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The majority of DNA in eukaryotic cells exists in the highly con-
densed structural hierarchy of chromatin, which presents a chal-
lenge to DNA repair enzymes in that recognition, incision, and
restoration of the original sequence at most sites must take place
within these structural constraints. To test base excision repair
(BER) activities on chromatin substrates, an in vitro system was
developed that uses human uracil DNA glycosylase (UDG), apyri-
midinic�apurinic endonuclease (APE), and DNA polymerase � (pol
�) on homogeneously damaged, rotationally positioned DNA in
nucleosomes. We find that UDG and APE carry out their combined
catalytic activities with reduced efficiency on nucleosome sub-
strates (�10% of that on naked DNA). Furthermore, these enzymes
distinguish between two different rotational settings of the lesion
on the histone surface, showing a 2- to 3-fold difference in activity
between uracil facing ‘‘toward’’ and ‘‘away from’’ the histones.
However, UDG and APE will digest such substrates to completion
in a concentration-dependent manner. Conversely, the synthesis
activity of pol � is inhibited completely by nucleosome substrates
and is independent of enzyme concentration. These results suggest
that the first two steps of BER, UDG and APE, may occur ‘‘unas-
sisted’’ in chromatin, whereas downstream factors in this pathway
(i.e., pol �) may require nucleosome remodeling for efficient DNA
BER in at least some regions of chromatin in eukaryotic cells.

chromatin � glycosylase � DNA polymerase � � apyrmidinic�apurinic
endonuclease

The daily insult to genomic DNA by both exogenous and
endogenous genotoxic agents requires that DNA repair

pathways constantly survey the genome for potential mutagenic
modifications (1–3). Furthermore, the DNA in eukaryotic cells
is packaged into heterogeneous, dynamic chromatin fibers. The
primary level of packaging in these fibers, the nucleosome core
particle (NuCP), consists of an octamer of the four core histones
H2A, H2B, H3, and H4, with 147 bp of DNA wound in 1.65
left-handed superhelical turns on the octamer surface (4–6). In
bulk (or transcriptionally inactive) chromatin, these nucleosome
cores are connected by variable lengths of DNA (from �20 to
�90 bp), called ‘‘linker DNA,’’ complexed with linker histones
(H1 and�or H5).

Previous studies have demonstrated that chromatin substrates
are refractory to DNA repair, transcription, transcription factor
binding, and V(D)J recombination (7–10). A major obstacle that
chromatin and, more specifically, nucleosomes present to pro-
tein binding and enzyme catalysis is that a portion of the DNA
is occluded because of steric hindrance by the histone octamer
surface (see ref. 5 for review). Also, the malleability of DNA is
constrained in chromatin, and any protein�enzyme that requires
severe alteration of DNA structure to bind or carry out catalysis
may be inhibited dramatically (7). To circumvent these restric-
tions, modulation of chromatin structure through ATP-
dependent nucleosome remodeling and�or posttranslation mod-
ification of histones (e.g., acetylation) acts to facilitate access to
buried sites in chromatin (see refs. 11 and 12 for reviews).

Moreover, additional protein (or protein complexes), not re-
quired for activity on naked DNA, may facilitate binding or
catalysis in chromatin.

The base excision repair (BER) pathway is responsible for
removal of �10,000 DNA lesions daily in each human cell (13,
14). In addition, lesions targeted by the BER pathway are
relatively small, causing little (if any) helix distortion, and would
seem to pose a problem in the initial step of recognition during
BER. Many of the lesions targeted by BER have been shown not
to inhibit elongation by RNA polymerases both in vitro and in
vivo (15). Lesions of this type can lead to a number of different
types of mutations, including transitions, transversions, or dele-
tions (15).

This study examines repair of a guanine–uracil mismatch,
which results mainly from two major pathways in the cell:
spontaneous deamination of cytosine (16) and chemical deami-
nation of cytosine facilitated by bisulfites and nitric oxide (17,
18). This mismatch has the capacity to form base pairs (19) and
should not dramatically affect the structure of DNA in a
nucleosome. This aspect of nondistorting DNA lesions makes
their recognition and removal more challenging than that of
bulky DNA adducts, which can alter nucleosome structure (10,
20). Furthermore, any lesion targeted by BER, such as uracil, can
be considered a prototype for BER studies, because, after
catalysis by the damage-specific DNA glycosylase, the BER
pathway converges to one of two routes for repairing the
resulting apyrimidinic�apurinic site (short-patch and long-patch
BER; ref. 21).

Enzymatic steps in guanine–uracil BER of naked DNA in vitro
are well known and have been established in reconstituted
systems with purified enzymes (14, 22). Our study divided the
BER pathway into its individual components [uracil DNA
glycosylase (UDG), apyrmidinic�apurinic endonuclease (APE),
and DNA polymerase � (pol �)] and tested which, if any, of the
catalytic activities of these enzymes are modulated by nucleo-
some substrates containing a guanine–uracil mismatch that is
rotationally positioned in nucleosomes. Damaged mononucleo-
somes were constructed with uracil nucleotides at (or near) the
nucleosome dyad and were positioned away from (uracil out,
UO) and toward (uracil in, UI) the histone octamer surface (Fig.
1). These rotationally positioned substrates were subjected to
digestion by UDG�APE and synthesis by pol � and were
compared with the naked DNA counterpart.

Experimental Procedures
Preparation of Oligonucleotide Substrates. Substrates were con-
structed by annealing and ligating synthetic oligonucleotides
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containing the TG motif (23), a nucleosome positioning se-
quence, f lanking a glucocorticoid hormone receptor response
element (GRE) as described (8–10) with minor modifications.
Sequences for the six oligonucleotides, L1, L2, L2UO, L2UI, R1,
and R2, are shown in Table 1.

5� End-Labeling. DNA was end-labeled with 32P, as described (10).
To avoid labeling of the undamaged strand, the 5� terminus of
the L1 sequence was synthesized with a 5�-amino modifier (Glen
Research, Sterling, VA) attached to block T4 polynucleotide
kinase from incorporating a labeled nucleotide. Radiolabeled
DNA was extracted with phenol and separated from unincor-
porated radionucleotides on a G-25 spin column (Amersham

Biosciences). Specificity of end-labeling was analyzed by diges-
tion with RsaI (e.g., see Fig. 5 naked DNA, lane RA; nonspecific
labeling appears as a doublet).

Nucleosome Reconstitutions. NuCPs were prepared from pooled
chicken erythrocytes (Lampire Biological Laboratories, Pipers-
ville, PA) by following the methods described by Libertini and
Small (24) with minor modifications. The damaged and undam-
aged DNA substrates were reconstituted into mononucleosomes
by histone octamer transfer using excess chicken erythrocyte
core particle (CE-CP) and incremental changes in ionic strength
(20, 25). The reconstitution products were analyzed on native 6%
polyacrylamide (0.3% bisacrylamide) gels in 0.5� TBE buffer
(45 mM Tris�45 mM boric acid�1 mM EDTA, pH 8.3), the gels
were dried and exposed to PhosphorImager screens (Molecular
Dynamics), and the 32P-labeled DNA was visualized on
a PhosphorImager (model 445-P90, Molecular Dynamics).
Images were analyzed with IMAGEQUANT software (Molecular
Dynamics).

UDG�APE Digestion. The UDG and APE reaction mixture con-
tained 50 mM Hepes (pH 7.5), 2 mM DTT, 0.2 mM EDTA (pH
8.0), 100 �g�ml BSA, 10% glycerol (wt�vol), 5 mM MgCl2, 4 mM
ATP, and 0.3 �M dNTPs (22). CE-CP, at �300 nM, were added
to naked DNA samples to adjust for the excess CE-CP present
in reconstituted nucleosome samples. The reactions were initi-
ated by adding UDG and APE to final concentrations of 1 nM
each. Incubation was at 37°C for 30 sec to 1 h. For testing the
effect of flanking nucleotides on UDG and APE, digestion was
performed on naked DNA (UO and UI) under identical reaction
conditions, except that enzyme concentrations were 100 pM and
incubations were from 30 sec to 10 min. Aliquots were removed
at appropriate times and treated with phenol to stop the reaction.
The digested DNA was treated and analyzed as described above,
except that separation was on a 10% denaturing gel.

pol � Synthesis. DNA synthesis with pol � was performed in a
mixture that contained the same buffer as that used for the UDG
and APE reaction. CE-CP was added to naked DNA, as de-
scribed above, and the reactions were initiated by adding UDG,
APE, and pol � to final concentrations of 10 nM each. Incuba-
tions were at 37°C for 1–4 h. Aliquots were removed at appro-
priate times and treated with phenol to stop the reaction. The
digested DNA was treated and analyzed as described above,
except that separation was on an 8% denaturing gel.

An identical experiment to label repair patches was carried out
as above, except that radioactive dCTP ([�-32P]dCTP) was
added. Samples were incubated at 37°C, and aliquots were
removed at appropriate times and treated with 50 mM EDTA,
boiled, and loaded directly onto a 10% denaturing gel. The
digested DNA was analyzed as described above.

RsaI Restriction Site Protection. The reaction mixture of RsaI and
UDG�APE was identical to that used in the UDG�APE diges-

Fig. 1. Modified sequence element and assembled nucleosome structure. (A)
GRE sequence for UO and UI substrates. Bold arrows are the pseudo-
palindrome binding site for the glucocorticoid receptor. (B Top) Nucleosome
schematic of the TG motif (gray) flanking the GRE (maroon and gold). (Middle
and Bottom) UO and UI (red) substrates (B was adapted from ref. 4). The
rotational setting of DNA in these NuCPs has been determined by hydroxyl
radical footprinting (10).

Table 1. Oligonucleotide sequences and abbreviations

Abbreviation Sequence

L1* 5�-TGTTAGAGCCTGTAACTCGGTGTTAGAGCCTGTAAC TCGGTGTTAGAGCCTGTAACTCGGTTGTACAGGATGTTC TAGCCTGTAACAGCC-3�

L2 5�-GTTACAGGCTAGAACATCCTGTACAACCGAGTTACA GGCTCTAACACCGAGTTACAGGCTCTAACACCGAGTTAC AGGCTCTAACA-3�

L2UO 5�-GTTACAGGCTAGAACATCUTGTACAACCGAGTTACA GGCTCTAACACCGAGTTACAGGCTCTAACACCGAGTTAC AGGCTCTAACA-3�

L2UI 5�-GTTACAGGCTAGAAUATCCTGTACAACCGAGTTACA GGCTCTAACACCGAGTTACAGGCTCTAACACCGAGTTAC AGGCTCTAACA-3�

R1 5�-TGTTAGAGCCTGTAACTCGGTGTTAGAGCCTGTAAC TCGGTGTTAGAGCCTGTAACT-3�

R2 5�-AGTTACAGGCTCTAACACCGAGTTACAGGCTCTAAC ACCGAGTTACAGGCTCTAACAGGCT-3�

Sequence in bold indicates the GRE; bold U indicates the site of a uracil nucleotide; bold, italic GTAC represents an RsaI site; and underlined sequence
corresponds to the TG motif.
*5�-amino modified nucleotide to avoid radioactive labeling during T4 polynucleotide kinase reaction.

7466 � www.pnas.org�cgi�doi�10.1073�pnas.1330328100 Beard et al.



tion alone. CE-CP was added to naked DNA, as described above.
Adding 5 units of RsaI initiated the reactions, and incubation was
at 37°C for 1 h. An aliquot was removed at the 1-h time point,
and the reaction was stopped by phenol extraction. The UDG
and APE were then added to the reaction at 1 nM each, and
digestion was continued for an additional hour. Aliquots were
taken at 1, 10, 30, and 60 min and extracted with phenol to stop
the reaction. The digested DNA was treated and analyzed as
described above, except that separation was on a 10% denaturing
gel.

Results
Reconstitution of Nucleosomes with Uracil at the Nucleosome Dyad.
To examine whether a guanine–uracil mismatch affects nucleo-
some formation, reconstitutions were carried out at varying
CE-CP concentrations with UO DNA, UI DNA, and undam-
aged DNA as control. As shown in Fig. 2, there was no marked
effect of uracil at either position (UO or UI) on nucleosome
formation as assayed by gel shifts. The reconstituted fraction on
these gels was quantified and compared for the undamaged and
damaged substrates, and the data indicate that inclusion of uracil
nucleotides at UO and UI has no effect on nucleosome forma-
tion (Fig. 2). Furthermore, the conditions used for nucleosome
reconstitutions for various repair experiments did not yield any
labeled naked DNA (data not shown).

Cleavage of Damaged NuCPs by UDG�APE. Incubation of DNA
containing a guanine–uracil mismatch with UDG and APE
produces a single-strand break that can be visualized on a
denaturing gel (Fig. 3A). At low enzyme concentrations, this
band is produced during increasing digestion times and can be
quantified in both naked DNA and NuCPs (Fig. 3B). Assaying
UDG and APE together on nucleosome substrates indicates that
these enzymes proceed at a much slower combined rate than they
do on their naked DNA counterparts (Fig. 3 A and B). Indeed,
the calculated rates for these digestion curves (Fig. 3B, dashed
and solid lines) indicate that nucleosomes are digested at a rate
�10-fold slower by the combined action of UDG and APE than
naked DNA. At higher enzyme concentrations, digestion pro-
ceeds to near completion on the chromatin substrates (Fig. 3B,
dotted line). The apparently incomplete digestion by UDG and
APE of naked DNA in Fig. 3B is due to the small amount of

‘‘resistant’’ intact fragment remaining on these gels (Fig. 3A,
solid arrow), which is the result of incomplete denaturation of
the TG motif sequence (unpublished results).

The rotational setting of nucleotides in relation to the histone
octamer surface has been shown to dramatically affect access to
the GRE (8) and transcription factor binding sites (26, 27). As
shown in Fig. 1B, the damage sites UO and UI differ in rotational
setting relative to the histone octamer surface. Digestion by
UDG and APE, at low enzyme concentrations, reveals that there
is a 2- to 3-fold difference in digestion rate between these two
different rotational settings (Fig. 3B). Thus, although UDG and
APE can digest either site (UO or UI), their (combined) reaction
rate is reduced for uracil facing the histone surface.

Fig. 2. Nucleosome reconstitutions. Percent of NuCPs present for different
CE-CP to [32P] DNA ratios. Data represent the mean � 1 SD (three independent
reconstitutions for each substrate) of the ratio of band intensities for naked
DNA and NuCPs on native gels (Inset). Undamaged DNA, solid line, E; UO DNA,
dashed line, �, and UI DNA, dotted line, }. (Inset) Native gels of nucleosome
reconstitutions at varying CE-CP concentration (naked DNA, dashed arrow;
NuCP, solid arrow). Lane M is naked DNA only; the black triangle indicates
increasing CE-CP concentration.

Fig. 3. UDG and APE digestion of UO and UI nucleosomes. (A) Denaturing
gels of UO and UI naked DNA and NuCPs after incubation with UDG and APE,
each at 1 nM. Time is from 30 sec to 1 h and M is mock-treated. (B) Plot of the
mean � 1 SD (three independent experiments) of the percent DNA cut by 1 nM
UDG and APE for UO DNA (solid line, F), UI DNA (dashed line, �), UO NuCP
(solid line, }), and UI NuCP (dashed line, ‚). Dotted line (�) represents
nucleosome samples digested with 10 nM UDG and APE. (C) Plot of the mean �
1 SD (three independent experiments) of the percent of DNA cut by 100 pM
UDG and APE for UO DNA (solid line, �) and UI DNA (dashed line, �). (Inset)
Representative gel for digestions of UO and UI naked DNA for times from 30
sec to 10 min.
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The effect that rotational setting of the damage site has on
UDG and APE digestion rate could be explained by the different
sequence contexts of the UO and UI substrates (Table 1, L2UO
and L2UI; ref. 28). Indeed, differences in flanking sequences
have been shown to affect UDG digestion kinetics (29). There-
fore, we examined the digestion of UO and UI naked DNA at
low enzyme concentrations to accurately measure digestion
rates. As shown in Fig. 3C, at enzyme concentrations of 100 pM
for both UDG and APE, the flanking sequences of the uracil
nucleotide had no effect on naked DNA digestion rates. There-
fore, the difference in digestion of the two rotational settings
(UO and UI) must be due to a variation in accessibility of the
uracil residues.

Synthesis by pol � on NuCPs. pol � catalyzes two steps in the
short-patch BER pathway: (i) incorporation of the proper
nucleotide opposite the undamaged strand and (ii) removal of
the sugar phosphate moiety by a deoxyribosephosphodiesterase
activity contained within the N-terminal domain of pol � (30,
31). Because this order of reaction has been characterized (22),
only the initial step of strand elongation by pol � was assayed. As

shown earlier (Fig. 3B, dotted line), digestion by 10 nM UDG
and APE at 30 min to 1 h is nearly equivalent for both naked
DNA and NuCP DNA samples (Fig. 4A, Top). Furthermore,
synthesis of pol � is seen in the naked DNA lanes of UO and UI
samples, where the cleaved 147-bp fragments are extended by
1–11 nt (Fig. 4 A Middle Left and Bottom Left and B). However,
synthesis is absent in the NuCP lanes of the same substrates (Fig.
4 A Middle Right and Bottom Right and B) and was not detected
regardless of time or enzyme concentration. Indeed, direct
labeling of repair patches with [�-32P]dCTP verified that pol �
readily incorporates nucleotides onto naked DNA, whereas
the NuCP samples are incompetent substrates for extension
(Fig. 4C).

RsaI Restriction Site Protection During UDG�APE Digestion. Transient
exposure, or displacement, of DNA away from the histone
surface during digestion with UDG�APE could explain the
limited access of uracil to UDG and APE in nucleosomes (Fig.
3). To test this hypothesis, the RsaI site (Table 1, bold italics),
which is within one helical turn of the guanine–uracil mismatch
(Table 1), was digested with RsaI in the presence of UDG and
APE. As shown in Fig. 5, the RsaI site is readily digested in naked
DNA samples (naked DNA lane RA, solid arrow) and further
digested by UDG and APE (naked DNA, dashed arrow). The
NuCP, however, is not digested by RsaI, indicating that this site
is protected completely in the nucleosome (Fig. 5 Right, lane
RA). Importantly, this site remains protected from RsaI while the
damage site is digested by UDG and APE (Fig. 5, dashed arrow).

Discussion
In this study, the catalytic activity of individual human BER
enzymes was monitored in a specifically damaged oligonucleo-
tide reconstituted into NuCPs. The first two enzymes in BER,
UDG and APE, are able to carry out their respective catalytic
activities on nucleosome substrates at reduced rates compared
with those on naked DNA (Fig. 3 A and B). Furthermore, these
enzymes distinguished between the different rotational settings
of uracil, with UO being digested �2- to 3-fold more rapidly than
UI (Fig. 3B). Conversely, the next step in BER, synthesis by
pol �, is inhibited completely, regardless of rotational setting
(Fig. 4). Previous work with nucleosome substrates has shown
that BER intermediates (various flap substrates) and completion
of the BER pathway (nicked substrates) can be carried out by
FEN1 and DNA ligase I, respectively (32, 33). Thus, the major
point of restriction of BER in chromatin must be the synthesis
step of pol �.

These results address two aspects of accessibility to rotation-
ally positioned damage in a nucleosome. First, the access of
UDG and APE to UI requires substantial ‘‘torsional f lexibility’’
of nucleosome DNA (Fig. 3). This observation agrees with
previous work demonstrating that DNA bound to a nucleosome
has torsional f lexibility similar to that of DNA free in solution
(34, 35). Second, the crystal structures for UDG, APE, and pol

Fig. 4. pol � synthesis activity on UO and UI nucleosomes. (A) Denaturing gels
of UO and UI naked DNA and NuCPs. Shown is the uncut fraction remaining
(Top) and increasing size of fragment (Middle and Bottom) after incorpora-
tion of nucleotides by pol � into naked DNA or NuCPs. Lanes M are for
mock-treated samples (no enzyme present), and lanes P are for samples
digested with UDG and APE only. Incubation times are from 1 to 4 h with all
three enzymes. (B) Plot of the mean � 1 SD (three independent experiments)
of the average number of nucleotides inserted by pol � into UO DNA (solid
line, F), UI DNA (dashed line, �), UO NuCP (solid line, }), and UI NuCP (dashed
line, ‚). (C) Denaturing gels of UI naked DNA and NuCPs showing the 5�
end-labeled cleavage product and subsequent addition of radionucleotides to
the 3� terminus. P represents incubation with UDG and APE alone, and the
black triangles represent increasing incubation time (30 min to 2 h) with UDG,
APE, pol �, and [�-32P]dCTP.

Fig. 5. RsaI digestion of UI nucleosome during UDG�APE digestion. Dena-
turing gel of naked DNA and NuCPs after RsaI and UDG�APE digestion. RA

lanes are for naked DNA and NuCP samples digested by RsaI only (solid arrow),
and P*60 lanes are for these samples digested for 60 min by UDG and APE only
(dashed arrow). Aliquots of samples digested with all three enzymes were
taken from 30 sec to 60 min.
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� (36–38) lend insight into the degree of bending of DNA that
can be tolerated in nucleosomes. UDG and APE are relatively
small enzymes that bend the helix axis of DNA �20° and 35°,
respectively, on binding (36, 37). This distortion is considerably
less than that of a nicked DNA molecule bound to pol �, which
causes a bend of �90° (38, 39). Moreover, the catalytic activity
of the V(D)J recombinase enzymes recombination-activating
gene (RAG) 1 and RAG2 was tested on a nucleosome substrate,
in combination with the nonhistone proteins HMG1 and HMG2
(7). Together, these proteins induce a severe helical bend in the
DNA to carry out catalysis during V(D)J recombination (40).
When the recombination signal sequences, recognized by RAG1
and RAG2, were packaged into a nucleosome, the catalytic
activity of RAG1 and RAG2 was inhibited completely (7).
Taken together, these findings suggest that torsional f lexibility of
DNA is significant on the histone surface and that it allows
access of DNA glycosylases and APE to DNA lesions. Further-
more, nucleosomes must be able to accommodate moderate
bending (20° to 35°) of DNA. Bending beyond this point,
however, must result in a severe energy penalty incompatible
with preserving a canonical nucleosome structure.

To relieve the restriction imposed by nucleosomes on pol �,
additional activities may be required to modify nucleosomes,
such as those of ATP-dependent nucleosome remodeling factors
and�or x-ray cross complementation group protein 1 (XRCC1),
Werner syndrome protein (WRN), and poly(ADP-ribose) poly-
merase (PARP)-1 and -2 (12, 41–43). The proteins XRCC1,
PARP-1 and -2, and WRN have been shown to modulate BER
by interacting with nicked DNA, pol �, FEN1, and DNA ligase
III (43–46). Interestingly, PARP and XRCC1 also associate with
chromatin and proteins involved in chromatin architecture,
suggesting a connection between these proteins and facilitation
of BER in chromatin (47–49). However, our initial findings
indicate that inclusion of XRCC1 or WRN during the reaction
does not facilitate repair of these nucleosome substrates (un-
published data). In addition, we have found that removal of the
histone tails with limited trypsin digestion has no effect on UDG
and APE activity, RsaI accessibility, or pol � synthesis in these
nucleosomes (unpublished data). Such ‘‘tailless’’ histones have
been used to mimic the high acetylation state of histone octamers
(see ref. 50 for review). Finally, previous work has demonstrated
that protected lesions in nucleosomal DNA can be exposed to
nucleotide excision repair enzymes or UV photolyase by the
addition of ATP-dependent remodeling factors in vitro (51–53).
Although no direct interaction has been shown between pol �
and a nucleosome remodeling factor, proteins such as XRCC1,
WRN, and�or PARP may mediate such an interaction.

A recent study by Nilsen et al. (54) also showed that enzymatic
processes in the BER pathway proceed with reduced activity on
nucleosome substrates. This study used the 5S rDNA nucleo-
some positioning sequence with uracil residues at sites more than
two or five helical turns away from the dyad center. As observed
by these authors (54), a feature of 5S rDNA nucleosomes,
demonstrated previously by others (55–59), is the presence of

multiple translational settings of the DNA on the histone
octamer surface. Thus, the transient exposure of uracil by
variability in translational setting of the 5S rDNA, as well as
increased ‘‘breathing’’ of DNA away from the dyad center of
nucleosomes (8, 52), makes the results of Nilsen et al. (54) more
difficult to interpret. Indeed, it was demonstrated that different
translational settings of DNA on a histone octamer alter the
affinity of transcription factors (8, 9), even when the rotational
setting remains constant (26). Furthermore, release of stretches
of DNA away from the histone surface leads to the same
transient exposure to restriction enzymes (60). In the present
study, the TG motif was used for positioning uracil at the
nucleosome dyad, because these sequences ‘‘lock down’’ the
translational setting of DNA in nucleosomes more so than that
of 5S rDNA (61). This is demonstrated by the complete protec-
tion of the RsaI site when DNA is bracketed with TG motifs and
packaged into a nucleosome (Fig. 5), whereas the restriction
enzyme sites used to probe the stability of the 5S rDNA
nucleosome were only partially protected (54).

Even though distinct differences exist between the nucleo-
somes used in the present study and those used by Nilsen et al.
(54), the results obtained in these studies are complementary.
Taken together, they suggest that nucleosome stability plays a
critical role in recognition of DNA damage and completion of
BER. For instance, transient exposure of DNA away from the
histones has been described as a dynamic equilibrium, with the
DNA being more constrained near the nucleosome dyad (60).
The 5S rDNA is less constrained on the histone surface than the
TG motif in nucleosomes (61). In addition, the torsional f lexi-
bility of DNA is directly addressed in the present study by the use
of rotationally positioned damage sites (UO and UI) and by
monitoring the digestion by UDG and APE. Finally, the flexi-
bility of DNA along the helix axis is addressed in both studies
when the synthesis by pol � (after cleavage by UDG and APE)
is monitored. The complete lack of pol � synthesis observed in
this study and the partial inhibition of pol � synthesis seen by
Nilsen et al. (54) may reflect differences in stability between the
two nucleosome substrates. Furthermore, recent studies have
identified mouse genomic DNA repeats with equivalent or
superior ability to form nucleosomes as the TG motif sequences
(61). Therefore, nucleosomes used in this study represent a more
‘‘closed’’ chromatin structure in intact cells than do 5S rDNA
nucleosomes, and such stable structures may require additional
activities for completion of DNA repair.
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