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To investigate the repair of different types of DNA lesions in chromatin, we prepared mononucleosomes
containing an acetylaminofluorene-guanine adduct (AAF-G), a (6-4) photoproduct, or a cyclobutane pyrimi-
dine dimer (CPD) and measured the repair of these lesions by reconstituted 6-factor human excision nuclease.
We find that incorporation into nucleosomes inhibits the repair of CPD more severely than repair of the AAF-G
adduct and the (6-4) photoproduct. Equally important, we find that SWI/SNF stimulates the removal of AAF-G
and (6-4) photoproduct but not of CPD from nucleosomal DNA. These results shed new light on the low rate
of repair of CPDs in human cells in vivo.

Nucleotide excision repair (excision repair) removes a wide
variety of structurally unrelated DNA lesions by dual incisions
bracketing the lesion and spaced 24 to 32 nucleotides (nt)
apart (30, 32, 41). The excision reaction is carried out by six
repair factors, XPA, RPA, XPC, TFIIH, XPG, and XPF-
ERCC1, in humans (5, 24, 25) and their counterparts in yeast
(7). Although the excision nuclease removes all types of DNA
lesions ranging from bases adducted to polyaromatic hydrocar-
bons (4, 12, 32) to simply methylated bases (13) and even
undamaged nucleotides (3, 8), these lesions are removed with
widely differing rates (3, 12, 13). In particular, the rates of
removal of the two major UV photoproducts, the cyclobutane
pyrimidine dimer (Pyr��Pyr) and the (6-4) photoproduct, are
of interest because, arguably, these are the two most important
lesions that the excision nuclease has to deal with in nature.
Numerous in vivo studies have shown that (6-4) photoproducts
are repaired at 10- to 20-fold-higher rates than is Pyr��Pyr in
human cells (22, 42). Yet in vitro studies with human cell
extracts (26) or 6-factor reconstituted human excision nuclease
reveal only a two- to fivefold-higher rate of removal of (6-4)
photoproduct than for cyclobutane thymine dimer (T��T)
(26, 27). There might be several factors contributing to the
discrepancy between the in vivo and in vitro relative rates. One
obvious factor is the nature of the substrates in the two sys-
tems. In vivo, the substrate is chromatin, whereas in vitro the
substrate is typically naked DNA, and it has been shown re-
cently that incorporation of a lesion into a nucleosome severely
affects the rate of repair of the (6-4) photoproduct and the
acetylaminofluorene-guanine (AAF-G) adduct (9, 10, 38). It
was, therefore, conceivable that incorporation of the two pho-
toproducts might have different effects on their rates of re-
moval and the modulation of this rate by chromatin remodel-
ing factors.

Recently, we showed that incorporation of an AAF-G ad-
duct into nucleosomes inhibited its rate of removal by the

human excision nuclease to about 25% of the rate of excision
from naked DNA and that this inhibition was partly overcome
by the SWI/SNF chromatin remodeling factor (10). In the
present study we have used AAF-G as a reference substrate to
investigate the comparative effects of incorporation into nu-
cleosomes on the rates of excision of (6-4) photoproduct and
T��T and the modulation of these rates by SWI/SNF. Our
results show that incorporation into nucleosomes has a more
drastic effect on the rate of removal of T��T than on the rate
of removal of (6-4) photoproduct. Moreover, SWI/SNF stim-
ulates the excision of (6-4) photoproduct from nucleosomes
but has a negligible effect on T��T repair. We conclude that
the stimulatory effect of SWI/SNF on excision repair is depen-
dent on the type of DNA damage and that the lack of a
stimulatory effect on excision of T��T contributes to its rel-
atively low rate of excision in vivo.

MATERIALS AND METHODS

Enzymes and chemicals. [�-32P]ATP (7,000 Ci/mmol) was obtained from ICN
(Irvine, Calif.); EcoRI, HindIII, HinPI, and PflMI restriction enzymes and T4
polynucleotide kinase were purchased from New England Biolabs (Beverly,
Mass.). T4 DNA ligase was obtained from Roche Applied Science (Indianapolis,
Ind.), DNase I from Promega (Madison, Wis.), and N-acetoxy-2-acetyl-aminoflu-
orene from Chemsyn Science Laboratories (Lenexa, Kans.). The six core human
excision nuclease factors, RPA, XPA, XPC, TFIIH, XPG, and XPF-ERCC1,
were purified as described previously (2, 21, 25, 31). The yeast SWI/SNF complex
was a generous gift of Craig L. Peterson (University of Massachusetts, Worces-
ter) and was prepared as described earlier (19).

Preparation of damage-containing substrates. The substrates were prepared
by ligating an oligonucleotide containing a base lesion at a predetermined site
with five other oligonucleotides of partially overlapping sequences as described
previously (13, 21). The 20-mer containing an AAF-G adduct was prepared by
treating the oligomer with N-acetoxy-2-acetyl-aminofluorene as described earlier
(18), and the modified oligomer was purified through a 20% polyacrylamide gel
under nondenaturing conditions. The 8-mer oligonucleotides containing either a
(6-4) photoproduct or a T��T were prepared and purified as described else-
where (34).

The modified oligonucleotides were labeled at the 5� termini by using
[�-32P]ATP and polynucleotide kinase and were ligated to the other five oli-
gomers to prepare full-length duplexes of either 209-bp (AAF-G substrate) or
197-bp [(6-4) photoproduct and T��T substrates] as outlined in Fig. 1A (13, 21,
39). Following ligation the full-length oligomers were purified through denatur-
ing polyacrylamide gel electrophoresis (5% acrylamide, 0.17% bisacrylamide,
and 8 M urea in 2� Tris-borate-EDTA) and were annealed to obtain the
corresponding duplexes. For footprinting experiments the arm oligomer 5� to the
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damaged oligonucleotide was labeled with [�-32P-]ATP before ligation with the
other five oligomers that were 5� phosphorylated with nonradioactive ATP was
carried out. It must be noted that, of the three substrates, the two with the UV
photoproducts have identical sequences and that the AAF-G substrate only
differs in the central 20 bp. Control duplexes were prepared in the same manner,
except that the central damaged oligomer was replaced by an undamaged coun-
terpart.

Assembly and purification of nucleosomes. The substrates were assembled
into nucleosomes by using core histone proteins purified from HeLa cells as
described earlier (9). Briefly, 0.5 pmol of the damage-containing duplex and 1 �g
of salmon sperm DNA were incubated with core histone proteins at a 1:1 molar
ratio of octamer to nucleosome unit of DNA in a high-salt buffer containing 2 M
NaCl. The reaction mixture was gradually diluted to reduce the salt concentra-
tion. After assembly, the nucleosomes were purified by velocity gradient sedi-
mentation through an 11-ml 5 to 25% sucrose gradient (10). The quality of
nucleosomes was monitored by testing the fractions from the sucrose gradient on
a nondenaturing polyacrylamide gel (5% polyacrylamide and 0.17% bisacrylam-
ide in 0.5� Tris-borate-EDTA) according to methods published elsewhere (17).

Footprinting. DNase I footprinting was performed as described previously
(10). Briefly, 20 fmol of end-labeled naked or unfractionated nucleosomal DNA
was treated with DNase I and was directly loaded onto a 5% nondenaturing
polyacrylamide gel. The nucleosome band was located by autoradiography of the
wet gel, the band was excised, and the DNA was purified from the gel slice and
was analyzed on 5% polyacrylamide DNA-sequencing gel.

Excision assay. The excision assay measures the release of damaged bases in
24- to 32-nt-long oligomers (14, 36). In this study, 30 pM 32P-labeled nucleoso-
mal or naked DNA and 1.6 �g of salmon sperm DNA/ml were mixed with the six

excision repair factors (42 nM RPA, 6.5 nM XPA, 2.2 nM XPC, 16 nM TFIIH,
3 nM XPG, and 6 nM XPF-ERCC1) in 12.5 �l of excision buffer containing 32
mM HEPES-KOH (pH 7.9), 64 mM KCl, 6.4 mM MgCl2, 0.24 mM EDTA, 0.8
mM dithiothreitol, 2 mM ATP, 200 �g of bovine serum albumin/ml, 5.5%
glycerol, and 0.05% NP-40 and were incubated at 30°C for the indicated time.
When indicated, 0.48 nM SWI/SNF was added to the reaction mixture. The
reaction was stopped by phenol-chloroform extraction, and the DNA was pre-
cipitated with ethanol and was separated on an 8% polyacrylamide sequencing
gel. The level of excision was determined by measuring the amount of radioac-
tivity in the 24- to 32-nt range and the total radioactivity in the lane with a
PhosphorImager and analyzing the data with the ImageQuant system (Molecular
Dynamics).

RESULTS

Preparation of nucleosomes with three types of lesions. Two
duplexes 197 bp long and a third duplex of 206 bp were pre-
pared by ligating six partially overlapping oligonucleotides,
including a lesion-containing oligomer in the center where
indicated. The lesions were AAF-G, (6-4) photoproduct, and
T��T. The structure of the substrate is shown schematically
in Fig. 1A. The three duplexes have essentially the same se-
quence, with the exception of the central 20 bp, which is unique
to the longer AAF-G substrate. Figure 1B shows the entire
sequence of the duplexes containing the UV photoproducts. It
should be noted that these substrates have no nucleosome-
positioning sequences such as TG motifs or 5S ribosomal gene
sequences commonly used in making uniformly phased nucleo-
somes in vitro (40).

To prepare nucleosomes, the duplexes were mixed with hu-
man core histones purified from HeLa cells and were assem-
bled into mononucleosomes by the salt dilution method (10).
The nucleosome was separated from free DNA by sucrose
gradient velocity sedimentation and was analyzed on a nonde-
naturing polyacrylamide gel. As seen in Fig. 2, the peak nu-
cleosome fractions are essentially free of naked DNA. The
trace amount of naked DNA seen in the AAF-G nucleosome
most likely is due to a low level of disruption of this nucleo-
some during electrophoresis, as we have noticed the AAF-G

FIG. 1. Substrates. (A) Schematic of substrate construction from
six oligomers by ligation. The arm fragments AF1 to AF4 are 95, 94,
90, and 91 nt in length, respectively. The length and sequences of
damaged oligomers and complementary sequence (CF) for UV- and
AAF-damaged substrates are shown. Asterisks indicate the positions
of the radiolabel in duplexes used for footprinting and for the excision
assay. (B) Sequence of the T��T or (6-4) photoproduct-containing
duplex. The triangle indicates position of the photoproduct.

FIG. 2. Analysis of damage-containing mononucleosomes by poly-
acrylamide gel electrophoresis. Naked DNA (D) or nucleosomes
(N) carrying the indicated lesions were separated on a 5% nondena-
turing polyacrylamide gel and were visualized by autoradiography.
CPD, cyclobutane pyrimidine dimer.

4122 HARA AND SANCAR MOL. CELL. BIOL.



nucleosome to be more susceptible to disruption by physical
manipulation.

To ascertain that the DNA-protein complexes that we pre-
pared by mixing 197- to 206-bp duplexes with human histone
core proteins are indeed nucleosomes and that the damage is
within the nucleosome core, we analyzed the complexes by
DNase I footprinting. The results shown in Fig. 3 reveal strong
10-nt periodicity, in particular with damaged DNAs, in the
cleavage pattern of all three substrates over the region of 70 to
160 bp, indicating a canonical nucleosome structure with the
lesion located within the nucleosome core near the center of
symmetry (Fig. 3, lanes 6, 14, and 15). With undamaged DNA
the periodicity is less striking (Fig. 3, lanes 5 and 13). We have
previously observed this phenomenon with the AAF-G duplex
and its unmodified counterpart (10), and as suggested before,
we believe that, with random sequence DNAs such as the ones
used here, it is the helix deformity caused by the lesion that
provides the signal for nucleosome phasing. In any event,
clearly, the nucleosomes with DNA damage are strongly
phased, contain the lesions within the core nucleosome, and
hence are suitable to investigate the effect of nucleosomes and
SWI/SNF on excision repair.

Effect of nucleosome on excision of different types of dam-
age. In agreement with earlier reports, AAF-G and the (6-4)
photoproduct were excised more efficiently than was T��T
(23, 26) from naked DNA (Fig. 4, lanes 1, 3, and 5). In addi-
tion, as expected, incorporation of the lesions into nucleo-
somes suppressed excision of all three types of damage (Fig. 4,
lanes 2, 4, and 6). Of significance, however, was the stronger
inhibition of excision of T��T (10-fold inhibition) than of the
other two substrates (about fivefold inhibition), such that the
difference between the inefficient and efficient substrates be-
came amplified in nucleosomes. This differential inhibition of
(6-4) photoproduct and T��T may partially explain the dis-
crepancy between the in vitro (with naked DNA) and in vivo
repair rates observed for the lesions alluded to above. How-
ever, the different levels of excision that we observe for the two
photoproducts [approximately fourfold-more-efficient repair
of (6-4) photoproduct than of T��T] in nucleosomes cannot
account for the �10-fold difference seen in in vivo experi-

FIG. 3. DNase I footprinting of naked DNA and nucleosomal
(Nuc) substrates. (A) Footprints of the AAF-G substrate and the
corresponding undamaged DNA (UM). (B) Footprints of the two UV
photoproducts and of unmodified DNA of identical sequence. The
nucleosome reconstitution mixtures were treated with DNase I and
were directly loaded on a 5% nondenaturing polyacrylamide gel. The
free and nucleosomal DNA bands were located by autoradiography,
were recovered from the gel, and were then separated on 6% dena-
turing polyacrylamide gels that were autoradiographed. The �10-nt
periodicity in nucleosomal DNA is indicated by open arrows, and the
positions of G-AAF and the UV photoproducts are marked.

FIG. 4. Inhibition of excision of three types of DNA lesions by
nucleosomes. The indicated substrates, either as naked DNA or in
nucleosomes (Nuc), were incubated with 6-factor reconstituted exci-
sion nuclease for 3 h at 30°C, and the products were separated on an
8% denaturing polyacrylamide gel. The figure shows an autoradiogram
of the gel. The levels of excision were quantified by PhosphorImager
and the ImageQuant system and are indicated at the bottoms of all
lanes.
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ments. We reasoned that the repair of the two photoproducts
may be affected differently by chromatin remodeling factors,
which could account for the drastically slow excision of T��T
relative to that of (6-4) photoproducts in vivo. Hence, we
tested the effect of SWI/SNF on excision of all three lesions
from nucleosomes.

Differential effect of SWI/SNF on excision of different types
of damage. Inclusion of SWI/SNF in the reaction mixture stim-
ulated the rate and extent of excision of AAF-G by a factor of
about 2 as we reported previously (10) (Fig. 5A). Similarly,
SWI/SNF stimulated excision of the (6-4) photoproduct by
about 1.5-fold (Fig. 5B). In contrast, this chromatin remodel-
ing factor had no effect on either the rate or the extent of
T��T excision under our assay conditions (Fig. 5C). Thus,
recognizing the limitations of our experimental system, we
conclude that the stronger inhibition of excision of T��T than
of (6-4) photoproduct by the nucleosome and the lack of a
stimulatory effect by at least one remodeling factor on T��T
excision from a nucleosome may be the two major determi-
nants of the very low rate of excision of Pyr��Pyr in vivo,
compared to the moderate rate observed with naked DNA and

the reconstituted human excision nuclease in vitro (24; this
work).

DISCUSSION

We have made three observations of relevance to DNA
repair in chromatin in this study: the effects of DNA lesions on
nucleosome phasing, the dependence of repair inhibition by
nucleosome on the type of DNA damage, and finally the de-
pendence of stimulation of excision nuclease by SWI/SNF on
the type of DNA lesion.

Effect of damage on nucleosome phasing. As a common
practice, nucleosome reconstitution experiments are per-
formed with special DNA sequences, such as TG motifs or 5S
ribosomal gene sequences, to obtain nucleosomes with uni-
form phasing (11, 33). We previously observed that, with a
200-bp duplex with an AAF-G adduct in the center, a uniform
nucleosome phasing could be achieved without the need for a
special sequence (10). In this study we show that the same
high-quality phasing is conferred by (6-4) and T��T photo-
products as well. It is likely that the DNA bending and kinking
caused by these lesions help position them in the center of the
dyad symmetry of the nucleosome core. While the crystal struc-
tures of AAF-G or (6-4) photoproduct containing DNAs are
not available at present, the structure of a T��T-containing
decamer shows that the photoproduct bends the DNA by 30°
(29) in agreement with an earlier solution circularization study
(15). It is known that DNA bends such as these, induced by
whatever mechanism, help in nucleosome phasing (11).

Inhibition of repair by nucleosomes. Recent studies with
defined nucleosomal substrates have revealed that both human
and Xenopus nucleotide excision repair (10, 11, 17, 38) as well
as human base excision repair (28) are inhibited by nucleoso-
mal structure (see reference 6). In this study we show that the
repair of AAF-G and (6-4) photoproduct, which are presumed
to cause more drastic structural changes in DNA than T��T
(which nevertheless kinks the duplex by 30°), is affected less
severely than that of T��T repair. It is conceivable that the
gentler bending caused by T��T in DNA makes the structural
deformity of this lesion less obvious and hence less accessible
to damage recognition proteins when the T��T is in nucleo-
somes. While this is a plausible explanation, a more definitive
answer should come from the crystal structures of mononu-
cleosomes containing each of these lesions.

Differential effects of SWI/SNF on repair of UV photoprod-
ucts. In addition to the stronger inhibition of T��T repair
than of (6-4) photoproduct repair by nucleosomes, the repair
of T��T is not stimulated by SWI/SNF. This likely contributes
to its very low rate of repair in vivo. At present we do not have
a definitive explanation for why T��T repair is not stimulated
by SWI/SNF. Based on structural considerations alone, it is
safe to assume that the (6-4) photoproduct distorts the duplex
more severely than does T��T and hence would be more
accessible to any protein approaching the nucleosome (20).
However, there is no evidence that SWI/SNF has a higher
affinity for damaged DNA. It is likelier that the damage rec-
ognition factors RPA, XPA, and XPC detect the (6-4) photo-
product more readily than T��T and in doing so help recruit
SWI/SNF to the damage site (10), which in turn remodels the
nucleosome and facilitates the assembly of the entire excision

FIG. 5. Effect of SWI/SNF on repair of three different lesions in
mononucleosomes. Nucleosomal DNAs (30 pM) were incubated with
reconstituted excision nuclease in the absence or presence of SWI/SNF
(0.48 nM) for the indicated times, and the reaction products were
separated on 8% polyacrylamide gels. The top panels show represen-
tative autoradiograms of excision gels. In the bottom panel the level of
excision as percentage of input substrates is plotted from three inde-
pendent experiments; the bars indicate standard errors.
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nuclease and eventual damage removal. It must be noted,
however, that in addition to SWI/SNF there are other chro-
matin remodeling factors that alter DNA-histone interactions
by either SWI/SNF-like ATP-dependent action or by covalent
modification (1, 16, 35, 37) and that the effects of these on
repair of various lesions must be tested in vitro to provide a
more comprehensive understanding of the different rates of
removal of the two major UV photoproducts in vivo.
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