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Nucleotide excision repair (NER) and DNA repair by
photolyase in the presence of light (photoreactivation)
are the major pathways to remove UV-induced DNA
lesions from the genome, thereby preventing muta-
genesis and cell death. Photoreactivation was found in
many prokaryotic and eukaryotic organisms, but not
in mammals, while NER seems to be universally distrib-
uted. Since packaging of eukaryotic DNA in nucleo-
somes and higher order chromatin structures affects
DNA structure and accessibility, damage formation
and repair are coupled intimately to structural and
dynamic properties of chromatin. Here, I review recent
progress in the study of repair of chromatin and
transcribed genes. Photoreactivation and NER are
discussed as examples of how an individual enzyme
and a complex repair pathway, respectively, access
DNA lesions in chromatin and how these two repair
processes fulfil complementary roles in removal of UV
lesions. These repair pathways provide insight into the
structural and dynamic properties of chromatin and
suggest how other DNA repair processes could work
in chromatin.
Keywords: chromatin/DNA repair/nucleotide excision
repair/photolyase/transcription

Chromatin, a dynamic and heterogeneous
substrate for DNA repair

Chromatin is the packaged state of DNA in the nucleus and
the substrate for all DNA-dependent processes, including
transcription and DNA repair (Wolffe, 1995). At its lowest
level of structural organization, DNA is folded in an array
of nucleosomes called the nucleosome filament. The core
of a nucleosome is composed of an octamer of four highly
folded histone proteins, H2A, H2B, H3 and H4 (two of
each), and 145 bp of DNA wrapped around the octamer.
The nucleosome filament is formed by connecting nucleo-
some cores with linker DNA of variable length and
by association of one histone H1 per nucleosome. The
nucleosome filament is condensed further into compact
30 nm fibres and higher order structures. These structures
are present in interphase and metaphase and are the target
for damage formation and repair. There is pronounced
structural and functional heterogeneity along chromosomal
DNA with respect to DNA sequence, composition and
functional activity, which projects into heterogeneity of
damage formation and repair. This heterogeneity includes
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regions required for regulation of gene expression and
replication, which associate with sequence-specific pro-
teins and frequently are characterized by enhanced acces-
sibility to nucleases (nuclease-sensitive regions; Workman
and Kingston, 1998). Only a minor fraction of genes are
transcribed or pre-set for transcription at any moment.
The structure of these genes may include histone proteins
modified by acetylation, altered or disrupted nucleosomes
in the promoter regions, an unfolding of the whole
chromatin domain, a loss or rearrangement of nucleosomes
in the transcribed part, as well as differential loading of
the genes with transcribing RNA polymerases. Moreover,
a large fraction of genes are inactivated in heterochromatic
regions by epigenetic silencing, which requires a special
set of proteins to set up the repressive structure (Grunstein,
1998). Superimposed on this, there is time-dependent
heterogeneity reflecting the dynamic properties of chro-
matin structure and function. To understand the molecular
mechanisms of DNA repair, we need to investigate repair
at the chromatin level, in particular how protein–DNA
interactions affect damage formation, and vice versa, and
how DNA lesions can be recognized and processed by
repair proteins despite the presence of nucleosomes, tran-
scriptional activity and numerous other proteins. This
review is focused on UV damage formation and repair at
the nucleosome level and does not include a discussion
of repair in higher order chromatin organization. For
additional reviews, see Tornaletti and Pfeifer (1996),
Smerdon and Thoma (1998), Meijer and Smerdon (1999),
Moggs and Almouzni (1999) and Smerdon and Conconi
(1999).

Mutual effects of UV damage formation
and protein–DNA interactions

The two major classes of mutagenic DNA lesions induced
by ultraviolet light (UV-C, 200–280 nm, and UV-B,
280–320 nm) are cis–syn cyclobutane–pyrimidine dimers
(CPDs) and pyrimidine (6–4) pyrimidone photoproducts
(6–4PPs). 6–4PPs are formed at 20–30% of the yields of
CPDs (Friedberg et al., 1995). Both classes of lesions
distort the DNA helix. CPDs and 6–4PPs induce a bend
or kink of 7–9° and 44°, respectively (Ciarrocchi and
Pedrini, 1982; Wang and Taylor, 1991; Kim et al., 1995).
The ability of UV light to damage a given base is
determined by the flexibility of the DNA. Sequences that
facilitate bending and unwinding are favourable sites for
damage formation. For example, CPDs form at higher
yields in single-stranded DNA (Becker and Wang, 1989),
at the flexible ends of poly(dA)·(dT) tracts, but not in
their rigid centre (Lyamichev, 1991). Bending of DNA
towards the minor groove reduces CPD formation (Pehrson
and Cohen, 1992). Proteins and protein complexes that
disturb the B-form DNA structure affect both yields and
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types of DNA damage formation, as reported for the lac
repressor bound to the lac operator in Escherichia coli
(Becker and Wang, 1984) and for several promoter elem-
ents that interact with sequence-specific proteins in yeast
and mammalian cells (Selleck and Majors, 1987a,b, 1988;
Becker et al., 1989; Pfeifer et al., 1992; Axelrod et al.,
1993; Rozek and Pfeifer, 1995; Tornaletti and Pfeifer,
1995). One of the transcription factors that has a direct
effect on DNA damage formation and repair is the TATA-
box binding protein (TBP). TBP promotes the selective
formation of 6–4PPs in the TATA-box, where the DNA
is bent, but CPDs are formed at the edge of the TATA-
box and outside, where DNA is not bent. The observations
made in vitro and in active yeast genes imply that the
structural distortion introduced in DNA by TBP is the
same in vitro and in the initiation complexes in vivo
(Aboussekhra and Thoma, 1999). Thus, protein-dependent
modulation is a common theme leading to the hetero-
geneous distribution of DNA lesions in chromosomes.

Significant questions are whether DNA lesions in pro-
tein–DNA complexes affect functional properties of the
complexes or whether repair is affected by the complexes.
Extracts containing transcription factors were unable to
band-shift UV-damaged oligonucleotides containing bind-
ing sequences for transcription factors (Tommasi et al.,
1996). UV damage inhibits binding of TFIIIA to 5S
rDNA, and irradiation of the TFIIIA–5S rDNA complex
displaces TFIIIA, indicating that the complex is unable to
accommodate UV photoproducts (Liu et al., 1997). On
the other hand, the TBP binds damaged DNA (Vichi et al.,
1997; Coin et al., 1998). These examples illustrate that
the fate of protein–DNA complexes depends on the
individual components. A damage-induced dissociation of
the complex could affect function until the site is repaired.
On the other hand, slow repair at sites of factor binding
indicates that proteins can remain bound after damage
formation and inhibit DNA repair (Tu et al., 1996;
Aboussekhra and Thoma, 1999).

Modulation of DNA damage formation in
nucleosomes

The major fraction of genomic DNA is folded in nucleo-
somes, and the position of nucleosomes on the DNA
sequence can play a decisive role in regulation of gene
expression and replication. They can serve both a repres-
sive function by limiting access to DNA and an activating
function by facilitating binding of transcription factors.
Hence, understanding of how damage formation and repair
are affected by nucleosomes or how DNA lesions affect
nucleosome structure and positioning is of predominant
significance.

The crystal structure of a reconstituted core particle
(Luger et al., 1997) provides insight into how the structural
organization could affect damage formation and repair.
The DNA is wrapped in 1.65 superhelical turns around
the histone octamer to form a pseudo-symmetric particle.
Nucleosomal DNA has an inner surface facing the histones
and an outer surface facing the solvent (Figure 1). The
superhelical path is characterized by significant distortions,
compression of grooves facing inside and local twist
variations. The relative mobility of the segments of the
DNA phosphate chains facing the solvent is high compared
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with other protein–DNA complexes. The sequence binds
the octamer with a central base pair at the particle pseudo
2-fold axis so that the DNA is divided into 73 and 72 bp
halves, with one base pair falling on the dyad. The
additional base pair is accommodated without disruption
of histone–DNA contacts. The structural distortions of
nucleosomal DNA, its mobility and its flexibility suggest
that nucleosomes are well suited to tolerate interactions
with DNA-binding drugs and proteins and to accommodate
various DNA lesions without disruption of the fundamental
organization of the particle.

How does the structure of nucleosomes affect damage
formation by UV light? Nucleosome core particles isolated
from irradiated human cells by nuclease digestion revealed
a modulation of CPD distribution with a period of
10.3 bases (Gale et al., 1987; Gale and Smerdon, 1990).
A similar modulation was observed in DNA bent in a
loop (Pehrson and Cohen, 1992), but not in linker DNA
between nucleosomes (Pehrson, 1989, 1995) nor in
unfolded nucleosomes (Brown et al., 1993). Apparently,
bending DNA around the octamer facilitates CPD forma-
tion at sites where the DNA minor grooves face outside.
These observations were made in a random population of
nucleosomes with mixed sequences. The CPD patterns in
individual nucleosomes, however, can deviate substan-
tially, as observed in a reconstituted nucleosome (‘HISAT-
nucleosome’), which contains a polypyrimidine region
and has a defined DNA surface (‘rotational setting’)
(Schieferstein and Thoma, 1996).

In contrast to CPDs, 6–4PP distribution is not modulated
in nucleosomes (Gale and Smerdon, 1990). There is
apparently no natural distortion in nucleosomal DNA
which facilitates 6–4PP formation at any particular site.
Moreover, 6–4PPs, but not CPDs, are found predominantly
in linker DNA (Niggli and Cerutti, 1982). One explanation
for these results can be enhanced formation of 6–4PPs in
linker DNA due to a higher flexibility.

Irrespective of the CPD modulation or preferential
location of 6–4PPs in linker DNA, CPDs and 6–4PPs are
detected throughout the nucleosome core. Hence, there
seems to be no strict exclusion from any particular site,
which implies that UV lesions can be tolerated even at
positions where the damage-induced distortions do not
coincide with the natural distortions of nucleosomal DNA.
On the other hand, folding of DNA in nucleosomes exerts
structural constraints that can disrupt the rigid structure
of T-tracts (Hayes et al., 1991; Schieferstein and Thoma,
1996). Thus, nucleosomes reveal a substantial degree of
DNA flexibility as well as structural constraints, which
modulate damage formation and might also be essential
for damage recognition.

DNA damage, nucleosome stability and

nucleosome positioning

Although nucleosomes are particles with strong histone–
DNA interactions, their stability is challenged by various
dynamic transitions such as dissociation/reassembly,
unfolding or nucleosome mobility (Figure 1; reviewed in
Thoma, 1992; Widom, 1998). This raises the question of
whether damage to DNA can affect those properties and,
thereby, influence its own accessibility to repair enzymes
or the functional properties of the nucleosome.

Can UV lesions destabilize or disrupt nucleosomes?
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Fig. 1. Structural and dynamic properties of nucleosomes affecting
DNA damage accessibility. DNA lesions (red square) can be
accessible in linker DNA and on the nucleosome surface or be
protected when facing the histones in the nucleosome. Dissociation/
reassembly, unfolding/refolding and moving a histone octamer along
the DNA (changing nucleosome positions, nucleosome mobility) may
affect the accessibility of DNA lesions. Changing a nucleosome
position by 5 bp alters the ‘rotational setting’ and turns the inner
surface of DNA outside (one turn of nucleosomal DNA is shown).
Vice versa, DNA lesions may affect the positions and stability of
nucleosomes to accommodate the damage optimally. Histone octamers
are in blue, DNA is in black, a damage recognition protein is in
yellow. Arrows indicate a dynamic equilibrium. Remodelling factors
may support the destabilization of nucleosomes.

The fact that UV-damaged nucleosomes can be isolated
shows that UV lesions have no dramatic effect on disrup-
tion of nucleosomes. However, a few observations in vitro
may indicate differential stability of individual nucleo-
somes. The reconstituted HISAT-nucleosome was not
destabilized by UV irradiation (Schieferstein and Thoma,
1996), but a loss of nucleosomes was reported after
irradiation of plasmid DNA assembled with nucleosomes
(Matsumoto et al., 1994). A slightly reduced efficiency
of nucleosome assembly was observed on UV-damaged
5S rDNA (Mann et al., 1997), and nucleosome assembly
on plasmid DNA was inhibited preferentially by 6–4PPs
compared with CPDs (Matsumoto et al., 1994, 1995). We
do not yet know whether UV damage formation affects
nucleosome stability in living cells. However, when DNA
photolyase was used as a tool to measure CPD accessibility
in a few yeast nucleosomes (see below), no substantial
variation in repair rates was observed (Suter et al., 1997),
indicating that those nucleosomes had a similar stability.

The effect of DNA lesions could be more subtle
and affect nucleosome positioning (Figure 1). In vitro,
nucleosome positioning is dominated by the bending
properties of DNA sequences. In vivo, positioning of
nucleosomes depends on a combination of DNA sequence,
DNA-binding proteins and chromatin folding (Thoma,
1992; Widom, 1998). Nucleosome positions can be altered
in vitro (Beard, 1978; Pennings et al., 1991; Flaus and
Richmond, 1998; Whitehouse et al., 1999) and in vivo
(Thoma, 1986). This may occur by sliding histone octamers
along the DNA sequence (nucleosome mobility), but a
local dissociation and reassembly at a new position may
also be possible. In vivo footprinting experiments revealed
multiple positions for individual nucleosomes, suggesting
that those positions reflect a dynamic equilibrium of
nucleosome mobility (Thoma, 1986; Buttinelli et al., 1993;
Thoma et al., 1993; Tanaka et al., 1996).
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Fig. 2. Schematic illustration of photoreactivation in chromatin.
Histone octamers are in blue, DNA is in black. Photolyase binds to
cyclobutane–pyrimidine dimers (CPDs), ‘flips out’ the pyrimidine
dimer and restores the native pyrimidines in a light-dependent reaction
(Sancar, 1996b). Photolyase preferentially repairs CPDs in linker
DNA. Repair in nucleosomes is slow, presumably facilitated by
dynamic properties of nucleosomes that move the DNA lesions into
linker DNA (see the text, Figure 1).

Since damage-induced distortions alter the bending
properties of the DNA, it is conceivable that nucleosomes
can change their positions as a result of damage induction.
Bulky lesions and strong distortions that cannot be accom-
modated easily in the nucleosome might therefore end up
in linker DNA. Thus, the preferential location of 6–4PPs
in linker DNA could be the result of altered nucleosome
positions after damage formation.

Direct evidence for damage-induced nucleosome mobil-
ity is missing. A change of a nucleosome position by
irradiation of reconstituted HISAT-nucleosomes with UV
light was not observed. However, the rotational setting
was altered when DNA was extracted from irradiated
nucleosomes and used again for a reconstitution
(Schieferstein and Thoma, 1996). Similarly, UV-irradiated
mixed sequence DNA adopted a preferential rotational
setting when reconstituted in nucleosomes (Suquet and
Smerdon, 1993). Those examples show that DNA lesions
can affect nucleosome positioning, but in vitro it requires
a disruption of histone–DNA contacts and reassembly in
order to optimize the rotational setting and the accommoda-
tion of the DNA lesion.

DNA repair by photolyase in chromatin

To remove DNA lesions generated by sunlight, many
organisms have enzymes that specifically bind to CPDs
(CPD photolyase) or 6–4PPs (6–4 photolyases) and reverse
the damage with the energy of light (photoreactivation).
CPD photolyases were found in bacteria, fungi, plants,
invertebrates and many vertebrates, while 6–4 photolyases
were identified in Drosophila, silkworm, Xenopus laevis
and rattlesnakes, but not in Escherichia coli or yeast. No
photolyase was found in humans (Yasui et al., 1994;
Sancar, 1996b; Todo, 1999) (Figure 2). Photolyases contain
FAD as a catalytic cofactor and a second chromophore as
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a light-harvesting antenna. The second chromophores
are either 5,10-methenyltetrahydrofolate or 8-hydroxy-5-
deazariboflavin, with absorption maxima of ~380 and
~440 nm, respectively. The crystal structures of CPD
photolyase of E.coli and Anacystis nidulans suggest that
upon binding to DNA, the enzymes flip the pyrimidine
dimer out of the duplex into a hole that contains the
catalytic cofactor (Park et al., 1995; Tamada et al., 1997).
The cyclobutane ring is then split by a light-initiated
electron transfer reaction. CPD photolyases recognize
CPDs with a selectivity similar to that of sequence-
specific DNA-binding proteins (Sancar et al., 1987), which
suggests that they could compete with histones for DNA
accessibility in a way similar to transcription factors.

Nucleosomes inhibit photoreactivation in vitro

DNA repair on the nucleosome surface requires that the
damage is accessible and that DNA is flexible enough to
support binding of the repair enzyme and the repair
reaction. While �70% of nucleosome core DNA is access-
ible to a small probe of 0.4 nm diameter (Luger et al.,
1997), the accessibility to proteins is much more restricted.
DNase I, which binds to the minor groove, cuts nucleo-
somal DNA only every 10 base pairs, when the minor
groove faces outside (Lutter, 1979). CPD accessibility and
repair in nucleosomes were tested using reconstituted
nucleosomes as model substrates and two damage-specific
enzymes, T4 endonuclease V (T4 endoV) and E.coli DNA
photolyase (Schieferstein and Thoma, 1998; Kosmoski
and Smerdon, 1999). T4 endoV is another CPD-specific
repair enzyme. It bends DNA at the lesion by 60°, flips-
out the base opposite to the lesion and generates a single
strand cut at the CPD (Gordon and Haseltine, 1980;
Vassylyev et al., 1995). Although T4 endoV and photo-
lyase were very efficient in naked DNA, their activity was
reduced dramatically on the surface of the reconstituted
nucleosomes. Thus, folding of DNA in nucleosomes
efficiently protects DNA from being repaired (Figure 2).
This is consistent with the observation that a fraction of
CPDs (probably nucleosomal DNA) in SV40 minichromo-
somes or in lysed cells is resistant to cleavage by CPD-
specific endonucleases (Wilkins and Hart, 1974; Evans
and Linn, 1984).

On the HISAT-nucleosome (Schieferstein and Thoma,
1998), there was weak but clear site-specific repair, which
was common for T4 endoV and photolyase, indicating
that the structure of the nucleosome, and not the individual
properties of the repair enzymes, is responsible for that
effect. Taken together, inhibition of photolyase and T4
endoV, but efficient cutting by DNase I, indicate that
nucleosomal DNA does not support the structural distor-
tions and/or the base flip-out required for those repair
enzymes.

Chromatin structure tightly modulates CPD repair

by photolyase in vivo

Photoreactivation is an elegant reaction to investigate
DNA damage recognition in chromatin in living cells,
since only one enzyme is involved in this process and its
activity can be regulated precisely by light. Photoreactiva-
tion experiments with chicken embryo fibroblasts (van de
Merwe and Bronk, 1981) and injection of photolyases
from yeast and A.nidulans in human fibroblasts (Zwetsloot
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et al., 1985) documented that a significant fraction of
CPDs can be repaired despite packaging of DNA in
chromatin. Another study showed that ~75% of the DNA
was shielded from photorepair immediately after UV
exposure, but all sites became available after 9–12 h
(Pendrys, 1983). This was an indication that dynamic
properties of chromatin could affect a DNA repair process.

Direct information on how photolyase interacts with
nucleosomes, linker DNA and non-nucleosomal regions
was obtained by comparison of CPD removal with chro-
matin structures in yeast (Suter et al., 1997). The yeast
strains contained minichromosomes with the URA3 or the
HIS3 gene, and an origin of replication ARS1. Both
genes contain positioned nucleosomes flanked by nuclease-
sensitive (‘open’) promoter regions and 3� ends (Thoma,
1986; Losa et al., 1990). NER was inactivated by disrup-
tion of the rad1 gene, which is essential for NER. Exposure
of cells to photoreactivating light revealed two classes of
repair. Repair was fast in linker DNA and nuclease-
sensitive regions (complete in 15–30 min). On the other
hand, ~2 h were required to remove CPDs, which mapped
within the footprints of positioned nucleosomes. Thus,
photoreactivation in living yeast cells is tightly modulated
by chromatin structure (Figure 2).

In contrast to its severe inhibition on the nucleosome
surface in vitro (see above), photolyase finds access to
CPDs in nucleosomes in vivo. So far, there is no evidence
that photolyase requires help from another protein (e.g.
nucleosome remodelling activities) for damage recogni-
tion. This suggests that dynamic properties of nucleosomes
in vivo allow repair (Figure 1). The simplest explanation
is that nucleosome mobility exposes the lesion in the
linker DNA, thus making it accessible to photolyase. This
is consistent with the observation of nucleosome mobility
(multiple nucleosome positions) in the URA3 gene (Tanaka
et al., 1996). Alternatively, instability of nucleosomes by
dissociation/reassembly or a (partial) unfolding could also
enhance damage accessibility.

Irrespective of how photolyase repairs nucleosomes,
photoreactivation sheds light on how an individual repair
enzyme interacts with chromatin. Thus, photolyase serves
as an example of damage recognition in chromatin. In
addition, I would like to emphasize that photolyase has the
same accessibility to chromatin as micrococcal nuclease,
which is used for chromatin analysis in vitro. This tight
modulation of photoreactivation by chromatin structure
makes photolyase a molecular tool to measure DNA
accessibility and structural and dynamic properties of
chromatin in living cells (Livingstone-Zatchej et al., 1999;
Suter et al., 1999). The 2 h required for nucleosome repair
compared with 15–30 min in linker DNA gives us a rough
estimate of the stability of nucleosomes and nucleosome
positions in yeast.

Nucleotide excision repair

In contrast to photoreactivation, NER is a much more
complex pathway, which removes a wide variety of DNA-
distorting lesions, including CPDs and 6–4PPs. It is present
in most organisms and is highly conserved in eukaryotes.
NER is not essential for viability, but defects in repair genes
cause the sun-sensitive, cancer-prone genetic disorders
xeroderma pigmentosum (XP), Cockayne’s syndrome (CS)
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and trichothiodystrophy (TTD) (Friedberg et al., 1995).
NER is divided into two subpathways. Transcription-
coupled repair (TC-NER) refers to the preferential repair
of transcribed strands in active genes, while global genome
repair (GG-NER) refers to repair in non-transcribed parts
of the genome, including the non-transcribed strand of
transcribed genes.

The molecular mechanism of the eukaryotic NER path-
way has been worked out primarily in yeast and human
cells, and the core reactions have been reconstituted
in vitro from purified components using damaged DNA
as a template (for reviews and original references, see
Friedberg, 1996; Sancar, 1996a; de Laat et al., 1999;
Guzder et al., 1999; Wood, 1999). Figure 3 summarizes
the basic reaction according to recent models of the human
pathway (de Laat et al., 1999; Wood, 1999) and illustrates
how it might work in chromatin. The human and, in
analogy, the yeast components are indicated side by side.
In the first step, the XPC-hHR23B proteins (and the yeast
Rad4–Rad23 complex) act as damage detectors that bind
to the DNA distortion and initiate NER (Sugasawa et al.,
1998). In a second step, XPA (Rad14), RPA (Rfa) and the
general transcription factor TFIIH enter the reaction to
form an open complex. DNA helicase activities of XPB
(Rad25/Ssl2) and XPD (Rad3) in TFIIH are used to
unwind the DNA. A preference of XPA and Rad14 for
binding damaged DNA (Robins et al., 1991; Guzder et al.,
1993) and the observation that Rad3 helicase activity is
inhibited by DNA damage (Naegeli et al., 1992) suggest
that those proteins are involved in verification of the
damage site in the open complex (Sugasawa et al., 1998).
In a next step, nuclease activity is recruited. The 3�
incision is made by XPG (Rad2), the 5� incision by a
complex of XPF–ERCC1 (Rad1–Rad10). Finally, the gap
is filled by DNA synthesis and ligation to form a ‘repair
patch’.

With respect to the first steps in damage recognition,
an alternative order of assembly of the excision complex
has been postulated (Wakasugi and Sancar, 1999). In this
case, XPA and RPA are the initial damage-sensing factors
that bind damaged DNA and then recruit TFIIH, XPC
and hHR23B to form an open complex (‘pre-incision
complex’). In the yeast in vitro system, damage recognition
is supported by Rad7 and Rad16. Rad7 and Rad16 form
a complex which, together with the Rad4–Rad23 complex,
binds to UV-damaged DNA synergistically and in a
reaction that is dependent on ATP (Guzder et al., 1997,
1999).

Nucleotide excision repair in chromatin and the

question of chromatin remodelling

The complexity of the NER pathway makes it difficult to
imagine how DNA lesions can be recognized and pro-
cessed in chromatin. The first step (Figure 3, step 1) is
damage recognition. It is not known whether the damage
recognition complexes can interact with lesions on the
nucleosome surface; however, it is likely that they recog-
nize lesions in linker DNA, which is not protected by
chromosomal proteins. Thus, in analogy to photoreacti-
vation, exposure of DNA lesions in linker DNA or a
disruption or unfolding of nucleosomes by ‘natural’
dynamic properties would be sufficient to allow damage
recognition.
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The next steps in NER need more space (Figure 3,
steps 2–4). About 25 bp of DNA are unwound in the open
complex (Evans et al., 1997), and the human excision
complex requires ~100 bp of DNA to excise the lesion
in vitro (Huang and Sancar, 1994). Such a complex appears
to be incompatible with the structure of a nucleosome,
and the linker DNA between nucleosomes (0–90 bp) is
too short to accommodate a repair complex. Hence,
nucleosomes need to be disrupted or rearranged or histones
need to be removed. Disruption of one nucleosome, or
unwrapping of one turn of nucleosomal DNA (80 bp)
together with the linker DNA, or sliding of a nucleosome
by a few base pairs would be sufficient to provide space
for NER. There is no obvious requirement to remove
nucleosomes over long distances. A disruption of higher
order structures (e.g. by removal of histone H1 and by
histone acetylation), however, might be necessary to
facilitate the access to nucleosomes or enhance nucleosome
dynamics.

Repair patches are nuclease sensitive and not folded
into nucleosomes immediately after DNA synthesis (see
below; Figure 3, step 4). This implies a removal or
destabilization of nucleosomes during an earlier step of
NER. It is unknown how this chromatin remodelling
happens, but conceptually we have to distinguish two
components: the natural dynamic properties of chromatin
(Figure 1) and an active chromatin remodelling process
driven by enzymatic activities.

Acetylation of histones is a general way by which
nucleosomes and chromatin fibres are believed to be
destabilized. Consistent with a general effect of
acetylation, it was found that sodium butyrate, which
inhibits histone deacetylation, stimulates NER in human
cells at concentrations where the histones are hyperacetyl-
ated maximally (Smerdon et al., 1982). This experiment,
however, does not tell us whether the damaged nucleo-
somes are acetylated selectively at the site of and prior
to repair.

Given the rare distribution of DNA lesions in the
genome, a putative remodelling activity should be targeted
to the site of the lesion and therefore be coupled to the
damage recognition process. This requirement is reminis-
cent of the transcriptional activation process, which applies
remodelling of nucleosomes to facilitate binding of tran-
scription factors to DNA. Such activities are provided by
several complexes that may contain histone acetyltrans-
ferases as well as ATP-driven molecular machines that
disrupt histone–DNA interactions or promote sliding (e.g.
SWI/SNF and NURF complexes) (Imbalzano, 1998;
Workman and Kingston, 1998; Whitehouse et al., 1999).
It is conceivable that similar activities could facilitate
NER in chromatin.

Factors that participate in this early step of NER are
the human DDB and the yeast Rad7–Rad16 proteins. DDB
is a DNA-damage binding protein, which is lacking in
some XPE patients (Protic et al., 1989). Purified DDB
protein did not stimulate repair of naked DNA by extracts
of XP-E cells, but microinjection of the protein into XP-E
cells could partially correct the repair defect (Rapic Otrin
et al., 1998), suggesting a role in chromatin repair. In
Saccharomyces cerevisiae, the RAD7 and RAD16 genes
are required for efficient repair of transcriptionally inactive
chromatin and the non-transcribed strand of transcribed
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Fig. 3. Schematic illustration of nucleotide excision repair in chromatin. The basic reaction in DNA (inserts) is adopted from de Laat et al. (1999)
and Wood (1999). The major repair components are indicated for human and S.cerevisiae. Damage recognition (1) is followed by open complex
formation and DNA damage verification (2). Damage recognition might occur preferentially in linker DNA and could be facilitated by dynamic
properties of nucleosomes that shift DNA lesions into linker DNA (see Figure 1). The space required for open complex formation might be provided
by chromatin remodelling, possibly with the help of nucleosome remodelling activities. After excision of the damaged nucleotide (3) and DNA
synthesis (4), the repair patch (red bar) is not folded in nucleosomes. Regeneration of chromatin (5) requires redistribution of nucleosomes
(mobility), and refolding and/or reassembly of nucleosomes, possibly with the help of chromatin assembly factors (CAF1 and CAC). Nucleosomes,
DNA and DNA lesions are indicated as in Figures 1 and 2. Indicated are proteins involved in damage recognition (yellow, dark green) and in open
complex formation (grey), remodelling complexes (purple), nucleases (green) and replication factors (brown). Putative histone modifications by
acetylation are shown as red dots on the histones (blue).

genes, while they are not required for NER of the
transcribed strand (Verhage et al., 1994, 1996b; Mueller
and Smerdon, 1995). Rad7 interacts with Sir3, a protein
involved in chromatin organization of silenced genes, and
a sir3 deletion rescues part of the UV sensitivity associated
with a rad7 deletion, thus indicating a chromatin–repair
connection (Paetkau et al., 1994). Rad7 binds to DNA
unspecifically, and the Rad7–Rad16 complex recognizes
UV lesions in an ATP-dependent way. This suggests a
model in which ATP hydrolysis promotes translocation of
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the complex on DNA in search of UV lesions (Guzder
et al., 1998b, 1999). Rad16 has homology to Snf2, a
protein of the SWI/SNF nucleosome remodelling complex
(Schild et al., 1992). Since this complex can slide and
remodel nucleosomes in an ATP-dependent reaction
(Whitehouse et al., 1999), it is conceivable that Rad7–
Rad16 directly opens up a chromatin gap by promoting
nucleosome sliding or that it recruits nucleosome remodel-
ling activities (SWI/SNF components; Figure 3, step2).

We also need to consider that helicases (T-antigen of
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SV40 or the E.coli recBCD) can bind to nucleosome
substrates, unwind DNA and disrupt nucleosomes
(Eggleston et al., 1995; Ramsperger and Stahl, 1995).
Therefore, it seems conceivable that the helicases of
the NER process (XPD/Rad3, XPB/Rad25), which are
recruited to the reaction in the process of open complex
formation (Figure 3, step 2), could help to clear DNA of
histones and open up the repair site. Since each nucleosome
stores one negative supercoil of DNA and since melting
of DNA generates positive supercoils, the helicase activity
during open complex formation might indeed facilitate
nucleosome disruption.

Once NER is initiated and space is available, excision
and DNA repair synthesis will occur and leave a repair
patch that is not folded in nucleosomes. Regeneration of
chromatin will need an additional remodelling process
(see below).

Nucleotide excision repair at the nucleosome level

What is known about NER at the nucleosome level?
Wilkins and Hart discovered that a fraction of UV-induced
dimers was resistant to NER for 24–48 h and is possibly
shielded by histone proteins (Wilkins and Hart, 1974). The
NER reaction was not tested on nucleosomes reconstituted
with DNA of defined sequence. However, human cell
extracts were unable to repair UV-irradiated plasmid DNA
effectively that was reconstituted with nucleosomes (Wang
et al., 1991), and the reaction was less efficient in SV40
minichromosomes than in naked DNA (Sugasawa et al.,
1993). Thus, NER appears to be suppressed by the presence
of nucleosomes. The chromatin substrates used in those
experiments apparently did not provide the dynamic prop-
erties required for efficient repair or the extracts missed
the putative remodelling activities.

How are DNA lesions removed from nucleosomes
in vivo? To address this question, nucleosomes were
isolated after different repair times and their CPD distribu-
tion was analysed. After damage induction, the CPD
pattern displays a characteristic 10.3 base periodicity (see
above). After different repair times, little or no change in
the periodic pattern was observed, suggesting that CPDs
are removed at nearly equal rates from the inner and outer
surfaces of the DNA on the nucleosome. Moreover, no
preferential repair was observed towards the ends of the
nucleosomes (Jensen and Smerdon, 1990). Under the
assumption that nucleosomes do not rearrange during
isolation, this result suggests that the rotational setting of
nucleosomal DNA and the location of the lesion in the
nucleosome are not critical for damage recognition and
processing. This observation would be consistent with the
idea that the nucleosome is absent or disrupted at the
moment of initiation of NER (e.g. that the lesion is in
linker DNA; Figure 3, step 1).

In an alternative approach, NER was investigated by
comparison of pyrimidine dimer removal with chromatin
structure in yeast minichromosomes as described for
photoreactivation (Smerdon and Thoma, 1990; Smerdon
et al., 1990). The minichromosome, YRpTRURAP, con-
tained the URA3 gene, which is rarely transcribed and
most of the time is in an inactive state (Bedoyan et al.,
1992). Chromatin analysis revealed nucleosomes, each
with multiple positions and with a region of reduced
accessibility to DNase I (‘internal protected region’)
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(Tanaka et al., 1996). PDs (CPDs and 6–4PPs) were
mapped by primer extension using Taq polymerase, which
is blocked at CPDs and 6–4PPs (Wellinger and Thoma,
1996). While repair rates on the transcribed strand were
dominated by transcription-coupled repair and showed no
correlation with chromatin structure (see below), analysis
of the non-transcribed strand revealed pronounced hetero-
geneity in repair rates. Fast repair correlated with PD
locations in linker DNA and towards the 5� end of a
nucleosome. Slow repair correlated with the ‘internal
protected region’ (Wellinger and Thoma, 1997). Similar
results were reported for the genomic copy of the URA3
gene and for removal of 6–4PPs, indicating that modula-
tion by chromatin structure is not damage dependent
(Tijsterman et al., 1999). These results provide strong
evidence that NER is modulated by the arrangement of
nucleosomes along the DNA.

There seems to be a discrepancy between the results in
human and yeast cells. In contrast to human cells, the
yeast experiments revealed enhanced repair towards the
end of nucleosomes. One explanation could be differences
in the methods. Alternatively, differences in chromatin
structure between yeast and human cells should be consid-
ered. Although the primary structure of yeast nucleosomes
is similar to that of higher eukaryotes (Bavykin et al.,
1985), they contain hyperacetylated core histones (Davie
et al., 1981) and differ in some physical properties such
as thermal or salt stability (Morse et al., 1987; Pineiro
et al., 1991). Moreover, in contrast to higher eukaryotes,
yeast is missing a conventional histone H1, which stabil-
izes the nucleosomes (Thoma et al., 1979) and prevents
nucleosome mobility in vitro (Pennings et al., 1994). Thus,
a reduced nucleosome stability and enhanced mobility
in yeast could facilitate damage recognition and repair.
Moreover, in the absence of H1, the ends of nucleosomal
DNA are bound less tightly to the histone octamer and
interact more efficiently with transcription factors
(Workman and Kingston, 1998). This could also contribute
to preferential repair towards the end of a nucleosome.

How are 6–4PPs removed from nucleosomes and linker
DNA? Radioimmunoassays showed that 6–4PPs are
removed much faster than CPDs from the genome overall
(Mitchell et al., 1985), as well as from nucleosome cores
and chromatosomes [a nucleosome particle containing
166 bp of DNA and histone H1 (Simpson, 1978)] (Mitchell
et al., 1990; Suquet et al., 1995). Repair of 6–4PPs was
also faster than repair of CPDs in a nucleosomal region
of a yeast gene (Tijsterman et al., 1999). One explanation
for preferential repair of 6–4PPs could be enhanced
damage recognition, since several damage recognition
proteins preferentially bind 6–4PPs rather than CPDs,
including the NER proteins Rad14 (Guzder et al., 1993),
the Rad4–Rad23 complex (Guzder et al., 1998a) and XPA
(Jones and Wood, 1993). On the other hand, it seems
more likely that 6–4PPs (due to the strong bend in DNA)
are exposed more frequently in linker DNA than CPDs,
thus allowing rapid repair.

In view of the observations described above, it seems
reasonable to assume that damage recognition occurs
predominantly in linker DNA or in an altered nucleosome
and that natural dynamic properties provide a transient
window of accessibility for the lesions.
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Nucleosome rearrangements after DNA repair

synthesis

Immediately after repair synthesis, repair patches are
sensitive to micrococcal nuclease and do not reveal the
10 bp DNase I periodicity characteristic for nucleosomal
DNA. Later, repair patches become nuclease resistant
and are found in nucleosome core DNA (Smerdon and
Lieberman, 1978, 1980). While there is a preference for
repair patch distribution towards the ends of a nucleosome
in the early phase of repair, the repair patches become
distributed more evenly in the late phase (Jensen and
Smerdon, 1990). These experiments demonstrate that
immediately after DNA repair synthesis, nucleosomes are
disrupted or absent and that chromatin is regenerated and
reorganized slowly after DNA repair synthesis (Figure 3,
steps 4 and 5).

The details of this chromatin maturation step are
unknown. It probably requires refolding or repositioning
of pre-existing nucleosomes, nucleosome assembly and
packaging into higher order structures (Smerdon and
Thoma, 1998; Conconi et al., 1999). Slightly enhanced
binding of repair patch-containing chromatin fragments to
an organomercury column implicates (partially) unfolded
or incompletely assembled nucleosomes as a structural
intermediate (Baxter and Smerdon, 1998). Biochemical
support for a link between nucleosome assembly and
DNA repair comes from in vitro experiments with extracts
from Xenopus eggs, human cells and Drosophila embryos.
It was reported that UV damage-dependent DNA synthesis
occurs simultaneously with chromatin assembly and that
chromatin assembly factor 1 (CAF1) was necessary for
repair-associated chromatin formation (Gaillard et al.,
1996, 1997). Genetic evidence comes from yeast strains
lacking chromatin assembly factor I (CAC). Those strains
show enhanced UV sensitivity which is consistent with a
DNA repair deficiency (Kaufman et al., 1997). However,
the CAC-dependent repair deficiency is not restricted to
the NER pathway (Game and Kaufman, 1999), indicating
that CAC appears to play a more general role. Surprisingly,
chromatin assembly in vitro was still effective when the
DNA synthesis step in the NER process was inhibited
(Gaillard et al., 1997). This raises the possibility that the
CAF1-dependent chromatin assembly operates whenever
a nucleosome-free gap is generated.

Search mechanisms for damage recognition
in chromatin

How do the damage recognition proteins find and identify
a single lesion within thousands of base pairs of DNA in
chromatin? Sequence-specific proteins can find their target
site by three-dimensional diffusion from solution, which
is a distributive mechanism, or by one-dimensional (linear)
diffusion, which is a processive mechanism. Linear dif-
fusion requires non-specific binding to DNA followed by
moving along the DNA in a search for specific sites (Berg
et al., 1981; Hanawalt, 1993).

Among the DNA repair enzymes, uracil DNA-glycosyl-
ase and T4 endoV are processive in low salt conditions,
but distributive in higher salt (Ganesan et al., 1986;
Gruskin and Lloyd, 1986; Higley and Lloyd, 1993). On
naked DNA, NER is achieved via a random diffusion
mechanism (Szymkowski et al., 1993), but one-dimen-
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sional search was proposed for Rad7–Rad16 (Guzder
et al., 1998b) and for photolyase in low salt (van Noort
et al., 1998). The mechanisms by which NER and photo-
lyase locate DNA lesions in chromatin in vivo are not
known, but the high salt conditions in nuclei favour
a distributive mechanism. Moreover, the UV damage-
dependent intracellular redistribution of the NER
endonuclease ERCC1/XPF tagged with green fluorescent
protein suggests that ERCC1/XPF participates in repair
of DNA damage in a distributive fashion rather than by
processive scanning of large genome segments (Houts-
muller et al., 1999).

One-dimensional search can be achieved in different
ways (Berg et al., 1981; Hanawalt, 1993). One way is by
sliding along the contour length of DNA or by tracking
along a DNA strand [as RNA polymerases (RNAPs) do].
This appears to be possible for short distances in linker
DNA or in non-nucleosomal regions. In the nucleosomes,
however, this process is sterically restricted and might
require disruption of nucleosomes in an energy-consuming
reaction. Thus a long distance search through numerous
nucleosomes appears to be unlikely.

An alternative mode of linear diffusion is microscopic
dissociation–reassociation between closely spaced sites in
the DNA molecule (‘hopping’), and intersegmental transfer
of proteins between different segments of the same DNA
molecule (Berg et al., 1981; Hanawalt, 1993). These
mechanisms would be facilitated by the close proximity
of DNA strands in nucleosomes and chromatin fibres. In
combination with the nucleosome dynamics, which pro-
vide the window of damage accessibility (Figure 1),
those mechanisms could indeed facilitate the search for
DNA lesions.

It will be important to extend the damage recognition
studies to chromatin substrates and to see whether an
ATP-dependent translocation of the Rad7–Rad16/Rad4–
Rad23 complex is possible in nucleosome arrays. The
other class of ATP-consuming proteins of the NER process,
the helicases (XPD/Rad3, XPB/Rad25), are less likely to
participate in a long distance search, since they belong to
the same complex.

Interactions between transcription and
repair

Transcription produces additional levels of complexity in
the studies of damage formation and repair. First, eukary-
otic cells have three systems to transcribe different sets
of genes, with different RNAPs and transcription factors.
The genes are of variable length and therefore have a
different probability of being hit by DNA-damaging
agents. Moreover, their distribution, copy number and
location in the nucleus vary. Second, transcription leads
to transient alterations in chromatin structure which, as
discussed above, affect damage formation and repair.
NER of transcribed genes has been reviewed extensively
(Friedberg, 1996; Sancar, 1996a; Wood, 1996; Hanawalt,
1998). Here, I focus on the contributions of NER and
photoreactivation to CPD repair in active genes and their
interactions with polymerases and chromatin (Figure 4).

DNA lesions can inhibit transcription and
transcription can inhibit DNA repair by photolyase
It is well known that UV lesions inhibit RNA synthesis
and that recovery of RNA synthesis is important for cell
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Fig. 4. Transcription-dependent chromatin changes and repair of genes
transcribed by RNAP II. (A) A transcriptionally inactive gene
packaged in nucleosomes. (B) A transcriptionally active gene with
nucleosome remodelling at the promoter, elongating RNAPs and
rearranged nucleosomes. (C) A damaged gene. DNA lesions may
affect binding of transcription factors thus affecting initiation. DNA
damage blocks the elongation of RNAP. Other RNAPs may initiate
and line up at the lesion. Downstream of the lesions, the gene
becomes depleted of RNAPs. (D) Gene repair by photolyase. RNAP II
is blocked at a CPD on the transcribed strand and inhibits access of
photolyase to the lesion, explaining slow repair of the transcribed
strand. In the non-transcribed strand, photoreactivation is fast in linker
DNA and open regions, but slow in nucleosomes (see the text and
Figure 2). Photoreactivation can be inhibited by factors bound to the
lesion. (E) Nucleotide excision repair. NER of the non-transcribed
strand is modulated by chromatin structure, it is fast in linker DNA,
slow in nucleosomes and can be inhibited by factors bound to a lesion.
NER of the transcribed strand is initiated by RNAP II blocked at a
CPD. It promotes assembly of the NER machinery, explaining
preferential repair of the transcribed strand (transcription-coupled
repair). Sharing of proteins between the transcription machinery and
the NER is indicated (TFIIH). Repair of the transcribed strand requires
the human factors CSA and CSB or yeast factor Rad26 (red circles);
repair of non-transcribed DNA requires XPC-hHR23B (Rad4–Rad23)
and Rad7–Rad16 (yellow circle). (F) Legends to symbols.
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survival. Inhibition of RNA synthesis occurs by stalling
the elongation of RNAP at DNA lesions (Figure 4C).
Thus, a central question is how these blocks are removed
to allow completion of RNA synthesis (Hanawalt and
Mellon, 1993; Hanawalt, 1994). In vitro, RNAPs are
blocked by pyrimidine dimers on the transcribed strand,
but they can bypass lesions on the non-transcribed strand
(Selby and Sancar, 1990; Donahue et al., 1994). A blocked
E.coli RNAP inhibits the excision of the photodimer by
(A)BC excinuclease (Selby and Sancar, 1990). A blocked
human RNAP II inhibits access of CPDs to photolyases
(Donahue et al., 1994), but neither stimulates nor inhibits
excision repair (Selby et al., 1997). In yeast genes tran-
scribed by RNAP II and RNAP III, the transcribed strands
were repaired more slowly by photolyase than the non-
transcribed strands (Figure 4D). In inactive genes, both
strands were repaired at similar rates (Livingstone-Zatchej
et al., 1997; Suter et al., 1997). CPDs were also repaired
more slowly by NER on the transcribed strand of active
RNAP III genes in yeast (Aboussekhra and Thoma, 1998).
Thus, RNAP II and III are blocked by lesions and can
inhibit repair processes in living cells. To allow repair,
RNAP must either fall off or step back. In vitro, the
complex of RNAP II at a lesion is remarkably stable, with
a half-life of ~20 h (Selby et al., 1997). In yeast, however,
the complex seems to be less stable, since photolyase
repairs ~80% of the CPDs in the transcribed strand in
2 h. For RNAP II transcription, it was shown that the
transcription elongation factor SII (TFIIS) catalyses cleav-
age of nascent transcripts at the pause sites and enables
the RNAP II to back off without aborting the incomplete
transcript (Donahue et al., 1994; Tornaletti et al., 1999).

Nucleotide excision repair of transcribed genes

While it is readily accepted that a stalled polymerase
inhibits repair, it was most surprising to realize that
transcription can facilitate NER. This process, referred to
as transcription-coupled repair (TC-NER), is ubiquitous
from E.coli to yeast and humans. It is based on the
following observations. (i) Transcribed genes are repaired
more quickly than non-transcribed DNA (‘gene-specific
repair’) (Bohr et al., 1985). (ii) Lesions are removed
more quickly from the transcribed strand than the non-
transcribed strand. This ‘strand-specific repair’ was
observed originally in human and hamster cells (Mellon
et al., 1987), and later in many organisms including E.coli
(Mellon and Hanawalt, 1989) and yeast (Smerdon and
Thoma, 1990; Leadon and Lawrence, 1992; Sweder and
Hanawalt, 1992). (iii) The general transcription factor
TFIIH plays a dual role in initiation of transcription by
RNAP II and in NER (Feaver et al., 1993; Schaeffer
et al., 1993; Drapkin et al., 1994). (iv) Mutations in the
CSA and CSB genes of Cockayne’s syndrome patients and
mutations in the yeast homologue of CSB, RAD26, lead
to a defect in repair of the transcribed strand (Venema
et al., 1990; Tijsterman et al., 1997). The yeast homologue
of CSA, RAD28, is not required for repair of the transcribed
strand (Bhatia et al., 1996). A current model of trans-
cription repair coupling in human cells is as follows
(Friedberg, 1996; Sancar, 1996a; de Laat et al., 1999):
RNAP II stalls at a lesion. CSA/CSB, possibly with the
help of another general transcription factor (TFIIS), bind
to the complex. RNAP II backs off the lesion without
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releasing the RNA. CSA/CSB recruit XPA and TFIIH and
promote the assembly of the repair complex. After excision
and repair synthesis, RNAP II resumes transcription
(Figure 4E).

In eukaryotic cells, preferential repair of the transcribed
strand generally is found in genes transcribed by RNAP II,
while the observations on genes transcribed by the other
polymerases are controversial and may indicate different
properties of transcription complexes. The rRNA genes
transcribed by RNAP I showed no repair or very modest
repair in human and hamster cells, but no evidence for
transcription-coupled repair (Christians and Hanawalt,
1993; Fritz and Smerdon, 1995). Preferential repair of the
transcribed strand, however, was observed in yeast, but
only in rad7 and rad16 mutants that are defective in repair
of non-transcribed DNA, and in a rad4 mutant that
otherwise seems completely NER deficient (Verhage et al.,
1996a). Genes transcribed by RNAP III showed no pref-
erential repair in humans (Dammann and Pfeifer, 1997).
In yeast, however, NER of the transcribed strand is even
slower than in the non-transcribed strand (Aboussekhra
and Thoma, 1998). Thus, the observation that in eukaryotic
cells only the RNAP II genes show TC-NER suggests
that TC-NER evolved to ensure efficient repair of single
copy genes and long genes. The genes transcribed by
RNAP III are short, which reduces their chance of being
damaged, while RNAP I genes occur in multiple copies,
which reduces the chance that all genes are inactivated
simultaneously by a DNA lesion.

Chromatin structure and repair of transcribed

genes

The dynamic properties of transcription-dependent chro-
matin transitions make it difficult to assess how chromatin
structure in transcribed genes affects DNA repair
(Figure 4). Nucleosomes are lost in rRNA genes tran-
scribed by RNAP I (Conconi et al., 1989; Dammann
et al., 1993), but are present in genes transcribed by
RNAP II (McKnight et al., 1978; De Bernardin et al.,
1986; Nacheva et al., 1989; Daneholt, 1992; Cavalli and
Thoma, 1993). The fate of nucleosomes might depend on
the RNAP and the rate of transcription. In vitro, nucleo-
somes inhibit initiation of transcription and are an obstacle
during elongation. Initiation needs the help of transcription
factors and nucleosome remodelling activities (Workman
and Kingston, 1998) and elongation requires a factor to
release RNAP II from a nucleosome-induced block (LeRoy
et al., 1998). Experiments with phage polymerases and
RNAP III suggest that the histone octamer is transferred
from a position in front of the polymerase to one behind
(Studitsky et al., 1995, 1997), which is also consistent
with the nucleosome rearrangement observed in tran-
scribed yeast genes (Figure 4B) (Cavalli and Thoma,
1993; Cavalli et al., 1996). Regeneration of the inactive
chromatin structure after inactivation of transcription is a
fast process that may not require replication (Schmid
et al., 1992; Cavalli and Thoma, 1993).

Given that chromatin remodels rapidly after inactivation
of transcription and that RNAPs can be arrested for many
hours, it must be assumed that chromatin rearranges around
a blocked polymerase (Figure 4C). Lost nucleosomes could
be replaced, disrupted nucleosomes refolded, or displaced
nucleosomes repositioned. Downstream of stalled poly-
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merases, the genes might become depleted of transcribing
RNAPs and adopt an inactive structure. Upstream, it is
conceivable that polymerases continue to initiate at the
promoter and queue up behind the stalled polymerase. At
the damage site, repair will depend on: (i) the half-life of
the stalled complex; (ii) the time required to recruit the
NER complex; (iii) the rate of transcription that would
allow replacement of a polymerase after the previous
polymerase detached from the lesion; and (iv) the time
required to generate a nucleosome or rearrange nucleo-
somes after a polymerase detaches from the lesion.

Several studies on site-specific repair of RNAP II-
transcribed genes in different cells and organisms show
fast repair rates on the transcribed strand, which is
generally consistent with transcription-coupled repair, but
variable degrees of heterogeneity in the transcribed and
non-transcribed strands (Smerdon and Thoma, 1990;
Tornaletti and Pfeifer, 1994; Mueller and Smerdon, 1995;
Tijsterman et al., 1996; Tu et al., 1996; Teng et al., 1997;
Wellinger and Thoma, 1997; Li et al., 1999). It seems
likely that this variability is related to the different
contribution of nucleosomes and stalled RNAP II. A more
precise interpretation is possible in the case of the yeast
URA3 gene where chromatin data and repair data of both
stands are available. Only the non-transcribed strand
showed a modulation of NER with nucleosome position,
while repair rates in the transcribed strands were faster,
more uniform and did not correlate with the chroma-
tin structure (Wellinger and Thoma, 1997). Moreover,
6–4PPs, which are repaired more quickly in the genome
overall than CPDs, were repaired with similar rates as
CPDs in the transcribed strand (Tijsterman et al., 1999).
These data are consistent with a dominant role of the
stalled polymerase in repair initiation.

Interactions between photolyase and NER

Cells that are exposed to sunlight are exposed simultan-
eously to damage-inducing radiation and photoreactivating
light. What are the contributions of each pathway to
removal of the major photoproduct, CPDs? In yeast,
photolyase is much faster than NER in repair of nucleo-
some-free regions, such as promoters and origins of
replication, which identifies a role for photolyase in
regenerating regulatory regions. Since the DNA lesions
in nuclease-sensitive regions are readily accessible to
photolyase, slow repair by NER indicates that there is
either a limitation in damage recognition proteins, or that
the assembly of the NER complex is slow. In genes
transcribed by RNAP II, photolyase and NER serve
complementary roles (Figure 4D and E); they preferentially
remove lesions in the non-transcribed and transcribed
strands, respectively, and ensure the efficient repair of
active genes (Livingstone-Zatchej et al., 1997; Suter et al.,
1997). On the other hand, NER is indispensable for
removal of 6–4PPs and can remove CPDs that are not
accessible to photolyase, such as CPDs generated in the
TATA-box of the yeast SNR6 gene (Aboussekhra and
Thoma, 1999).

A number of organisms and tissues that are never
exposed to sunlight express photolyase, suggesting a non-
photoreactivation function for this enzyme (Ozer et al.,
1995). In the dark, photolyase stimulates removal of UV
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damage by NER in yeast (Sancar and Smith, 1989) and
in E.coli (Yamamoto et al., 1983). Furthermore, photolyase
binds to other lesions (e.g. cis-diamminedichloroplatinum
adducts) and either inhibits NER of those lesions in
S.cerevisiae (Fox et al., 1994) or enhances it in E.coli (Ozer
et al., 1995). These observations suggest an interaction
between NER and photolyase, most likely at the level of
DNA damage recognition. Hence, knowing the character-
istics of CPD recognition by photolyase in chromatin
could provide further insight into the damage recognition
process of NER and into the interaction between these
two repair mechanisms.

Conclusions

Studies in recent years have established that chromatin
plays a central role in modulation of DNA-dependent
processes. The studies on NER and photoreactivation of
UV lesions provide clear examples for mutual interactions
and functional links between chromatin structures, tran-
scription and DNA repair processes. Repair of UV lesions
by photolyase and NER is just one example of cellular
reactions to environmental mutagens. Defending the
genome against other lesions using other repair enzymes
and pathways may occur with a similar complexity. Base
excision repair (BER) is responsible for repair of the
major lesions generated by active oxygen or simple
alkylating agents. It is initiated by DNA-glycosylases that
specifically recognize the lesion and excise the modified
base using a ‘flip-out’ mechanism similar to that of
photolyase. It is therefore surprising that no tight correl-
ation has been found so far between BER and chromatin
structure and that repair of thymine glycols is linked to
transcription, while BER of other lesions is not (for
references, see Ye et al., 1998; Li and Smerdon, 1999).
This illustrates that different repair proteins may use
different methods to cope with chromatin structures and
underlines the significance of, and the challenge of investi-
gating, repair processes in the chromatin of living cells.
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