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C to T mutation hotspots in skin cancers occur primarily at
methylated CpG sites that coincide with sites of UV-induced
cyclobutane pyrimidine dimer (CPD) formation. These muta-
tions are proposed to arise from the insertion of A by DNA
polymerase � opposite the T that results from deamination of
the methylC (mC) within the CPD. Although the frequency of
CPD formation and repair is modestly modulated by its rota-
tional position within a nucleosome, the effect of position on
the rate of mC deamination in a CPD has not been previously
studied. We now report that deamination of a TmC CPD
whose sugar phosphate backbone is positioned against the his-
tone core surface decreases by a factor of 4.7, whereas that of a
TmC CPD positioned away from the surface increases by a fac-
tor of 8.9 when compared with unbound DNA. Because the
mCs undergoing deamination are in similar steric environ-
ments, the difference in rate appears to be a consequence of a
difference in the flexibility and compression of the two sites
due to DNA bending. Considering that formation of the CPD
positioned away from the surface is also enhanced by a factor
of two, a TmCG site in this position might be expected to have
up to an 84-fold higher probability of resulting in a UV-in-
duced mC to T mutation than one positioned against the sur-
face. These results indicate that rotational position may play
an important role in the formation of UV-induced C to T mu-
tation hotspots, as well as in the mutagenic mechanism of
other DNA lesions.

Sunlight is a major epidemiological factor for the induction
of skin cancer. In basal and squamous cell carcinomas, the
p53 tumor suppressor gene exhibits a very high percentage of
C to T transition mutations at dipyrimidine sites, including
the tandem CC to TT mutation (1–4). The UVB wavelengths
in sunlight induce the formation of many types of photoprod-
ucts at dipyrimidine sites in DNA, the majority of which are
cyclobutane pyrimidine dimers (CPDs)2 (5–8). Methylation of
C at 5�-PyCG sites further enhances formation of CPDs 15-
fold in sunlight (9, 10), and most C to T mutation hotspots

occur at methylated 5�-PyCG sites (10–12). It has been found
that 5-methylcytosine is involved in 25–40% of sunlight-in-
duced mutations of the cII and lacI transgenes as well as the
p53 gene in skin tumors and that CPDs are responsible for a
significant fraction of these mutations (6, 13).
The initially formed cyclobutane pyrimidine dimers are not

significantly mutagenic, however, because of the DNA dam-
age bypass polymerase �, which can efficiently bypass T- and
C/mC-containing dimers in an essentially error-free manner
(14–17). Although the T in a CPD is stable, the C and mC are
not, and they deaminate to U and T in a matter of hours or
days (18–24) (Fig. 1), unlike their canonical forms, which
deaminate with a half-life of about 50,000 years (25, 26).
Deamination of Cs or mCs in CPDs is highly mutagenic be-
cause polymerase � will faithfully insert A opposite the result-
ing Us or Ts, thereby producing the observed C to T and CC
to TT mutations (the deamination-bypass mechanism) (3, 4,
27–29). The frequency of C to T and CC to TT mutations will
depend, however, on the rate of formation of C-containing
dimers, their rate of repair, deamination, and bypass by poly-
merases. All of these processes are expected to be modulated
by sequence context, protein interactions, as well as the sec-
ondary and tertiary structure of DNA. A detailed understand-
ing of all these processes and interactions may lead to a better
understanding of the origin of UV mutation hotspots.
Nucleosomes are the primary structural unit of chromatin

in eukaryotic cells (30). Nucleosome core particles contain
about 150 bp of DNA, which wrap 1.7 times around a histone
octamer, made up of two H2A, H2B, H3, and H4 histones
(31). UV preferentially induces the formation of CPDs in nu-
cleosomes at sites where the phosphodiester backbone is posi-
tioned away from the histone surface and DNA bending is
toward the major groove (32, 33). This preference is also seen
for bent DNA that is not in contact with a protein (34) and
has been attributed to the greater degree of rotational free-
dom in the phosphate backbone, making it easier to for adja-
cent pyrimidines to adopt a photoreactive conformation (35,
36). When DNA containing randomly distributed CPDs is
assembled into nucleosomes, the CPDs also favor positions
away from the surface (37), which is consistent with the 30°
bend that they make toward the major grove of DNA (38).
Despite the distortion of DNA caused by CPDs, nucleosome
core particles containing CPDs in different rotational settings
can be readily prepared and isolated (39–41).
Nucleosomes have also been found to affect the repair of

CPDs (42). In vitro studies with human fibroblast extracts
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found that nucleosomes reduce the rate of nucleotide excision
repair of CPDs by 6–9-fold relative to free DNA (43). A simi-
lar 10-fold reduction in excision repair has been observed for
a site-specific CPD reconstituted with human nucleosome
core particles (44). With Xenopus nuclear extracts, the nucle-
otide excision repair rates of rotationally positioned CPDs
were only 2–3 times lower in nucleosomes and no more than
1.5-fold greater when a CPD was positioned away from the
histone surface when compared with against the surface (41).
In an earlier study with a 5S rRNA gene, no correlation was
observed with rotational positioning of the CPD (45).
Although the effects of nucleosome positioning on the rates

of CPD formation and repair have been studied, the effects on
the deamination rates of C- and mC-containing CPDs have
not. The purpose of this study was to determine the extent to
which the rotational position of the CPD relative to the his-
tone surface affects the rate of mC to T deamination, and
hence, its potential mutagenicity by a deamination bypass
mechanism. To address this question, we determined the
deamination rate of a TmCG CPD in two different orienta-
tions in a nucleosome core particle. We find that a TmC CPD
positioned against the surface deaminates 4.7 times slower
than the unbound sequence, whereas a TmC CPD facing out
deaminates 8.9 times faster than the unbound sequence, cor-
responding to an overall 42-fold difference in rate.

EXPERIMENTAL PROCEDURES

DNA Substrates—Oligodeoxynucleotides with or without
5�-terminal phosphates were purchased from Integrated DNA
Technologies and purified by denaturing gel electrophoresis
prior to ligation with T4 DNA ligase and ATP in the presence
of complementary 20-mer ligation scaffolds (supplemental
Figs. S1 and S2). The 150-mer single strand products were
purified by denaturing PAGE. Complementary 150-mers were
then annealed to form the 150-mer duplexes and purified by
native PAGE (supplemental Fig. S3).

Nucleosome Reconstitution—Nucleosome core particles
were isolated and purified from chicken erythrocytes follow-
ing a detailed procedure provided by the Dr. Michael Smer-
don laboratory. Each 150-mer DNA duplex (ds-IN, ds-OUT,
and ds-control) was reconstituted with the chicken nucleo-
some core particles by slow dialysis from high to low salt as
described previously (46). Briefly, about 10 nM 150-mer du-
plex was incubated with an increasing amount of nucleosome
core particles (from 100 to 500 nM) in a total volume of 500
�l, containing 2 M NaCl, 10 mM Tris-HCl, 5 mM EDTA at pH
7.5 and room temperature for 2 h, and then dialyzed against
50 mM NaCl, 10 mM Tris-HCl, pH 7.5, at 4 °C, overnight. Fi-
nally, the reconstituted particles were recovered from the di-
alysis tubing and equilibrated at 55 °C for 2 h to fix the nu-
cleosome phasing. The reconstituted particles were assayed
by native PAGE (6% acrylamide, 0.2% bisacrylamide in
TBE), and the ratio of nucleosome-bound DNA to free
DNA was quantified by the Quantity One software (supple-
mental Fig. S4).
Hydroxyl Radical Footprinting and Dimethylsulfate

Mapping—Hydroxyl radical footprinting was performed as
described previously (46). Briefly, a 15-�l aliquot of 10 mM

sodium ascorbate, a 15-�l aliquot containing 1 mM

Fe(NH4)2(SO4)2�6H2O and 2 mM EDTA, and 15 �l of a 0.12%
(w/w) H2O2 solution were premixed and added within 5 s to
105 �l of the nucleosome-bound DNA sample. The reaction
was incubated for 120 s at room temperature and stopped by
the addition of 16 �l of 50% (v/v) glycerol and 4 �l of a 500
mM EDTA solution. The samples were electrophoresed on a
native gel (6% acrylamide, 0.2% bisacrylamide in TBE), and
the nucleosome bands were electroeluted in TBE. The pro-
teins were extracted with phenol:chloroform:isopropyl alco-
hol 25:24:1, and the DNA was precipitated with ethanol. The
free ds-control was treated in a similar way, except that the
reaction was quenched with a solution containing 1 M sodium
acetate, 120 mM thiourea, 300 �g/ml salmon sperm DNA, and

FIGURE 1. Mutagenic properties of mC-containing cis-syn-cyclobutane dimers and their deamination products. Upper, UVB irradiation of a TmC site
leading to a cis-syn-T�mC CPD followed by deamination to give the cis-syn-cyclobutane dimer of T�T. Lower, mutagenic consequences of bypass of a
T�mC CPD and its deamination product, T�T by polymerase � (pol �).
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60 mM EDTA at pH 6.5 and then ethanol-precipitated. A
Maxam-Gilbert G sequencing reaction was also carried out on
the free ds-control in 50 mM cacodylate, 50 mM NaCl, 5 mM

EDTA in the presence of 10 nM ds-control. For a 50-�l reac-
tion, 0.5 �l of dimethyl sulfate was added to initiate the reac-
tion, and 10-�l aliquots were removed over time and
quenched by the addition of 50 �l of 1.5 M sodium acetate, 1
M mercaptoethanol and 50 �g of denatured salmon sperm
DNA. The samples were ethanol-precipitated twice, and the
resulting pellets were vacuum-dried and then solubilized in
100 �l of 1 M piperidine. The samples were then heated at
90 °C in 1 M piperidine for 30 min and then evaporated to dry-
ness at 60 °C.
Deamination Rate Assay by Two-dimensional Gel

Electrophoresis—The deamination rate was determined by
adapting a previously described method (24). The free and
nucleosome-bound internally 32P-labeled 150-mer ds-IN and
ds-OUT were irradiated with 302 nm UVB light at 4 °C for 1 h
and then adjusted to pH 7.2 with Mes buffer (0.5 M) and incu-
bated at 37 °C. Aliquots (10-�l) were removed at various
times and quickly frozen on dry ice before storing overnight
at �70 °C. The remaining sample was adjusted to pH 6.5 with
Mes buffer (0.5 M) and heated at 67 °C overnight to complete
the deamination. The aliquots were then warmed to room
temperature, extracted with phenol:chloroform:isopropyl al-
cohol 25:24:1, ethanol-precipitated, redissolved in buffer, and
photoreverted with photolyase and 365 nm light for 1 h. After
photoreversion, the aliquots were treated with nuclease P1 to
degrade the DNA to mononucleotides containing either 32P-
mdC or 32P-T, depending on the extent of deamination, and
separated by two-dimensional gel electrophoresis. In the first
dimension, electrophoresis on a 7 M urea, a TBE gel was used
to separate 32P-mdC and 32P-T, which co-migrate, from par-
tially digested material and protein. For the second dimen-
sion, the gel surrounding the radioactive band containing the
mononucleotides was excised, and a second gel containing 25
mM citric acid, pH 3.5, and 7 M urea was poured around the
remaining gel slice. Electrophoresis on this gel separated 32P-
mdC from 32P-T with the 32P-T migrating the fastest. The
deamination rate constant was obtained from the slope of a
linear least squares fit of the log of the fraction of remaining
TmC CPD versus deamination time (supplemental Figs. S5
and S6). The fraction of TmC CPD remaining was calculated
as 1 � (T/(T � mC))/(T∞/(T∞ � mC)) where T∞/(T∞ � mC∞)
is the fraction T/(T � mC) in the fully deaminated sample.
The yield of CPD photoproduct was calculated as the T∞/(T∞ �
mC∞) � T0/(T0 � mC0), where T0/(T0 � mC0) is the fraction
T/(T � mC) at time 0.

RESULTS

Design and Synthesis of the DNA Substrates—The substrate
for study was adapted from a previously described 150-mer
sequence that was shown by hydroxyl radical footprinting to
position a TT CPD near the dyad axis with an inside (IN) or
outside (OUT) orientation relative to the histone core surface
(41). The CPDs were oriented by flanking the dimer-contain-
ing sequence with multiple TG motifs (T/A)3NN(G/C)3 that
had been shown to position a glucocorticoid hormone-re-

sponse element (GRE) with different orientations relative to
the histone surface (47, 48). To study the effect of the CPD
position on the deamination of cyclobutane pyrimidine
dimers of TmCG sites, we simply replaced the ATTA (OUT)
and GTTC (IN) CPD sites in the original 150-mer sequence
with ATmCG and GTmCG sites respectively (see Fig. 3, top
right).3

To determine the deamination rates of the TmC CPDs, we
used a previously developed method that requires the mC to
be 5�-32P-end-labeled (Fig. 2) (24). We therefore prepared the
two internally 32P-labeled duplex 150-mers, ds-IN and ds-
OUT, along with a 5�-end-labeled control duplex, ds-control.
The duplexes were prepared by annealing complementary
single strand 150-mers that were prepared by ligating four
ODNs together with T4 ligase and ATP in the presence of
complementary ligation scaffolds (Fig. 2). For ds-IN and ds-
OUT, the second and third ODNs of the top strand were de-
signed so that the mC of interest would be at the 5�-end of the
third fragment so that the mC could be 5�-32P-end-labeled
prior to ligation (supplemental Figs. S1 and S2). Thus, ds-IN
was 32P-labeled at the mC of the GTmCG site, ds-OUT was

3 The IN and OUT substrates were mislabeled in the materials and methods
section of the original publication (41), as described in a recent erratum
statement.

FIGURE 2. Strategy for determining the deamination rates of TmCG
CPDs in a nucleosome core particle. A 150-mer DNA duplex was con-
structed by first assembling each strand from four ODNs by ligation in the
presence of three complementary 20-mer ligation scaffolds where the ODN
containing the mC site of interest was 5�-end-labeled with [�-32P]ATP and
kinase prior to ligation. The internally labeled 150-mer duplex was assembled
into isolated nucleosome core particles through an exchange reaction, irradi-
ated with UVB light, and allowed to deaminate. At specific times, the protein
was removed by phenol extraction, and the cis-syn-CPDs were photoreverted
with photolyase, degraded with nuclease P1, subjected to two-dimensional gel
electrophoresis to separate the radiolabeled T from undeaminated radiola-
beled mdC, and quantified by radioisotopic imaging analysis.
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labeled at the mC of the ATmCG site, and ds-control was la-
beled at the 5�-end of the 150-mer of the top strand. Each sin-
gle strand 150-mer was purified by denaturing PAGE, and the
final 150-mer duplexes were purified by native PAGE (supple-
mental Fig. S3).
Nucleosome Core Particle Reconstitution with the 150-mer

DNA Duplexes—The 150-mer duplexes, ds-IN, ds-OUT, and
ds-control, were assembled into nucleosome core particles
according to a previously described procedure that involves
exchanging the DNA with that from chicken erythrocyte
nucleosome core particles (NCPs) (39). The 150-mer du-
plexes were titrated with the NCPs and electrophoresed on
a native gel to determine the NCP concentration needed to
achieve maximal incorporation of the DNA into the NCP
(supplemental Fig. S4). We found that about 90% of 10 nM

150-mer could be incorporated into 500 nM nucleosome
core particles.
Orientation of the Two TmC Sites on the Nucleosome Core

Particle—To verify the IN and OUT positions of the GTmCG
and ATmCG sites, the nucleosomes were analyzed by hy-
droxyl radical footprinting. The hydroxyl radical cleavage in-
tensity on the nucleosome-bound ds-control with and with-
out UVB irradiation exhibited very pronounced 10–11-bp
periodicity with the same phasing as described previously for
the ATTA and GTTC sites within the same 150-mer se-
quence (41) (Fig. 3, lanes 2 and 3) when compared with the
free ds-control (Fig. 3, lane 1). The cleavage sites were
mapped onto the sequence by alignment with the Maxam

Gilbert G sequencing reaction bands (Fig. 3, lane 4). Hydroxyl
radicals primarily attack the H5�5� and H4� hydrogens that
are present on the minor groove side of the DNA (49). The
mC of the ATmCG CPD site is in the center of a region of
maximal cleavage, indicating that its phosphodiester back-
bone is facing out (Fig. 3, boxed section). The mC of the GT-
mCG CPD site, which is half a turn from the first site, is at a
site of minimal cleavage, indicating that its backbone is facing
toward the histone surface.
The similar hydroxyl radical cleavage pattern in the pres-

ence and absence of UVB irradiation suggests that the UVB
photoproducts do not disrupt the phasing. Furthermore, the
decrease of the intensity of the mC band and increase in that
of the flanking G at the ATmCG site following UVB radiation
is consistent with the formation of a significant amount of
CPD photoproduct (Fig. 3, boxed section). It has been previ-
ously observed that hydroxyl radical cleavage is suppressed at
the 3�-T of a TT CPD and increased at the nucleotide imme-
diately following the 3�-T (41).
Deamination Rates of the Two TmC CPDs—The deamina-

tion rates for the IN and OUT TmC CPDs when compared
with free DNA were determined by following the conversion
of 32P-mdC to 32P-T in the dimer by an enzyme-coupled two-
dimensional gel electrophoresis assay (24). In the first step,
free or NCP complexed ds-IN and ds-OUT were irradiated
with 302 nm light to produce the cis-syn-cyclobutane pyrimidine
dimers of the ATmCG and GTmCG sites, along with other pho-
toproducts, at 4 °C to suppress deamination. The samples were
then incubated at 37 °C and pH 7.2 to allow for deamination for
various times, and one was made to undergo complete deamina-
tion by lowering the pH and heating. The aliquots were then
incubated with Escherichia coli photolyase and visible light to
specifically photorevert the cis-syn-CPDs and then treated with
nuclease P1 to degrade all of the undamaged and photoreverted
DNA tomononucleotides. Non-photorevertible dipyrimidine
photoproducts, such as (6-4) and Dewar photoproducts, would
only be digested to trinucleotides. Themononucleotides were
then isolated by electrophoresis on a denaturing gel and sub-
jected to a second electrophoresis on a pH 3.5 citrate gel (Fig. 4,
A and B) that separates the 32P-T from the 32P-mdC and quanti-
fied by radioisotopic imaging analysis.
The rate constants for deamination were then determined

from the slopes of lines fit to the log of the fraction of remain-
ing TmC CPD (supplemental Figs. S5 and S6) as described
under “Experimental Procedures” for multiple experiments
and then averaged. The photoproduct yields were determined
from the increase in the initial amount of radiolabeled T fol-
lowing complete deamination. The initial amount of T was
non-zero in many cases and could be attributed to unin-
tended labeling of the T at the 5�-end of the 150-mer resulting
from incomplete heat deactivation of the kinase used to label
the mC-containing ODN prior to ligation. Table 1 shows the
deamination half-lives and yields of the CPDs in the IN and
OUT positions of free and nucleosome-bound DNA. When
compared with the free DNA, the nucleosome decreases
the rate of deamination of the IN CPD by a factor of 4.7,
whereas it increases the rate of deamination of the OUT
CPD by a factor of 8.9. We also determined that although

FIGURE 3. Hydroxyl radical footprinting of the reconstituted nucleo-
some core particles to determine phasing. The nucleosome core particle
reconstituted with 5�-end-labeled 150-mer duplex DNA was subjected to
hydroxyl radical footprinting and electrophoresed on a 7 M urea, 10% acryl-
amide, 0.3% bisacrylamide denaturing gel. Lane 1, footprinting of the free
DNA duplex; lane 2, footprinting of the nucleosome-bound DNA duplex;
lane 3, footprinting of the nucleosome-bound duplex DNA after 1 h of irra-
diation at 302 nm at 4 °C; lane 4, Maxam Gilbert G reaction on the free du-
plex. DMS, dimethyl sulfate.
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the nucleosome did not affect the efficiency of forming the
inside CPD, it enhanced the formation of the outside CPD
by a factor of two.

DISCUSSION

The aim of this study was to determine whether or not the
rotational position of a cis-syn-cyclobutane dimer of a TmCG
site on a nucleosome would affect its deamination rate and
thereby contribute to its relative mutagenicity via a deamina-
tion bypass mechanism. Two positions were studied, one with
the phosphodiester backbone of the CPD against the histone
core surface (IN) and one with the backbone away from the
surface (OUT). These positions can be mapped onto a crystal
structure of the nucleosome core particle as shown in Fig. 5A.
Because the outside CPD site precedes the inside CPD site
when going in the 5�- to 3�-direction, the two sites must lie to
one side of the nucleosome pseudo dyad axis.
The photoreactivity of the two sites in free DNA (Table 1)

was consistent with an earlier study of ours showing that an

FIGURE 4. Deamination of the T�mC CPDs in the free and nucleosome-
bound 150-mer DNA duplexes. Free or nucleosome-reconstituted 150-
mer DNAs with internal 5�-32P-mdC labeling were irradiated for 1 h with 302
nm light and then allowed to deaminate for the indicated times in hours,
after which they were phenol-extracted, photoreverted with E. coli photo-
lyase, and then degraded with nuclease P1. The degradation products were
first run on a 7 M urea, 10% acrylamide, 0.3% bisacrylamide gel in TBE (first
dimension, downward direction) after which the band containing primarily
mononucleotides was run on a 25% acrylamide, 0.8% bisacrylamide gel in
25 mM citric acid, pH 3.5 (second dimension, upward direction). A, repre-
sentative second dimension gel of nucleosome-bound 150-mer ds-IN.
B, representative second dimension gel of nucleosome-bound 150-mer ds-
OUT. C, plots of log (fraction of TmC CPD remaining) as a function of differ-
ent deamination times for the gels shown in A and B and for the free 150-
mer ds substrates, after correcting for background 32P-T. Plots for other sets
of independent measurements are given in supplemental Figs. S5 and S6.
The intermediate bands in the gels shown in A and B are due to non-pho-
torevertible photoproduct-containing trinucleotides and incomplete diges-
tion products and do not significantly affect the rate measurements.

TABLE 1
Yields and deamination half lives of the TmC CPDs in free and
nucleosome-bound DNA (37 °C, 50 m NaCl)

Photoproduct yielda Deamination half-livesb

ds-IN (%) ds-OUT (%) ds-IN t1⁄2 ds-OUT t1⁄2
% h

Free 5.5, 5.5 13, 12 12.2 � 0.9 h 14.0 � 1.3 h
Nucleosome 6.0 � 0.5 26 � 4 57.8 � 5.1 h 1.57 � 0.13 h
-Fold change 1.1 2.1 4.7 0.11 (1/8.9)

a Photoproduct yields for free DNA are from two independent experiments (each
shown), and for nucleosome DNA, yields are the average of three independent
experiments with the standard deviations shown.

b Deamination half-lives were the average of those calculated from linear least
squares fits to two (free DNA) or three (nucleosome DNA) independent sets of
deamination data (7–9 time points each), with the error shown derived from propa-
gation of the standard deviations for each fit (see supplemental Figs. S5 and S6).

FIGURE 5. Positions of the TmCG sites on the nucleosome. A, nucleosome
core particle structure highlighting in white the positions of the inside and
outside TmCG CPD sites that are consistent with the hydroxyl radical foot-
printing data. B and C, orientation of the mC�G base pair for the inside (B)
and outside (C) CPD sites. The structure was rendered from 1KX5.pdb (50)
with Jmol using T1C2 and C6T7 of chain J to represent the outside and in-
side CPD sites with editing to produce the mCG base pair. The pseudo dyad
axis is shown as a dashed line. It is also possible that the sites are displaced
translationally by 10 bp to the other side of the dyad axis, but if so, they
would only be present in minor amounts.
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ATmCG site is about 2-fold more photoreactive than a GT-
mCG site (5.4 versus 12% yield) due to the quenching effect of
flanking Gs (24). Complexing the DNA to the histone core
particle did not affect the photoreactivity of the inside GT-
mCG site but enhanced the photoreactivity of the outside AT-
mCG site 2-fold to give a 26% yield of the CPD when com-
pared with 5.5% for the inside site. The enhanced
photoreactivity of the outside position is in accord with the
higher photoreactivity previously noted for dipyrimidine sites
positioned away from the histone surface (32, 33).
In contrast to their photoreactivity, the deamination rates

of the two CPD sites in the nucleosome were dramatically
different from those in the free DNA, with the CPD posi-
tioned inside deaminating 4.7 times slower and the CPD posi-
tioned outside deaminating 8.9 times faster (Table 1). The
relative reactivity of the two CPDs toward deamination paral-
lels the relative reactivity of the two CPD sites to hydroxyl
radical cleavage, but we believe for a different reason. Al-
though hydroxyl radical cleavage of DNA results mainly from
initial abstraction of the hydrogens on the sugar backbone of
DNA (49), deamination of an mC in a cis-syn-dimer involves
attack of water on the C4 carbon (20), which lies in the major
groove of the DNA.
Hydroxyl radical cleavage mainly involves attack at the C5�

position and 2–5-fold less at the other sugar sites in the order
C4� � C3� � C2� � C1� (49). Maximum inhibition occurs
when these hydrogens face toward the histone core surface,
which sterically blocks the approach of the hydroxyl radical.
Conversely, maximum cleavage is observed when the sugar
hydrogens face out toward the solvent. When hydroxyl radical
cleavage at a CPD is minimal (inside position), the sugar
phosphate backbone faces the histone surface, but the C4 car-
bon of the mC faces in a direction parallel with the surface
(Fig. 5B). On the other hand, when hydroxyl radical cleavage
at the CPD is maximal (outside position), the sugar phosphate
backbone faces away from the histone surface, but the C4 po-
sition of the mC faces in a direction parallel with the surface
but in an opposite direction when compared with the CPD in
the inside position (Fig. 5C).
Analysis of the crystal structure of a nucleosome core parti-

cle shows that the C4 position of what would be the mC of
both the IN and the OUT CPDs is unobstructed by protein
within a radius of 8.5 Å (1KX5.pdb) (50). The same would be
expected to hold true for the CPDs as the 3�-pyrimidine of a
CPD has been found to adopt roughly the same position as it
does in the undamaged DNA (38). Thus, the C4 position of
the mC of both the inside and the outside CPDs would appear
to be in a similar, unobstructed environment, suggesting that
factors other than steric interference by the histone proteins
must play a role in inhibiting or enhancing deamination of the
CPDs.
Previous studies of the deamination of C have found that

deamination can be both inhibited and enhanced by protein
binding. In one case, the �/�-type small, acid-soluble proteins
of Bacillus subtilis spores have been found to suppress deami-
nation by as much as 10-fold (51). It was suggested that the
protein might be inhibiting deamination by a variety of
means, such as restricting the “breathing” of the DNA, ex-

cluding water from the DNA, or enforcing an A conformation
on the DNA. In a subsequent study, a restriction enzyme was
found to both suppress and enhance deamination of Cs
within its binding site by 7- and 15-fold, respectively (52). The
large enhancement was proposed to arise from enzyme-medi-
ated flipping of one of the Cs out of the helix. In addition, we
recently showed that the methyl CpG binding domain of
MeCP2 drastically inhibited deamination of a TmCG CPD,
most probably by restricting attack of water on the CPD (53).
In the case of the nucleosome, it may be that the same fac-

tors that increase CPD formation at outside positions also
increase the deamination rate. It has been shown that CPD
dimers form preferentially in outside positions in protein-free
DNA loops, demonstrating that DNA curvature rather than
protein-DNA contacts is controlling reactivity (34). It was
suggested that the inside positions of curved DNA are more
compressed and less mobile, whereas the outside positions are
less compressed and more mobile. Thus, although the C4 po-
sitions of the mC in the inside and outside CPDs may be in
similar steric environments, the increased flexibility and/or
more open conformation of the outside position may facilitate
protonation of N3 and/or attack by water at C4. Conversely,
protonation of N3 or attack of water on C4 might be inhibited
by restricted movements and the compressed nature of an
inside CPD site. It is interesting to note that the observed rate
of deamination of the outside CPD is very similar to if not
faster than what we observed for a CPD with the same flank-
ing bases in single strand DNA (t1⁄2 � 1.57 versus 3.5 h). This
could indicate that CPD might be able to flip out of the helix
or is being held in a favorable conformation for deamination.
A more detailed study of CPDs in different rotational and
translational positions will be required to sort out these
effects.
The 8.9-fold increase in the rate of deamination of an out-

side TmCG dimer when compared with a 4.7-fold decrease for
the inside dimer corresponds to an overall 42-fold difference
in rate. When one couples the difference in deamination rate
with a 2-fold enhancement of outside CPD formation, there
would appear to be an 84-fold higher propensity for a UVB-
induced mC to T mutation at an outside TmCG site when
compared with an inside site. Given that little difference has
been observed in excision repair rates between inside and out-
side TT CPDs (41), the large difference in deamination rates
could explain, at least in part, the origin of UV mutation
hotspots and coldspots in phased nucleosomes that would
arise following polymerase � bypass. On the other hand,
deamination of an mC-containing CPD will result in a T�G
mismatch, which has been shown to destabilize the DNA du-
plex by 0.7 kcal/mol (54). This duplex destabilization may
further destabilize the nucleosome, which has already been
shown to be destabilized by 0.14–0.24 kcal/mol by a TT CPD
(41), and facilitate recognition by histone modification and/or
excision repair systems. The extent of nucleosome destabili-
zation, and hence recognition, may depend, however, on the
rotational position of the mismatch. Deaminated C-contain-
ing CPDs have been shown to be much more readily detected
and repaired than TT CPDs (55, 56).
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CONCLUSION

We have found that the rotational position of a TmCG CPD
in a nucleosome greatly affects its deamination rate, and this
may explain at least in part the origin of UV mutation
hotspots and coldspots in phased nucleosomes. Deamination
of CPDs may also be accelerated in unphased nucleosomes if
the CPDs are in dynamic exchange with outside positions. It
remains to been seen how the nucleosome affects the deami-
nation rate of CmCG CPDs, which are much more slowly
deaminated than TmCG CPDs in free DNA (24), as well as the
deamination of (6-4) and Dewar photoproducts, which also
form at this site (22). Rotational position is also expected to
affect the spontaneous deamination of C and mC and their
more readily deaminated oxidized products (57), as well as the
chemistry of many other bases and adducts.
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