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Platinum anticancer drug damage enforces a
particular rotational setting of DNA in nucleosomes
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We constructed two site-specifically modified nucleosomes con-
taining an intrastrand cis-{Pt(NHs);}2* 1,3-d(GpTpG) cross-link, sim-
ilar to one formed by the anticancer drugs carboplatin and cisplatin
on DNA, and investigated their structures by hydroxyl radical
footprinting and exonuclease Ill digestion. Hydroxyl radical foot-
printing demonstrated that the presence of the platinum cross-link
selects out a specific rotational setting of DNA on the histone
octamer core in each of two reconstituted nucleosomes in which
the platinum positions differ by half a DNA helical turn. The
{Pt(NHz)2}2* cross-link is situated in a structurally similar location,
with the undamaged strand projecting outward, forcing the DNA
to adopt opposite rotational settings in its wrapping around the
histone octamer in the two nucleosomes. Enzymatic digestion by
exonuclease Ill of the nucleosome substrates revealed that the
platinum cross-link affects the translational positioning of the
DNA, forcing it into an asymmetric arrangement with respect to
the core histone proteins. We suggest that these phasing phenom-
ena may be central to the recognition and processing of platinum-
DNA adducts in cancer cells treated with these drugs and possibly
may be common to other DNA damaging events.
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he anticancer drugs cisplatin and carboplatin form intras-

trand cross-links on DNA that evoke their antineoplastic
activity by inhibiting DNA and RNA polymerases while escaping
resistance mechanisms including nucleotide excision repair
(NER) (1). In the cell, recognition of the platinum lesion by the
repair machinery in the context of chromatin may require
exposure of the damaged DNA duplex to the exterior of the
nucleosome.

The nucleosome is the fundamental building block of chro-
matin. Nature has therefore constructed it in such a manner as
to lack a preferred positional setting for most sequences of the
double-stranded DNA that wraps around the central core of
eight histone proteins (2, 3). The rotational setting of DNA on
the surface of the histone octamer defines which nucleotides are
directed toward the solvent and which are occluded by the
histones.

Determining where platinum-DNA cross-links are located
within the nucleosome represents an important step in under-
standing their cellular recognition and processing. A key ques-
tion is whether the platinum adduct or the DNA sequence
determines the rotational setting of a DNA segment on the
nucleosome and therefore how the platinum lesion is presented
to the replication, transcription, and repair machinery of the cell.
To answer this question, we prepared two nucleosomes in which
a 1,3-d(GpTpG) cross-link was incorporated site-specifically
near the center of the DNA molecule. The sites of platination
were placed one-half turn of the DNA helix apart in the two
nucleosomal DNA sequences. We then used high-resolution
footprinting and exonuclease mapping experiments to reveal the
rotational and translational settings of the platinated DNA in the
two nucleosomes and the structural environment of the platinum
cross-link in the context of the nucleosome.

www.pnas.org/cgi/doi/10.1073/pnas.0506025102

Materials and Methods

Cisplatin was obtained as a gift from Engelhard. Reagents for
DNA synthesis were purchased from Glen Research. T4 polynu-
cleotide kinase, T4 DNA ligase, and exonuclease III were
procured from New England Biolabs. [y->?P]ATP was obtained
from Perkin-Elmer. All other reagents were purchased from
either Sigma or Mallinckrodt.

Synthesis of Platinated Oligonucleotides. Oligonucleotides were
synthesized by using an Applied Biosystems DNA synthesizer
(Model 392) and purified by conventional methods. The two
platinated oligonucleotides (strands B; see Fig. 1), in which the
platinum atom forms a 1,3-cross-link between the two guanine
bases of the GTG sequence, were prepared, purified, and
characterized as described in ref. 4.

Preparation of 5’-Radiolabeled, Site-Specifically Platinated DNA Mol-
ecules. The synthesis of a DNA duplex containing a single site of
platination was performed by enzymatic ligation of complemen-
tary oligonucleotides, as described in refs. 5 and 6. In brief, an
equimolar amount of 5’-3?P-radiolabeled strand A (see Fig. 1a)
was combined with the site-specifically cisplatin-modified oligo-
nucleotide (strand B) and the three other oligonucleotide
strands. The five strands were annealed and then incubated with
T4 DNA ligase at 16°C for 16 h. The resulting ligation products
were separated by denaturing PAGE and subsequently isolated
by nondenaturing PAGE. Unmodified DNA molecules were
synthesized and purified in the same manner as their platinated
counterparts.

Nucleosome Reconstitution. The 5’'-3?P-radiolabeled DNA mole-
cule was assembled into a nucleosome in a manner similar to that
in previous reports, except that glycerol was excluded from the
nucleosome assembly buffer (4, 7) so as not to interfere with the
hydroxyl radical footprinting reaction. Further details of nucleo-
some characterization are provided in Figs. 8 and 9, which are
published as supporting information on the PNAS web site.

Hydroxyl Radical Footprinting. Hydroxyl radical footprinting of
nucleosomes was carried out according to published methods (8,
9), omitting the step involving sucrose gradient centrifugation.
About 10 fmol of 5'-*?P-radiolabeled mononucleosomes were
treated with 0.6% H,0,, 1 mM Fe(11)/2 mM EDTA, and 2 mM
sodium ascorbate. The footprinting reaction was quenched by
addition of glycerol to 5%. The reaction mixture was electro-
phoresed on a 5% native polyacrylamide gel to separate the
nucleosome from residual free DNA. The band containing the
radiolabeled nucleosome was excised. The DNA was eluted from
the gel slice, purified, and resolved on an 8% denaturing
polyacrylamide gel. The presence of a bridging platinum atom in
the hydroxyl radical cleavage products made it impossible to
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Fig. 1. Strategy for synthesizing site-specifically platinated DNA molecules.
Five synthetic oligonucleotides, one bearing a 1,3-d(GpTpG) intrastrand plat-
inum-DNA cross-link (fragment B), were annealed and ligated as shown. The
result is a 146-bp DNA molecule. (a) Scheme for constructing a 146-bp DNA
duplex. (b) Sites of platination (GTG) in fragment B for the two nucleosomes
studied. The remainder of the sequence, identical in the two nucleosomes, is
as follows (platinated strand): 5'-ATCAATATCCACCTGCAGATTCTAC-
CAAAAGTGTATTTGGAAACTGCTCCATCAAAAGGCATGTTCACCXXXATTCYYY-
TCAACATCGGAAAACTACCTCGTCAAAGGTTTATGTGAAAACCATCTTAGA-
CGTCCACCTATAACTA-3'. The bases that differ between the two sequences
used in this study are indicated by X and Y. For sequence 1, XXX = GTG and
YYY = CCC. For sequence 2, YYY = GTG and XXX = CTC.

appreciate the footprinting pattern around the platination site.
Therefore, the cleavage products were treated with 0.2 M NaCN
(pH 10.4) at 45°C for 12 h to remove the DNA-platinum
cross-links before denaturing PAGE analysis (Fig. 2). This
procedure significantly clarified the footprint pattern.

Exonuclease Ill Mapping of Nucleosome Boundaries. Both free and
nucleosomal DNA samples were characterized by determining
their exonuclease III digestion stop sites. For each of the
nucleosome and free DNA samples, an equal amount of 5'-
radiolabeled DNA (=10 fmol) was treated with 0.5 units of
exonuclease III in New England Biolabs Buffer 1 (10 mM
bis-Tris propane-HCI/10 mM MgCl,/10 mM DTT, pH 7.0) at
25°C for 2 min. The reaction was quenched by the addition of
proteinase K to 2.5 mg/ml and SDS to 0.6%. The DNA digestion
products were purified from residual protein by phenol-
chloroform extraction and resolved by 8% denaturing PAGE.

Excision Repair Assay. A cell-free extract prepared from CHO
AAS cells was used to measure damage excision (4). Substrate
DNA (1.5 to 3 fmol), either free or nucleosomal, was mixed with
50 ug of the cell-free extract at 30°C in 25 ul of excision repair
buffer (32 mM Hepes-KOH, pH 7.9/64 mM KCl/6.4 mM
MgCl,/0.24 mM EDTA/0.8 mM DTT/2 mM ATP/0.2 mg/ml
BSA/5.5% glycerol/4.8% sucrose). The reaction mixture was
incubated at 30°C for 3 h. Reaction products were purified by
phenol-chloroform extraction and analyzed by denaturing
PAGE (8% polyacrylamide/1X TBE). The extent of excision
was determined by measuring the levels of radioactivity in the
bands of excised products (24-32 nt range) and unexcised
substrate, using a PhosphorImager and associated IMAGEQUANT
software (Molecular Dynamics).

Results

Design and Construction of Specifically Platinated Nucleosomes.
Whereas some DNA sequences have a high affinity for the
histone octamer and form nucleosomes that are well positioned
in rotation and translation, most genomic DNA sequences
exhibit only moderate affinity and ability to position a nucleo-
some precisely (10). For our experiments, we chose to study a
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Fig. 2. Denaturing PAGE analysis of hydroxyl radical footprinting products.
In these experiments the platinated DNA strand was radiolabeled at the 5’
end. Hydroxyl radical cleavage products were separated on an 8% denaturing
polyacrylamide gel. Lane 1, sequence 1 nucleosome; lane 2, platinated se-
quence 1 nucleosome; lane 3, sequence 2 nucleosome; lane 4, platinated
sequence 2 nucleosome; lane 5, sequence 1 nucleosome, treated with NaCN;
lane 6, platinated sequence 1 nucleosome, treated with NaCN; lane 7, se-
quence 2 nucleosome, treated with NaCN; lane 8, platinated sequence 2
nucleosome, treated with NaCN; lane 9, Maxam-Gilbert G-reaction.

DNA sequence that does not form a high-affinity, well posi-
tioned nucleosome so as to investigate the effect of platination
on nucleosome structure by a DNA sequence that is represen-
tative of bulk genomic DNA. We based our DNA sequence on
one-half of the palindromic duplex used to obtain the first
high-resolution x-ray crystal structure of the nucleosome (11).
Because the palindromic nature of this sequence would make it
difficult to ligate the constituent oligonucleotide fragments
together, which is required to construct our site-specifically
damaged probes (Fig. 1), we made modifications to produce the
ones that we used in this study. The first 67 nucleotides of our
sequence are identical to that used for the x-ray structural study,
and the last 60 nucleotides are the complement of that sequence.
Our DNA was designed so that only one GTG site occurs in the
central region, to allow for site-specific platination.

We constructed two 146-bp DNA molecules by ligating five
synthetic oligonucleotides together for each (Fig. 1a). Only five
base pairs in the central segment (Fig. 1) differed between the
two constructs. A single binding site for cisplatin, GTG, was
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Fig. 3. Hydroxyl radical cleavage patterns of DNA and nucleosomes. For
these experiments, the DNA strand having the platination site (GTG) at the
center was radiolabeled on the 5’ end. Footprints plotted in red are those of
substrates containing DNA with sequence 1. Plots shown in blue are those of
samples containing DNA with sequence 2. (A) Cleavage pattern of free DNA.
(B) Hydroxyl radical footprints of unplatinated nucleosomes. (C) Footprints of
platinated nucleosomes.
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placed near the middle of this segment and was shifted by six base
pairs between the two constructs. The remainder of the DNA
sequence in each construct was identical. The central segment
was platinated before ligation so as to place a single, site-specific
platinum 1,3-d(GpTpG) intrastrand cross-link near the center of
the 146-bp DNA molecule. The 5" end of the platinated strand
in the 146-bp DNA molecule was radiolabeled with 3?P. We then
used standard reconstitution conditions to form a nucleosome
on each radiolabeled, site-specifically platinated DNA molecule
(4). Control nucleosomes were formed with the same two DNA
sequences that had not been subjected to platination. We used
hydroxyl radical footprinting (12) to characterize the rotational
setting of each of these four DNA molecules when incorporated
into a nucleosome (Fig. 2). Further details about these nucleo-
somes and their characterization are available in Supporting Text,
which is published as supporting information on the PNAS web
site.

Footprinting and Exonuclease Ill Digestion Analysis of Nucleosome
Structure. Hydroxyl radical cleavage patterns of the two input
DNA sequences not in complex with a nucleosome are very
similar to each other (Fig. 34), as expected from their near
identity in sequence. The hydroxyl radical footprints of the two
control nucleosomes, formed with unplatinated DNA (Fig.
3B), show weakly periodic cleavage patterns that generally are
in phase with one another. Such patterns indicate that these
two closely related sequences do not form well positioned
nucleosomes.

Further evidence supporting this point is provided by exonu-
clease III digestion experiments on platinated and unplatinated
nucleosomes (Fig. 4). Nonplatinated sequences 1 and 2 do not
exhibit well defined stop sites, as demonstrated by the extended
shoulder on the peak in the trace of sequence 1 (red) and the
apparently fused peaks in the pattern for sequence 2 (green).
The lack of a well defined stop site is indicative of a heteroge-
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neous population of DNA translational positions on the nucleo-
somes in these samples. Moreover, most of the DNA in the
unmodified nucleosomes is not digested by exonuclease III (Fig.
4, lanes 7 and 9), indicating that the 146-bp DNA molecule is
more or less symmetrically disposed around the nucleosome
dyad. In contrast, platinated sequence 1 nucleosome (orange)
and platinated sequence 2 nucleosome (blue) exhibit sharp peaks
corresponding to exonuclease III stop sites. Well defined exo-
nuclease III stops are characteristic of nucleosomes in which the
DNA is translationally well positioned.

The hydroxyl radical footprints of the two platinated nucleo-
somes are remarkably different from those of the unplatinated
nucleosomes. A highly modulated cleavage pattern with an
~10-nt periodicity is apparent for each platinated nucleosome
(Fig. 3C), indicating that platination enforces a defined rota-
tional setting on the DNA as it wraps around the histone
octamer. Most striking is the observation that the footprints of
the two platinated DNAs are almost precisely out of phase with
each other. Because the sites of platination are six base pairs
apart in the two nucleosomes, it is apparent that the platinum
cross-link dominates the rotational setting of the DNA sequence
in the nucleosome. The platinum lesion resides in a structurally
similar position in each nucleosome, as judged by the footprint-
ing pattern, whereas identical DNA sequences in the two nu-
cleosomes occupy different positions relative to the surface of
the histone octamer.

Although the platinum cross-link occupies structurally com-
parable locations in the two nucleosomes we studied, the cis-
diammineplatinum(II) moiety itself is not situated at the most
solvent-accessible site on the surface of the core particle (Fig.
3C). Hydroxyl radical footprinting revealed that position 73-74
in one platinated nucleosome, and position 80 in the other, is
most exposed to radical attack. In each nucleosome, the center
of the platinum cross-link, the T residue in the GTG sequence,
is situated 2-3 nt away from the most exposed site, at position
71 in one nucleosome and at position 77 in the other. On the
unplatinated strand, however, the complementary CAC se-
quence is found at the most solvent-exposed portion of the
duplex (Fig. 5).

NER of a Platinated Nucleosome. In previous studies it was discov-
ered that nucleosomes inhibit the NER of UV- (13, 14), AAF-
(15), and platinum-damaged (4) DNA. In particular, the con-
straints imposed by the nucleosome structure reduce the effi-
ciency of NER in substrates containing a single, site-specifically
located 1,3-d(GpTpG) platinum-DNA cross-link by 10-fold
when compared with that of free DNA samples (4). To inves-
tigate the effect of a structurally well defined platinum lesion on
NER, we performed repair experiments on platinated sequence
1 nucleosomes (Fig. 6). We find that NER of this platinated
nucleosome is reduced to ~10% of the level observed for
platinated free DNA, entirely consistent with our experiments
on other nucleosomes (4).

Discussion

Influence of Damage on the Rotational Positioning of DNA in Nucleo-
somes. We demonstrate here that a 1,3-d(GpTpG) platinum-
DNA cross-link has a dominant effect on the rotational posi-
tioning of DNA in a nucleosome, overcoming any inherent
preference of the DNA sequence that we studied. In the case of
the cis-syn cyclobutane thymine dimer (CTD), the most preva-
lent UV-induced DNA photoproduct, a previous experiment
(16) showed that the presence of this photolesion influenced the
rotational setting of DNA in a bulk population of nucleosomes.
More recently, a CTD was incorporated site-specifically into a
nucleosome (17) by similar methods to those that we employ
here. Hydroxyl radical footprinting showed that the CTD-
lesioned DNA adopts a highly preferred rotational setting in the
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Fig.4. Exonuclease lll analysis of native and platinated nucleosomes. All four
nucleosome samples, and the corresponding free DNA, were treated with
exonuclease Il to assess the positioning of the DNA on the histone core. (A)
Denaturing PAGE analysis (8% polyacrylamide) of exonuclease Il digestion
products. This analysis reveals several stop sites in the nucleosome samples
(lanes 7-10) that are not present in the undigested nucleosome samples (lanes
3-6) or in the digestion products of the analogous free DNA substrates (lanes
11-14). The lengths of each of the major digestion products are indicated in
red. Lane 1, 100-nt DNA molecular weight standard; lane 2, Maxam-Gilbert
G-reaction; lane 3, undigested sequence 1 nucleosome; lane 4, undigested
platinated sequence 1 nucleosome; lane 5, undigested sequence 2 nucleo-
some; lane 6, undigested platinated sequence 2 nucleosome; lane 7, sequence
1 nucleosome; lane 8, platinated sequence 1 nucleosome; lane 9, sequence 2
nucleosome; lane 10, platinated sequence 2 nucleosome; lane 11, sequence 1
DNA; lane 12, platinated sequence 1 DNA; lane 13, sequence 2 DNA; lane 14,
platinated sequence 2 free DNA. (B) Plots of the intensities of bands resulting
from exonuclease Il digestion of nucleosome samples. The intense band from
intact DNA at the top of each lane is omitted from the traces. The approximate
lengths of the major digestion products are indicated above each peak. Red
trace, sequence 1 nucleosome (lane 7); orange trace, platinated sequence 1
nucleosome (lane 8); green trace, sequence 2 nucleosome (lane 9); blue trace,
platinated sequence 2 nucleosome (lane 10). (C) Schematic representation of
the translational positioning of the 146-mers on the histone octamer. Exonu-
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Fig. 5. Hydroxyl radical footprints of platinated nucleosomes. For these
experiments, the nonplatinated DNA strand was radiolabeled on the 5’ end.
Red trace, footprint of the nucleosome reconstituted with DNA of sequence
1; blue trace, footprint of the nucleosome reconstituted with DNA of se-
quence 2.

nucleosome, in which the CTD lesion is directed toward solvent.
However, the DNA sequence that was used to form the CTD
nucleosome contained strong nucleosome positioning elements
to ensure that the DNA adopted a single rotational and trans-
lational setting that was designed to direct the CTD to the
exterior of the nucleosome. Our experiments, in contrast, test
two different platination sites in a DNA sequence not designed
to form a conformationally homogeneous nucleosome, and we
observe a dominating effect of the platinum lesion on the
structure of the nucleosome.

Influence of Platination on Translational Positioning of DNA in Nu-
cleosomes. Digestion of a nucleosome by exonuclease III provides
insight into the translational positioning of DNA on the histone
octamer. Although equal amounts of radioactive material were
used in each of our exonuclease III digestions (see Fig. 4), bands
corresponding to undigested nucleosomal DNA that has not
been modified with platinum (Fig. 44, lanes 7 and 9) are more
intense than those for the platinated samples (Fig. 44, lanes 8
and 10). The lack of significant exonuclease III digestion of
undamaged nucleosomes is evidence that the 146-bp DNA
molecule in these nucleosomes is positioned symmetrically with
respect to the histone core. In contrast, the presence of strong
pauses in the digestion patterns of the platinated nucleosomes
(Fig. 44, lanes 8 and 10), corresponding to the removal of DNA
that extends beyond the histone octamer core, indicates that the
DNA is asymmetrically positioned in these nucleosomes. These
observations indicate that the platinum adduct affects the trans-
lational positioning of the damaged DNA on the histone core, in
addition to controlling the rotational setting. Although the
platinum cross-link induces changes in the translational posi-
tioning of the DNA in these nucleosomes, the adduct does not
reside in the same translational location on the histone octamer
in the two substrates. Fig. 4C depicts the relative positioning of
the 146-mers with respect to the histone octamer core. These
results indicate that, unlike the rotational positioning phenom-
enon, the platinum adduct does not impose a translational
preference on the DNA.

clease Il digestion of the platinated nucleosomes reveals that the 146-mer
DNAs in these substrates are positioned asymmetrically with respect to the
histone core. The platinum damage ssite is not located in the same translational
position on the histone octamer for the two different platinated sequences.
The diagram illustrates the relative positioning of the 146-mer substrate
within each platinated nucleosome based on the locations of its major exo-
nuclease Il stoppage sites. The platinated sequence 1 nucleosomes showed
two major bands in the exonuclease Ill digestion pattern, both of which are
illustrated in this representation. The pink rectangles denote the position of
the histone octamer, and the black lines indicate the locations of the 146-mers.

Danford et al.
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Fig. 6. Denaturing PAGE analysis of 146-mer repair products. After treat-
ment with cell-free extract, the 146-mer repair substrates were resolved by
denaturing PAGE. Consistent with our previous results with 199-mer probes
(4), the presence of the histone core inhibited repair in the nucleosome
substrates by 10-fold over the efficiency of the analogous free DNA substrates.
Lane 1, sequence 1 free DNA; lane 2, sequence 1 nucleosome. The bracket
indicates the bands corresponding to the excised fragments containing a
platinum-DNA cross-link (6). The “’smear’’ of radioactivity extending from the
full-length DNA bands results from nuclease activity present in the cell-free
extract.

Structural Insights into the Repair of Platinum Lesions. We also
learned through our footprinting experiments that the undam-
aged DNA strand, not the strand bearing the DNA-platinum
adduct itself, across from the damage occupies the most solvent-
accessible site of the nucleosome (Fig. 5). Because of the position
of the platinum cross-link within the nucleosome, the histone
core presents a physical barrier that may allow the platinum-
DNA adduct to elude the repair machinery. Our results provide
structural insight into the inhibition of the repair of platinum
damage in a nucleosome (4) and highlight the importance of
remodeling proteins (13, 18) in providing access to platinum-
damaged DNA.

In addition, our results suggest the possibility of strong
interactions, perhaps through hydrogen bonds, between the
1,3-d(GpTpG) platinum-DNA adduct and the histone core,
because both platinated nucleosomes are well positioned and the
platinum damage resides in structurally similar sites in both.
Specific interactions might involve the ammine ligands of the
cis-diammineplatinum(II) group or heteroatoms of the extruded
thymine base (see below) (19). Such interactions would contrib-
ute another level of complexity to the repair-shielding phenom-
enon, whereby cellular proteins block excision repair of a DNA
adduct by forming a specific complex at the site of the lesion (1),
by concealing the platinum damage from the NER recognition
apparatus and thereby inhibiting repair in these substrates. These
hypotheses remain to be tested by an x-ray structure determi-
nation of a site-specifically platinated nucleosome.

Our results may also indicate that access to the undamaged

Danford et al.

Fig. 7. Model showing the location of the Pt-GTG cross-link in the nucleo-
some. Three base pairs containing the platinum-DNA adduct, adapted from
the NMR structure of a platinated 11-mer (19), were superimposed on the
structure of the nucleosome (22). The CAC trinucleotide of the platinum
adduct NMR structure was modeled into a solvent-exposed position, in accord
with our footprinting data. The histone octamer is shown as a green ribbon.
DNA from the nucleosome x-ray structure (22) is blue. The GTG-Pt trinucle-
otide is red. The complementary CAC trinucleotide is green. The cis-
{Pt(NHs),}2" group is orange. Thisimage was generated by pymoL (Www.pymol.
org).

strand is an important component of damage recognition in
nucleosomes. A single-stranded DNA binding protein, replica-
tion protein A (RPA), binds specifically to cisplatin-damaged
DNA (20). A subsequent NMR study showed that, in the
presence of the repair protein xeroderma pigmentosum comple-
mentation group A (XPA), RPA binds specifically to the un-
damaged strand of a DNA duplex containing a CTD lesion (21).
Because the undamaged strand is the most exposed to solvent in
our nucleosomes, it is conceivable that its recognition by RPA is
facilitated within platinated nucleosomes.

Modeling the Platinum Cross-Link into a Nucleosome. The structure
of the Pt-GTG intrastrand cross-link in an 11-bp oligonucleotide
duplex has been determined by NMR spectroscopy (19). Two
geometric features are of interest in the present context.
The most profound effect on DNA structure resulting from the
Pt-GTG cross-link is expulsion of the central T base from the
base stack into the solution, to accommodate the cross-link that
connects the two adjacent guanines. The DNA duplex is bent
around the cross-link toward the major groove by ~30°. In Fig.
7 we present a model in which the NMR structure of the
1,3-d(GpTpG) platinum-DNA cross-link (19) and the crystal
structure of the nucleosome core particle (11, 22) are superim-
posed. The setting of the DNA with respect to the surface of the
histone octamer was chosen to be in accord with our hydroxyl
radical footprinting results. This modeling exercise indicates that
the Pt-GTG cross-link can be accommodated in a nucleosome at
the site we detect by our footprinting experiments.

Although the 1,2-intrastrand d(GpG) cross-link has received
much attention as the major adduct formed by the antitumor
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drug cis-diamminedichloroplatinum(II) (cisplatin) (23), we note
that the intrastrand 1,3-d(GpXpG) cross-link is the most abun-
dant lesion produced by the related drug carboplatin [cis-
diammine(1,1-cyclobutanedicarboxylato)platinum(II)] (24).
The only difference between cisplatin and carboplatin is the
leaving group; the ultimate DNA-binding moiety, cis-
diammineplatinum(II), is the same for both drugs. Previous x-ray
and NMR investigations have produced a wealth of information
about the structure of the 1,2-intrastrand d(GpG) cisplatin
cross-link. Although a range of values was determined in these
studies, the bulk of the work showed that a cisplatin 1,2-d(GpG)
cross-link results in a substantially larger DNA bend angle,
ranging from ~60° (25) to ~80° (26), compared with the
1,3-d(GpTpG) cross-link that we studied here. Additionally, the
1,2-d(GpG) intrastrand cross-link lacks the extruded thymine
base that we suggest may be an important component of the
DNA positioning phenomenon revealed by this study. To ac-
commodate ~80 bp of DNA in a single superhelical turn around
the histone octamer, the DNA must bend by an average of 45°
per helical turn of the DNA (27). The ~30° bend induced at the
site of the 1,3-d(GpTpG) cross-link (19) is therefore expected to
contribute to the accommodation of the modified duplex in a
nucleosome. However, a detailed study of the conformation of
DNA in the nucleosome (27) found that the real picture is not
so simple, because the actual curvature of nucleosomal DNA is
twice that necessary to form the nucleosome superhelix. Local
alternation of DNA conformation accounts for the excess cur-
vature, indicating that there exist microenvironments of unusual
DNA structure in the nucleosome. These structural features of
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