

The E. coli NER system has 
recently been the subject of sev- 
eral excellent reviewsZ,3A0, n, in 
which references to many of the 
original publications can be found. 
Although the basic molecular 
mechanism of NER in E. coli is 

considered a valid model for eukaryotes, the eukary- 
otic system is probably more complex. 

NER In Saccharomyces cer~i$1ae 
Although far less is known about excision repair in 

eukaryotes than in E. coil, it is clear that S. cerevisiae is 
a particularly relevant paradigm for NER in eukaryotes 
in general. Information about the yeast system has 
come chiefly from detailed analysis of excision- 
deficient mutants and cloned genes. 

Yeast NER mutants 
The collection of yeast NER mutants (Table 2) 

currently includes 11-12 members that comprise the 
rad3 epistasis group. The list is certainly incomplete; it 
is likely that a significant number of NER genes have 
not been revealed by any mutant phenotype and 
remain hidden in the yeast genome. In fact, one of the 
yeast NER genes, RAD25 (also designated SSL2), was 
not identified in the hunt for repair-deficient mutants. 
It was cloned on the basis of homology with a human 
NER gene, ERCC3, and a corresponding mutant was 
subsequently generated by gene disruption. The mem- 
bers of the rad3 group display a varying degree of UV 
sensitivity, which is characteristic of NER deficienc~ 
(reviewed in Ref. 12). Some show, in addition, a 
pronounced sensitivity to crosslinking agents. As is 
observed for E. coli, the most sensitive mutants are 
totally deficient in NER. This applies to certain alleles 
of radl, 2, 3, 4, 10, 14 and probably rad25. The re- 
maining mutants are partially deficient, presumably indi- 
cating that the corresponding genes are only implicated 
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in specific sub-pathways of excision repair or have an 
accessory function. It has been shown that rad7  and 
16 mutants, and to a lesser extent rad24 mutants, are 
deficient in the repair of CPD lesions in the inactive 
HMLot locus of the yeast mating-type system; however, 
repair of the active MAT0~ locus appears to be quite 
proficientS3. It is not clear whether the repair process 
that is defective in these mutants is equivalent to the 
relatively slow and incomplete sub-pathway of NER 
that is involved in 'overall genome repair' in mam- 
malian cells (see Part II). Mutants specifically impaired 
in the gene- or strand-specific repair of active genes 
(cf. the m f d  mutant of E. coil discussed above) have 
not (yet) been identified in the rad3 collection. 

Some mutants in the rad3 group also have defects 
in other aspects of DNA or RNA metabolism. For 
example, rad l  and rad lO mutants show deficiencies 
in a mitotic recombination pathway 14. The RAD3 and 
R A D 2 5  genes appear to be involved in a vital cellular 
process, since mutants carrying certain alleles of these 
genes are inviable 15. As discussed below, recent find- 
ings suggest that, at least for RAD25, this essential pro- 
cess is concerned with one of the steps of gene 
expression. The involvement of several proteins in a 
number of distinct pathways of nucleic acid 
metabolism may indicate either that the individual 
polypeptides are multifunctional or that there is func- 
tional overlap between these pathways in the nucleus. 
RAD1 and RAD10 could, for example, participate in 

a multi-enzyme complex that has indispensable 
functions both in NER and in one of the mitotic 
recombination pathways. It is even conceivable that 
some of the subunits of such a complex might be 
directly required only for recombination. These pro- 
teins might appear to be needed for NER because they 
have to be physically present in the complex in order 
for it to be functional. Mutations in such proteins 
could still give rise to a repair-deficient phenotype, 
even though the protein did not have a direct catalytic 
role in NER. An explanation such as this may account, 
at least in part, for the large number of NER mutants 
found in yeast (and in mammals) and for the fact that 
there are subclasses of NER mutants that have the same 
pattem of additional impairments in other nucleic acid 
transactions. 

Yeast NER genes a n d  proteins 
Almost all of the genes corresponding to the 

mutants in the current rad3 epistasis group have been 
cloned, mostly by genetic complementation. The main 
properties of these genes and the encoded polypep- 
tides are summarized in Table 2 (see Ref. 12 for 
an extensive review). A few general aspects deserve 
specific attention. 

Gene regulation. So far there is no indication that 
the yeast genes are regulated by a common pathway 
analogous to the SOS response of E. coli. Most of the 
repair genes are very weakly expressed. Some (such 

Tanm 2. Major properties o f  NER genes and mutaum of  £ cercv /s~e  

NER of mutan@ 
UV-sensltlvity Active Inactive 

Gene of mutant. MATa HMLa 

no. 
Of amino 
acids in 
prmein 

Homologous genes 

Human S.pombe Properties of protein d 

RADI ++ 

RAD2 ++ 

RAD3 ++ 

RALM ++ - 

RAD 7 + 4. 

RADIO ++ -/_+c 

RAD14 ++ - / i  .c 

RAD16 + +_ 

RAD23 + 

RAD24 + 

RAD25 +/++ 

MM$19 + 

+ - / !  

1100 

1031 

778 

754 

565 

rad16 + 

F__.R¢¢5 rad13 + 

ERCC2 rad15 + 

XPC¢? 

- / ~  210 ERCC1 

- 247 XPAC 

- 790 

sualO • 

Involved in recombination 
Chromatin binding? endonuclease? 

Transcription inducible by UV 

Essential function 
5'-.*3' DNA helicase chromatin binding? 

Chromatin binding? DNA binding? 

Transcription inducible by IN 
Membrane associated? 

Involved in recombination 
Binds ssDNA, catalyses DNA renaturation 
DNA binding zinc finger 

DNA binding zinc finger? DNA helicase? 
(Protein has partial homology to 
RADS, RAD54 and ERCC6) 

843 F-~C(,3 ERC6"3sP Essential function 
DNA helicase? 

aThe greater the number of plus signs, the more sensitive the mutant. 
bMinus indicates no NER, plus indicates NER activity. 
q'be strain tested may not be a completely null mutant. 
dQuestion marks indicate characteristics inferred on the basis of the predicted amino acid sequences of the proteins. 
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as RAD2, 7 and 23) appear to be IN-inducible, at least 
at the level of transcription, but the majority are not. 
The functional significance of this induction is not yet 
clear. 

Homology. The (postulated) functional properties 
of most of the gone products (Table 2) have been 
inferred mainly from homology with known functional 
domains of other polypeptides. Only the RAD1, 31 10 
and 14 proteins have actually been purified and to 
some extent biochemically characterized. As indicated 
in Table 2 and discussed more extensively in Part II, 
there is striking overall homology with the products of 
human NER genes. The corresponding proteins are 
so similar that they almost certainly have the same 
functions; indeed it seems beyond any doubt that the 
entire NER system of eukaryotes has a common evol- 
utionary origin. Remarkably, there is no significant re- 
semblance to any of the E. coil Uvr proteins, suggesting 
that prokaryotic and eukaryotic NER systems have 
diverged substantially. 

Involvement in other cellular processes. As men- 
tioned above, RAD1 and RADIO also have a role in 
one of the mitotic recombination pathways. These 
proteins form a strong complex both in vivo and 
in v/fro 16,17. Site-directed mutagenesis of RAD1 has 
identified domains in the protein that are specifically 
implicated either in repair or in recombination, indi- 
cating that RAD1 has distinct roles in each of these pro- 
cesses (S. Prakash, cited in Ref. 18). Recent studies have 
suggested that the function of the protein in recombi- 
nation is to remove nonhomologous sequences from 
the 3' end of recombining DNA molecules 19. Purified 
RAD10 protein has been shown to bind single-stranded 
DNA and to accelerate DNA renaturation 20. The latter 
function can easily be envisaged as part of the recom- 
bination process in which RADIO is known to partici- 
pate, but it is less obvious how this enzymatic activity fits 
into the molecular mechanism of excision repair. 

RAD3 and RAD25 have an additional role in a pro- 
cess that is essential for cell viability. RAD3 is a 5'---)3' 
helicase that is able to unwind both double-stranded 
DNA and DNA-RNA hybrids at. The helicase activity is 
indispensable for NER but not for the vital function of 
the protein. RAD25 is also su,~pected to be a helicase, 
because its sequence features seven consecutive 
domains that are shared between two superfamilies of 
DNA and RNA heiicases22; RAD3 also belongs to one 
of these families. Evidence of helicase activity was 
recently obtained for the human counterpart of 
R2,D25, ERCC3 (see Part II). In contrast to RAD3, the 
proposed helicase activity of RAD25 is indispensable 
for the vital function of the protein 22. A clue to the 
nature of the essential RAD25 function came unexpec- 
tedly from the recent work of Gulyas and Donahue23. 
These investigators searched for suppressors of the 
translational block that is imposed on a HIS4 mRNA by 
a strong artificial hairpin in the 5' UTR. One of these 
ssl (suppressor of stem-loop) mutatior*s, ssl2, appeared 
to be in the RAD25 gone. This suggests that the RAD25 
(SSL2) gene product is somehow in,,olved in gone 
expression at the level of RNA. In view of the striking 
parallels between RAD25 and RAD3 it is possible that 
RAD3 also participates in the same aspect of RNA 
metabolism. Intriguingly, the SSL1 gene was also 

recently found to encode an essential function associ- 
ated with gone expression; some mutant alleles make 
yeast hypersensitive to UV radiation, suggesting that 
SSL1 may be a previously undiscovered member of the 
rad3 group 24. The predicted 52 kDa SSL1 protein con- 
tains several putative zinc fingers. This protein may 
interact with RAD25 and perhaps also with RAD3 dur- 
ing both NER and some stage of gene expression. 

Damage recognition. The deduced amino acid 
sequence of the RAD14 protein contains a putative 
zinc finger region that is postulated to have a DNA 
binding function zS. The yeast protein was recently 
found to bind both single- and double-stranded DNA, 
with a particularly strong affinity for W-irradiated 
DNA (S. Prakash, pets. commun.). RAD14 may there- 
fore be (one of) the damage recognition protein(s) of 
eukaryotic NER. Further characterization of its lesion 
specificity is required to test this proposition. 

NER of active and inactive genes. As discussed 
above, both rad7 and rad16 mutants show specific 
defects in the removal of CPD lesions from the 
inactive HMLot locus. While the primary amino acid 
sequence of the RAD7 protein does not reveal any 
clue to its function, the predicted amino acid sequence 
encoded by the recently cloned RAD16 gene features 
a special type of DNA-binding zinc finger as well as 
seven helicase motifs (Ref. 26 and references therein). 
This strongly suggests that RADio is also a DNA hell- 
case. The significance of this presumption is under- 
scored by the finding that the 'helicase' part of RAD16 
displays extraordinary homology to a similar domain 
in proteins that are implicated in various repair path- 
ways and in transcriptional regulation. These include 
the yeast RAD54 protein (implicated in recombination 
repair), RAD5 (involved in postreplication repair) and 
the human ERCC6 protein (associated with preferential 
repair of active genes; see Part II). Thus every major 
multi-enzyme repair pathway in yeast is equipped with 
at least one member of this subfamily. Although the 
sequence homology is strikingly limited to the 'hell- 
case' segment, the overall level of identity in this 
portion is much higher than among other members of 
the helicase superfamily. Thus these observations 
define a new subfamily of proteins that may sl'are a 
specific type of helicase function. Recent ev~,'J.ence 
suggests that the transcription activators in this family 
exert their function via effects on chromatin a7. In this 
light, RAD16 could be involved in opening the closed 
chromatin structure of inactive regions in the ~,enome, 
such as HMLa, to allow repair to take place. 

NER in Schizosaccharomyces pombe 
In the last few years another, distantly related, 

yeast species, Scbizosaccbaromyce:. pombe, has 
enjoyed increasing popularity in the exploration of 
eukaryotic NER. Although many mutants have been 
generated in this organism, they have not been charac- 
terized as thoroughly as those in S. cerevisiae. Several 
cloned repair genes appear to be homologous to 
members of the S. cerevisiae RAD3 series and in some 
cases also to human NER genes (see Table 2; Ref. 28). 
Sequence comparison of such distantly related ver- 
sions of the same genes may identify important func- 
tional domains and may yield valuable information for 
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the isolation of homologs from mammals. In addition, 
new NER genes may even be discovered. 

Concluding remarks 
In the light of all the available information, how 

closely related are the E. coli and yeast NER systems, 
and is the prokaryotic process a valid model for the 
equivalent pathway in yeast and other eukaryotes? 
Several considerations support the notion that the 
fundamental features of the rea.ction mechanism of 
E. coli and eukaryotes are comparable. 
(1) The systems share the basic steps of NER: damage 
recognition, dual incision (recently also demonstrated 
in mammals29), excision, repair synthesis and ligation. 
(2) The substrate repertoire is essentially similar, sug- 
gesting a similar mechanism of damage recognition. 
(3) Both systems entail preferential repair of the tran- 
scribed strand. 

Despite these similarities, two remarkable differ- 
ences can be noted: the number  of NER genes is 
significantly higher in eukaryotes than in E. coli, and 
so far there appears to be no significant overall 
sequence homology between the NER proteins of 
prokaryotes and eukaryotes. It is clear that the main 
components  of the bacterial NER pathway have been 
identified, since the entire reaction can be recon- 
structed in  vitro using the purified proteins. In con- 
trast, it is likely that a substantial fraction of the fac- 
tors involved in the yeast system is still unidentified. 
It is possible, therefore, that the true yeast homologs 
of UvrA-D have not yet been isolated. In that case, 
we would have to account for the function of the 
many eukaryotic NER genes identified so far that 
appear  ro have no E. coil counterpart. This would 
imply an even greater level of complexity for the 
eukaryotic process. An alternative or additional 
explanation might be that the NER proteins have 
diverged to such an extent that no homology can be 
detected across the eukaryote-prokaryote divide. This 
could mean in turn that the underlying molecular 
mechanisms may have diverged substantially. An 
observation consistent with this idea is that the 
excised lesion-containing fragment in mammals is 
much longer than that in E. coli. It also seems likely 
that the fundamental differences in chromatin struc- 
ture between prokaryotes and eukaryotes may dictate 
differences in their excision reoair machinery. 
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