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ABSTRACT. Interstrand cross-linking studies with the antitumor daigtdiamminedichloroplatinum(ll)

and its clinically inactive isometrans-diamminedichloroplatinum(ll), were performed on a fragment of

the 5S rRNA gene oKenopus borealié the free and nucleosomal state. 5S nucleosomes were formed
via histone octamer exchange from chicken erythrocyte core particles. Native polyacrylamide gel
electrophoresis was used to probe the ability of platinated DNA to reconstitute into core particles. Both
isomers negatively impacted reconstitution when histones were present during incubation with the drug.
When histones were not present during the drug treatment, platinated DNA was successfully reconstituted
into core particles. These results suggest that platination of histones impedes reconstitution of free DNA.
However, already-formed core particles were not disrupted upon platination. Sites of interstrand cross-
linking were probed through denaturing polyacrylamide gel electrophoresis and quantitative phosphor-
imagery. We found both site-specific enhancement and depressits-diimminedichloroplatinum(ll)
cross-linking in the nucleosomal samples relative to free DNA at both drug concentrations that were
tested (0.01 and 0.0025 mMjyans-Diamminedichloroplatinum(ll) exhibited no detectable differences in

the interstrand cross-linking of free and nucleosomal samples.

A number of anticancer drugs target DNA, forming HaN

. . . N/ N/
covalent lesions in the cell. For example, nitrogen mustards, Pt Pt
S . /N /N
originally synthesized for gas warfare, alkylate the N7 o ¢l cl NH;
position of deoxyguanosine residue. (Post-mortem ex- 1 2

amination of unfortunate mustard victims during World War
| revealed profound diminishing of the white cells in bone  The focus of this study is the interstrand cross-linking of
marrow, suggesting the possible benefits of mustards in thenucleosomal DNA by cisplatin artcans-DDP. While a great
treatment of certain cancerg, 3). Likewise, the antitumor  deal is known about the interactions between these two
potential ofcis-diamminedichloroplatinum(ll) [cisplati(1)] isomers and free DNA, less work has been done on
was also discovered fortuitously when Rosenberg observednucleosomal DNA, which comprises the bulk of eukaryotic
inhibition of bacterial cell division in the presence of an nuclear DNA. Compaction of DNA occurs through packag-
electrical field, which was later attributed to the presence of ing with histone proteins to form chromatin, which consists
this compound, formed during electrolysis of the platinum of nucleosomal cores separated by nucleosomal linkers (for
electrodes 4). Cisplatin also targets the N7 position of reviews, see refg and8). The core particles consist of 146
guanine residues in DNA, forming monoadducts that can thenpp of DNA wrapped one-and-three-quarter times around a
convert to intra- or interstrand cross-links (for a review, see histone octamer (two copies each of histones H2A, H2B,
ref 5). Interestingly, trans-diamminedichloroplatinum(ll)  H3, and H4), while the linkers consist of a variable number
[transDDP (2)] does not demonstrate useful anticancer of base pairs complexed to histone H1 (and H5 in avian
properties ). erythrocytes). The incorporation of DNA into chromatin
alters the dynamic and structural properties of the DNA and,
T This work was supported by NIH Academic Research Enhancement therefore, the reactivity of the DNA toward a variety of
Award 1R15CA77748-01 from the National Cancer Institute. external agents (for a review, see 8f
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1 Abbreviations: cisplatingis-diamminedichloroplatinum(ll)rans- targets the DNA, forming protein cross-links only after long

DDP, trans-diamminedichloroplatinum(ll),,, moles of bound drug per  incubation times{0—12). Moreover, the level of cisplatin
mole of DNA base pairs; SDS, sodium dodecyl sulfate; PAGE, binding to core particle DNA is reduced relative to that of

polyacrylamide gel electrophoresis; TE, 10 mM Tris buffer and 1 mM ; T ;
EDTA (pH 7.5); PMSF, phenylmethanesulfonyl fluoride; moles of the linker at low binding ratiosrg _< 0'0_5’ wherer, equals
drug reacted per mole of DNA base pairs: dPAGE, denaturing the number of moles of bound cisplatin per mole of DNA)

polyacrylamide gel electrophoresis. (13—15). The preference for linker DNA has been attributed
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AATTCGAGCT CGCCCGGGGA TCCGGCTGGG CCCCCCCCAG AAGGCAGCAC
AAGCTCGA GCGGGCCCCT AGGCCGACCC GGGGGGGGTC TTCCGTCGTG

68 75 79 8
AAGGGGAGGA AAAGTCAGCC TTGTGCTCGC CTACGGCCAT ACCACCCTGA
TTCCCCTCCT TTTCAGTCGG  AACACGAGCG  GATGCCGGTA TGGTGGGACT
105 129 134 144

AAGTGCCCGA TATCGTCTGA TCTCGGAAGC CAAGCAGGGT CGGGCCTGGT

TTCACGGGCT ATAGCAGACT AGAGCCTTCG GTTCGTCCCA GCCCGGACCA

TAGT

ATCA

Ficure 1: Sequence of thEcoRI—Rsd restriction fragment of theX. borealis5S RNA gene and'Hlanking region. The numbering is
from 1 to 154 in the 5-3 direction of the top strand; this corresponds to positief™8 to 75 on the 5S RNA gene. Position 16 in our
sequence shows a-€ G transversion from the wild-type sequenceE8Bd radiolabeling is of the bottom strand and results in the incorporation
of A3’ and A4 (italics) and the associaté@P. Putative cisplatin cross-linking sites at&C sequences are shown in bold.

to constraints on the core DNA, blocking the necessary to date. Thus, studies of the effects of nucleosomal structure
structural changes for cisplatin binding. At higher drug levels on cisplatin andransDDP interstrand cross-linking of DNA

(r, = 0.1-0.2), this preference for linker DNA is not could provide insight into the relative cytotoxicities of these
observed16). These studies all examined the total spectrum two isomers, thereby potentially aiding in the rational design
of platinum adducts with genomic DNA, whereas we have of new platinum drugs as well as illuminating aspects of
focused our attention on interstrand cross-linking of DNA nucleosome structure.

in defined sequence nucleosome core particles. We used a 154 bp fragment of the 5S rRNA gene of
Cisplatin forms interstrand cross-links between deoxygua- Xenopus borealigFigure 1) for these studies because it has
nosine residues at-&C sequences in free DNALT, 18), been shown previously to exhibit exceptional nucleosomal
whereastransDDP forms interstrand cross-links between positioning properties30, 31). Moreover, the 55 DNA
base-paired guanine and cytosine residues at the GN7 an@ystem has been used to examine the reactions of a number
CN3 positions 19). While interstrand cross-links are a of agents with DNA 82—36). Overall, such studies have
relatively minor component of the DNA lesions of cisplatin  provided support for an inhibition of reactivity within the
(~5—10% of the total adducts), the relative contributions nucleosome, most profound at the center, but a high degree
of the various products to cytotoxicity remain uncle2@)( of DNA accessibility to small molecules. There are 14
Although recent evidence supports a key role for the 1,2- pytative interstrand cross-linking sites for cisplatit+@C)
d(GpG) intrastrand cross-links, which are recognized by a and multiple sites fotransDDP (G-C) in the 154-mer,
wide range of proteins( 21), cisplatin resistance of human  presented in a variety of rotational (i.e., facing toward or
ovarian cancer cells is associated with improved repair of away from the histone octamer) and translational positions
interstrand cross-links, suggesting that they may also be(j.e., the distance from the nucleosome center). The core
involved in cytotoxicity @2, 23). In contrast, interstrand  particle center of symmetry, termed the nucleosome dyad,
cross-links dominate the bifunctional reaction products of js |ocated approximately at C76 in this sequengd).(
transDDP (24), although the rate of the closure of monoad- Because of the substantial structural alterations of nucleo-
ducts to cross-links is slower than for cisplat20). somal relative to free DNA, including curvature 6f45°
Formation of cisplatin interstrand cross-links results in a per helical turn, sharp bends at several sites, and periodic
local switch from a right-handed to a left-handed helix and compression and expansion of the major and minor groove
extrusion of the cytosine residues, allowing a 188tation widths 37—41), differential formation of interstrand cross-
of the platinated guanines into the minor grooe, (26). links by cisplatin and/otransDDP within the nucleosome
The overall result is an-20—40° bending of the helix axis  seems likely.
toward the minor groove and ar80° unwinding of the
helix. The DNA distortions induced blyansDDP are less
severe than those induced by cisplatin. The helix is unwound o ) ) N
by ~12° and bent~20° toward the minor groove, with a Pur|f|qat|on of Core ParticlesCore particles were pur|f|eq
local conformational distortion extending over about 4 bp from chicken erythrocytes (Jason’s Butcher Shop, Albion,
(19, 27). The distinct structures of the interstrand cross-links ME) using the method of Libertini and Smalk) as
formed by cisplatin antransDDP have been postulated to  described previoushs@). Eighteen percent SDSolyacryl-
be related to the differences in antitumor activity of the two @mide gel electrophoresis [PAGE (20:1 acrylamide:bisacryl-
isomers 28). Indeed, novetrans-dichloroplatinum(ll) com- ~ @mide ratio)] showed four major protein bands of ap-
plexes containing planar aromatic amines demonstrate notProximately equal intensities with the same mobilities as a
only profound cytotoxicity but also the formation of cisplatin- commercially obtained sample of a histone mixture contain-
like interstrand cross-links at&C sequencef8). The role ing histones H3, H4, H2A, and H2B (Boehringer Mannheim).
of the nucleosome and its tolerance for the structural Core particles were quantified througgeo
modifications induced by the cisplatin-&C and therans Preparation of the 154 bp FragmenpXP-11 @36),
DDP G-C interstrand cross-links have remained unexplored containing a portion of the 5S rRNA gene ¥f borealis,

MATERIALS AND METHODS
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was kindly provided by the Tullius laboratory (Boston
University, Boston, MA). Following transformation into
Escherichia colithe plasmid was purified from the resulting

Millard and Wilkes

precipitated. Lyophilized samples were then reconstituted via
the dialysis method described previously.
Separation of Free and Nucleosomal DNRree and

colonies using Qiagen p-2500 purification columns. Plasmid nucleosomal 154-mer were separated by 6% native PAGE

DNA was doubly digested witfEcaRl and Rsd under
standard conditions, followed by ethanol precipitation and
3'-end radiolabeling withd-3?P]JdATP (Amersham Pharma-
cia Biotech)/Klenow Exo Minus (New England Biolabs)
(43). Six percent native PAGE (37.5:1 acrylamide:bisacry-

(87.5:1 acrylamide:bisacrylamide ratio) containing 5% glyc-
erol run in 0.5« TBE at 4°C and 250 V. Autoradiography

revealed two bands: a higher-mobility band for the free 154-
mer and a lower-mobility band for the nucleosomal 154-
mer. Both were excised, and the DNA was purified through

lamide ratio) and subsequent autoradiography revealed twothe crush-and-soak method3j.

bands, of which the higher-mobility one was excised from
the gel and purified through the crush-and-soak metéday (

ReconstitutionTwo methods of reconstitution were used
to achieve either a mixture of free and nucleosomal DNA
or approximately 100% nucleosomal DNA. For the “dilution”
method 44), lyophilized, radiolabeled 154-merQ.5 uQ)
in a siliconized microcentrifuge tube was incubated with
ODyg 0f core particlesn 1 M NaCl, TE [10 mM Tris buffer
(pH 7.5) and 1 mM EDTA], and phenylmethanesulfonyl
fluoride (PMSF; 0.50 mM in 2-propanol) fd. h on ice(total
volume of 20uL). The salt concentration was then gradually
decreased by adding aliquots of TE/PMSH(5for 1 h, an
additional 5uL for 1 h, 170uL for 15 min, and 20QuL for
15 min). This method resulted in a mixture of free and
nucleosomal DNA. For the “dialysis” method¥), lyoph-
ilized, radiolabeled 154-mer<0.51g) was mixed with~3
ODsgp Of core particles in a TE/PMSF/1 M NaCl mixture
(final volume of 100uL), incubated on ice for 45 min, and

Separation of Cross-Linked DNA.yophilized, cispla-
tin- or transDDP-treated free and nucleosomal 154-mer
samples were resuspended in/Al0 of 5 M aqueous urea
and 0.1% xylene cyanol and run on a 41 en87 cm, 0.35
mm thick, 6% denaturing formamide/urea polyacrylamide
gel (19:1 acrylamide:bisacrylamide ratio, 30% formamide,
42% urea) at~55 W and~55 °C. Gels were dried under
vacuum f@ 1 h (Drygel Sr. model SE 1160, Hoefer Scientific
Instruments) and autoradiographed or phosphorimaged (Bio-
Rad GS-505 Imaging System with Molecular Analyst version
2.1.2). Alternatively, cross-linked DNA was located via
autoradiography and excised for purification from wet gels.

Mapping of Cross-Linked DNAIndividual cisplatin-
cross-linked DNA bands were recovered from formamide/
urea gels by the crush-and-soak procedut8).(These
samples were hydroxyl-radical cleaved prior to loading onto
a sequencing gel.

Hydroxyl Radical Cleaage.Reactions were run as previ-

then transferred to a slide-a-lyzer (Pierce). The salt concen-ously described by Dixon et a4). Stock solutions of 500
tration was then gradually decreased by dialyzing the mixture M ferrous ammonium sulfate/1 mM EDTA, 0.3% hydrogen

at 4 °C for 3 h periods against 200 mL of a TE/PMSF
mixture successively containing 0.8, 0.6, and 0.05 M NacCl.
This method resulted in almost entirely nucleosomal DNA.

Cisplatin and transDDP Cross-Linking Reaction#& 1.0
mM cisplatin ortransDDP (Aldrich) stock (3 mg in 10 mL
of H,O) was prepared with stirring 24 h before incubation.
Cisplatin was then diluted to 0.1 mM, whereaansDDP
was first reacted with 2 equiv of AgN§®@vernight and then
centrifuged before dilutiord@). Reactions of 154-mer were
with 0.01 mM [y = 0.07 (wherers equals the number of
moles of drug reacted per mole of DNA bp) for thel:1
mixture of free and nucleosomal DNA] or 0.0025 mM+
0.02 for the~1:1 mixture of free and nucleosomal DNA)
cisplatin ortrans-DDP in platination buffer [from a 1R

peroxide, and 10 mM sodium ascorbate were made fresh.
To 70 uL of a dialysis reconstitution mixture or a cross-
linked sample (in HO) was added 1@L of each of these
reagents at the side of a microcentrifuge tube. The reaction
was initiated by brief centrifugation. After 1 min, reactions
were stopped by the addition of thiourea to a final concentra-
tion of 0.2 mM and EDTA to 10 mM. Samples were phenol
chloroform extracted43) prior to analysis on a sequencing
gel.

Sequencing Gel AnalysiSamples were dissolved in 10
uL of 5 M urea/0.1% xylene cyanol and loaded onto an 8%
denaturing gel (19:1 acrylamide:bisacrylamide ratio, 50%
urea) run at~55 W and~55 °C followed by drying and
autoradiography. Bands were assigned via reference to

stock of 400 mM sodium perchlorate and 20 mM monobasic Maxam-Gilbert G-lanes 43).

potassium phosphate (pH 7.6)] incubated in the dark at 37

°C for 8 h (cisplatin) or 24 htansDDP).

Cross-Linked-Then-Reconstituted ExperimeAtd5 ul
dilution reconstitution was prepared with radiolabeled free
154-mer and chicken histones in & Iplatination buffer/
TE/PMSF mixture in the absencé bM NacCl. Cisplatin or
transDDP was added at either 0.01 mN & 0.003) or

RESULTS

A radiolabeled 154 bp restriction fragment of the 5S RNA
gene ofX. borealiswas incubated with varying amounts of
purified chicken erythrocyte core particles under conditions
of high salt to disassemble the chicken DNRAistone
interactions. The salt concentration was then lowered through

0.0025 mM (; = 0.0007) and allowed to react as described either dilution or dialysis to reconstitute a defined sequence,
above. At the end of the appropriate incubation period at 37 radiolabeled nucleosomal core particle. Successful incorpora-
°C, 5uL of 4 M NaCl was added, and the mixture was tion of the 154-mer into the core particle has been shown
incubated at #C for 1 h with subsequent additions of a previously to result in both a native gel mobility shift and a
TE/PMSF mixture to decrease the salt concentration as10—11 bp periodicity pattern upon cleavage with Fe(ll)-
described previously. Alternatively, free 154-mer was reacted EDTA (31, 44). We generally observed two major bands on
with cisplatin ortransDDP at 0.01 or 0.0025 mM in the native gels for our reconstitutions: one band that comigrated
absence of histones; & 12 and 4, respectively). Following  with the free 154-mer and a second lower-mobility band
the appropriate incubation time, the samples were ethanolattributed to incorporation of the 154-mer into nucleosomal
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i
N~

Platinated Free 5S DNA Platinated 58 Nucleosomal Chicken Core Particles
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Separation of free and nucleosomal DNA via native PAGE;
Analysis of interstrand cross-linking via dPAGE.
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Free 55 DNA Chicken Core Particles

cisplatin/trans-DDP

l histone exchange
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Platinated free 5S DNA Platinated 58 Nucleosomal Platinated Chicken Core
DNA Particles

l

Separation of free and nucleosomal DNA via native PAGE.

P
C
Free 58 DNA

l cisplatin/trans-DDP

Ficure 2: Autoradiogram of the hydroxyl radical cleavage pattern

- XYy hanol brecinitati
of the 3-radiolabelecEcaRI—Rsd restriction fragment as nucleo- l ethanol precipiiation

somal DNA. The 16-11 bp periodicity of the nucleosomal sample P
suggests that the histone octamer is present in both defined _L_ +
translational and rotational settings on the DNA. Free 55 DNA

- Chicken Core Particles
DNA. The amount of low-mobility product was dependent

on the histone:DNA ratio, with higher ratios leading to more l histone exchange

of the presumed nucleosomal DNA. The Fe(Il)EDTA cleav-

age pattern of the low-mobility product did indeed demon- P

strate the 1611 bp periodicity indicative of a core particle @ + Q
with precise rotational and translational positioning (Figure _ i )
2). Free 5S DNA shows some nonuniformity in its hydroxyl Platinated 38 Buclcosomal - Chicken Core Particles
radical cleavage patterns, which has been attributed to l

bending of this sequence, but in the nucleosomal state these
variations are exaggerated to yield patterns such as those

seen heredl, 44). ] i . . .
B h ts have suadested that cisplatin an FiGURE 3: Schematic of cross-linking experiments. (A) Reconstituted-
ecause previous repor g9 p then-platinated protocol. (B) Platinated-then-reconstituted protocol.

trans:DDP react with both DNA and protein, we performed (C) Platinated-then-ethanol-precipitated-then-reconstituted protocol.
cross-linking experiments on several systems: 5S DNA Histone exchange indicates one of the two reconstitution methods

reconstituted with chicken core particles, free 55 DNA in described in Materials and Methods. Chicken core particles are
the presence of histones, and free 5S DNA in the absencdreSent in excess.

of histones (Figure 3). For the latter two cases, treatment5S DNA and histones present was scaled down so that the
with cisplatin or transDDP was then followed by a  reconstitution volume and subsequent conditions would be
reconstitution protocol. The experiment performed with free similar to the reaction mixture that was reconstituted prior

Separation of free and nucleosomal DNA via native PAGE;
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Ficure 5: Autoradiogram of a 6% native gel separating nucleo-
somal and fre¢gransDDP-treated DNA: lane 1, 0.01 mitans

Free DNA DDP, reacted first (see Figure 3B); lane 2, 0.01 riviahs-DDP,
reconstituted first (see Figure 3A); and lane 3, control reconstitution
(no transDDP).

Ficure 4: Autoradiogram of a 6% native gel separating nucleo-
somal and free cisplatin-treated DNA. Lanes 2 and 3 contained
samples that were first reconstituted with histones and then reacted
with cisplatin (see Figure 3A). Lanes 4 and 5 contained samples
that were first reacted with cisplatin and then reconstituted with
histones (see Figure 3B): lane 1, control reconstitution (no

.-

cisplatin); lane 2, 0.01 mM cisplatin, reconstituted first; lane 3, - '

0.0025 mM cisplatin, reconstituted first; lane 4, 0.01 mM cisplatin, |

reacted first; and lane 5, 0.0025 mM cisplatin, reacted first. . Nucleosomal
¥

to cisplatin ortransDDP treatment. Our concentrations of
cisplatin were selected so thawalues for the reconstituted-
first experiment would flank the critical, value of 0.05 at

1 2 3

which this agent shows a preference for linker DNA relative Free DNA
to core: ry = 0.07 for the concentration of 0.01 mM and
= 0.02 for 0.0025 mM. FIGURE 6: Autoradiogram of a 6% native gel separating nucleo-

A . f ituted-th isplat d | somal and free DNA first treated with cisplatin wansDDP and
comparison of reconstituted-then-cisplatin-treated samplesShen ethanol precipitated prior to reconstitution (see Figure 3C):

to cisplatin-treated-then-reconstituted samples showed ajane 1, 0.01 mM cisplatin; lane 2, 0.0025 mM cisplatin; lane 3,
cisplatin-induced inhibition of 154-mer incorporation into 0.01 mMtransDDP; lane 4, 0.0025 mMrans-DDP; and lane 5,
the nucleosomal core particle (Figure 4). Native gel elec- control free 154-mer.

trophoresis of Fhe §amp]es that were re.colnstituted firstand 14 determine conclusively whether cisplatin amens-
then reacted with C|splat!n ghowed two distinct ba_nd_s of free ppp were negatively affecting the protein rather than the
and nucleosomal DNA similar to a _control reconstitution that (44iolabeled DNA component in the mixture during recon-
was not treated with drug, suggesting that cisplatin "eatmemstitution, free DNA was treated with cisplatin sans DDP,

does not affect the integrity of an already-existing core ehane| precipitated, and then reconstituted with chicken core
particle. However, the reacted—therj—reconstltuted Samplesparticles under conditions designed to yield approximately
showed a smear instead of the defined bands for free and;ggo4 nucleosomal DNA. In this case, both cisplatin- and
nucleosomal DNA present in the controls, indicating prob- 505 DDP-treated DNA were incorporated cleanly into the
Iemgﬂc incorporation of the free 154-mer into a defined core e particle structure (Figure 6). These results suggest that
particle structure. the adverse impact of these agents on the formation of
The results withtransDDP were somewhat more dra- nucleosomal DNA was indeed primarily at the level of the
matic. A DNA—histone mixture that was treated witlans histones rather than the DNA.
DDP and then taken through the reconstitution process We then carried out a series of dilution reconstitutions to
showed only a trace of incorporation of the radiolabeled 154- achieve an approximately 1:1 mixture of free and nucleo-
mer into the core particle when analyzed on a native gel somal DNA for further cross-linking studies. Following
(Figure 5). The bands corresponding to free and nucleosomalreconstitution, samples were treated with cisplatitrans
transDDP-treated DNA were both excised and eluted. DDP at 0.01 and 0.0025 mM. Drug treatment of the
Analysis of these samples via denaturing PAGE (dPAGE) reconstitution mixture prior to native gel purification of free
showed no interstrand cross-links (data not shown) even afterand nucleosomal DNA ensured identical reaction conditions
overexposure, suggesting that the effect of titss-DDP for these two samples. After reaction with the platinum agent,
was primarily at the level of the histones rather than the free and nucleosomal 154-mer were separated via 6% native
DNA. PAGE, purified from the gel, and run on a 6% denaturing
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Ficure 8: Autoradiogram of theransDDP interstrand cross-
linking patterns of free and nucleosomal DNA following dPAGE:
lane 1, free, 0.01 mMrans-DDP; lane 2, nucleosomal, 0.01 mM
transDDP; lane 3, free, 0.0025 mMransDDP; and lane 4,
nucleosomal, 0.0025 mNtans-DDP.

resolution of the particular gel. Two-dimensional profile

scanning of each gel lane was performed for a quantitative
comparison of the relative intensities of each band for the
free and nucleosomal DNA, as represented by the 0.0025
mM sample (Figure 9). Integration data were averaged for
FiGURe 7: Autoradiogram of the cisplatin interstrand cross-linking  three experiments and normalized to account for differences
patterns of free and nucleosomal DNA following dPAGE. Samples i the amount of radioactivity loaded across lanes (Table

in lanes -4 were reconstituted by the dilution method; the sample - L
in lane 5 was reconstituted by the dialysis method: lane 1, 1). These data showed that the intensity if band 3 (from the

nucleosomal, 0.01 mM cisplatin; lane 2, free, 0.01 mM cisplatin; tOp) was elevated significantly (Analysis of Variance) by
lane 3, nucleosomal, 0.0025 mM cisplatin; lane 4, free, 0.0025 mM ca. 30% in the nucleosomal samples while the intensity of

cisplatin; and lane 5, nucleosomal, 0.01 mM cisplatin. band 1 was decreased significantly in the nucleosomal
. ] ) samples by ca. 20%.
formamide/urea gel to separate interstrand cross-links. Quantitative phosphorimagery tfansDDP gels again
Autoradiography indicated a family of approximately six revealed similar cross-linking efficiencies for free and
bands of reduced mobility relative to single strands, corre- nycleosomal DNA 6% for 0.01 mM samples ane2%
sponding to interstrand cross-linking at different sites. Similar for 0.0025 mMm samples). Profile scanning of thens-DDP
positions of cross-linked bands were observed for free andinterstrand cross-linked bands showed no detectable differ-
nucleosomal DNA treated with cisplatin (Figure 7). Included ences between free and nucleosomal DNA in the 0.0025 mM
on the cisplatin gel was one nucleosomal sample obtainedsamples. The only significant difference between the free
through the dialysis method to verify that the cross-linking and nucleosomal DNA in the 0.01 mM samples was an
pattern was independent of the reconstitution method (seejncrease in the level of presumed intrastrand cross-linked
lane 5). The cross-linking pattern wans-DDP was different product noted with an arrow in Figure 8.

from that of cisplatin, although again, the positions of these = Tg assign the sites within the 5S DNA that were elevated
bands in the free and nucleosomal DNA Samples were Similarand depressed in the Cisp|atin nucleosomal Samp|es' we
for this agent (Figure 8). However, there was a band of performed hydroxy! radical cleavage assays on individual
noticeably increased intensity in the 0.01 niNins-DDP- cross-linked bands. After separation of interstrand cross-links
treated nucleosomal Samp|e (marked with an arrow in Figure via 6% dPAGE, individual ge| bands were located by
8) that migrated just above single-stranded DNA and auytoradiography, purified, subjected to hydroxyl radical
presumably corresponded to an intrastrand cross-linkeddeavage, and then analyzed via 8% dPAGE. Phosphorim-
product. While there appeared to be more interstrand cross-agery revealed enhanced cleavage relative to that of free
linked bands than for the cisplatin samples, the resolution pNA at specific deoxyguanosine residues &GE sites
of these bands suggests that there may not have been crosgresumably because of the structural alterations resulting
linking at every possible G-C site, which would likely have  from cross-linking. For example, band 4 showed elevated
led to a smear of low-mobility products. levels of cleavage at G25 and G30 relative to free DNA
Quantitative phosphorimagery of cisplatin gels revealed (Figure 10). Our results suggest that the least mobile band
similar cross-linking efficiencies for free and nucleosomal corresponds to the most centrally cross-linked isomers (cross-
DNA (~13% for the 0.01 mM samples and5% for the linking at G75 and G79). This is consistent with previous
0.0025 mM samples). The pattern of interstrand cross-linking findings for mitomycin C in short DNA oligomerstg) and
was consistently six or seven bands, depending on thefor mustards within this same fragment frotmborealis(49).
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Table 1: Normalized Ratios of Nucleosomal to Free DNA Band Intensities for the Six Major Families of Cisplatin Interstrand Crdss-Links

band 1 band 2 band 3

band 4

band 5 band 6 average

0.784+ 0.084 0.9240.080 1.3£0.15

0.97+ 0.052

0.99+ 0.023 0.97+£0.11 0.99

a Data from three experiments were averaged. Band 1 represents the band of lowest mobility and band 6 the band of highest mobility. Ratios that

differ significantly (analysis of variances = 0.0012) from the average are shown in bold.
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Ficure 9: Two-dimensional profile scans of the cisplatin (0.0025

mM) interstrand cross-linked DNA in the free and nucleosomal
states. The trace with the elevated peak at band 3 corresponds t

Table 2: Predicted Sites of Cisplatin Interstrand Cross-Linking for
the First Four Major Low-Mobility Bands (from the top) Seen on
Denaturing Polyacrylamide Gels (See Figuré 7)

cross-linked predicted bp from rotational
site band center position
G75 1 2 away
G79 1 2 facing
G68 2 9 facing
G86 2 9 away
G44 3 33 away
G47 3 30 facing
G105 3 28 away
G25 4 52 neither
G30 4 47 neither
G129 4 52 facing

2The numbering reflects that shown in Figure 1. Bands were assumed
to result from cross-linking deoxyguanosine residues on opposite strands
at 5-GC sequenced{, 18). Assignments were made through hydroxyl
radical cleavage data and by the fact that interstrand cross-links separate
on the basis of their distance from the center of the moleel8e40),
T77 in this DNA. The “rotational position” reflects whether this site is

(tacing away from or toward the histone octam@t)(

lane 3 (nucleosomal DNA) of the gel shown in Figure 7; the other
trace corresponds to lane 4 (free DNA).

1G5

G30

cross-linked DNA

control DNA

Ficure 10: Two-dimensional profile scan of the hydroxyl radical
cleavage products of cisplatin interstrand cross-linked band 4 and
control (not cross-linked) DNA.

We have therefore postulated the composition of the top four
cisplatin-cross-linked bands, based on the hydroxyl radical
cleavage data, the distance of theXC sites from the center

of the molecule (at T77), and the expected resolution of our
denaturing gels (Table 2).

DISCUSSION

Previous studies of the reactivity of the antitumor agent
cis-diamminedichloroplatinum(ll) and its clinically inactive
isomer, trans-diamminedichloroplatinum(ll), with nucleo-
somes have been limited to overall platination of genomic
DNA-containing chromatin and core particles. In general,
these studies conclude that cisplatin primarily targets the
DNA, with a similar rate of binding for free and nucleosomal
core DNA (0). transDDP, however, primarily forms
specific cross-links between histone proteit§, (11). An

examination of the distribution of DNA lesions within
chromatin suggests that at low ratios of cisplatin< 0.05),
linker DNA is preferred over core DNA for targetind3—

15). We have extended this work by focusing on the
interstrand cross-linking of both thas and trans isomers
within defined sequence core particles, usingalues close

to the criticalr, of 0.05 found previouslyr¢ = 0.02 and
0.07 in our studies). These core particles contained a
radiolabeled 154 bp restriction fragment of the 5S rRNA gene
of X. borealisreconstituted by histone exchange from chicken
erythrocyte core particles. This 5S DNA was presented as
both free and nucleosomal DNA within the same reaction,
thereby ensuring identical reaction conditions for both
samples.

We first tested whether platinated DNA could be incor-
porated into core particles. When chicken core particles were
included with free radiolabeled DNA, subsequent incorpora-
tion of the 154-mer was negatively impacted after reaction
with both cisplatin andtransDDP. However, while the
reconstituted, cisplatin-treated DNA did form diffuse bands
of high-molecular weight products on a native gel suggestive
of an ill-defined nucleosome structure, thens-DDP-treated
DNA formed only a trace of high-molecular weight products.
Isolation of thetransDDP-treated DNA from these native
gels followed by dPAGE showed that there were no
interstrand cross-links in either the free or nucleosomal DNA.
These findings suggest that reaction with histones occurred
for both cisplatin andrans-DDP, although this reaction was
far more complete for theansisomer. This hypothesis was
supported by the fact that treatment of the 154-mer with
cisplatin ortransDDP followed by ethanol precipitation led
to successful incorporation into the core particle structure
for the platinated DNA. Although our drug concentrations
were identical in the reconstituted-then-platinated samples
and the platinated-then-reconstituted samplesythalues
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were much lower in the latter. Thus, at very low relative DNA at both concentrations. Previous work has shown that
levels of platinum, it appears that histones are modified by the relative position of an interstrand cross-linked band on
both agents, although less so by cisplatin thatréaysDDP. denaturing polyacrylamide gels is correlated with its distance
Such modification impedes subsequent histone octamerfrom the center of the duplex, with the most centrally cross-
exchange with radiolabeled DNA. These findings agree with linked isomer having the lowest mobility8, 49). Hydroxyl
the previous reports of Lippard and Hoeschel€) (and radical cleavage data supported this assignment for cisplatin
Thompson et al.1(1), demonstrating the existence of both cross-links in the 5S DNA. Band 3 exhibited the major
specific histone-histone (e.g., H3H2A, H2B—H4, and H3 difference in efficiency of interstrand cross-linking between
dimers) and histoneDNA cross-links intranssDDP-treated  the free and nucleosomal samples. We believe that this band
nucleosomal samples. It is likely that these interactions inhibit comprises three isomers cross-linked at G44, G47, and G105
disassembly of core particles during histone octamer ex- (see Table 2). These sites are all approximately three helical
change. turns from the nucleosome dyad. G44 and G105 both face
We then created reconstitution mixtures designed to away from the histone octamer and contain a compressed
contain approximately equal proportions of free and nucleo- major groove 31, 36). On the other hand, G47 faces toward
somal DNA. Following treatment of these mixtures with the histone octamer and contains an expanded major groove.
cisplatin ortransDDP, free and nucleosomal DNA was Given the constraints of our methodology, it is impossible
purified through native PAGE. These gels indicated that the to predict whether elevation occurs at one, two, or all three
integrity of the core particle was not affected by platination of these sites. Although rotational positioning may be
as the relative proportions of free and nucleosomal DNA involved in mediating cisplatin cross-linking within the
did not differ from that of control untreated DNA. We then  nucleosome, it is unlikely to be the sole cause of the observed
used dPAGE to separate the different interstrand cross-linkedelevation as it does not correlate with enhancement of cross-
isomers, which appeared as a family of bands with higher |inking in all cases. Moreover, agents such as hydroxyl
molecular weights than single strands. Interestingly, both radical that show a clear rotational dependence for DNA
agents did form interstrand cross-links under our reaction binding within the nucleosome appear to react quickly on
conditions, suggesting that DNA already incorporated into the time scale of the exposure of DNA by the nucleosome
a nucleosomal core particle is indeed a target for platination. (32). Cisplatin, which forms both monoadducts and inter-
We also found that the pattern of cisplatin interstrand cross- strand cross-links relatively slowlyt; ~ 3 and 6 h,
links was independent of the reconstitution method (dilution respectively 20)], is consistent with these findings in that it

or dialysis). Moreover, the positions of cross-linked bands appears to demonstrate no clear rotational dependence for
on these gels were remarkably similar for nucleosomal and ¢ross-Jinking.

free DNA for both agents, suggesting both that access to
the major groove is not greatly impaired by the histone core
and that core particle DNA tolerates the conformational

changes imparted by cross-linking. Phosphorimagery dem-
onstrated that cisplatin was2.5 times more efficient at

The reduction of the intensity of band 1, the least mobile
cisplatin-cross-linked band, in the nucleosomal sample
suggests that cross-linking is impaired at the nucleosomal
dyad. These findings are consistent for previous findings with

forming interstrand cross-links tharmans-DDP at comparable bgtlky mqn%alkyrllattr)]rshand foszlln(;efrslt(;aInd (I:rofss—lcljnkltrjg by
concentrations under our reaction conditions. Furthermore,mI omycin &, which Shows a -fold level of reduction

there were some distinct differences between the free and® the nucleosomal dyag2). Th_erefore, ihe relaf[ively small .

nucleosomal samples in the intensities of the cisplatin cross-C'Spl.atln appeqrs.to behave like bulky alkylating agents in

linked bands. that its cross-linking of nucleosomal DNA demonstrates a
Cisplatin has been previously determined to form inter- small but significant translational dependence. Formation of

strand cross-links between deoxyguanosine residues in duple>zhe relatively _Iarge f|ve—§:oord|nate transition state may
DNA at 5-GC sequencesl{, 18), while transDDP forms account for this observation. In contrast, our findings for

cross-links between base-paired deoxyguanosine and deoxyg"’m;r [\)/\[/)hp show_ed no such reductf|on r?t (;hﬁ? nuclecl;somal
cytosine residuesl@). The 14 5GC cisplatin sites and the yad. Whereas size cannot account for the difference between

multiple transDDP sites are present in a variety of trans- N€S€ two isomers, the kinetics afinsDDP interstrand

lational and rotational positions along the core particle Cross-link formation are slower than for thes isomer [y
(Figure 1). For example, translationally, theGC sites at = 12 h for closure ofrans: DDP monoadduct20)], so it is
G75 and G79 are very close to the nucleosomal dyad at C76,I|kely that kinetics also play_a role in the translational
whereas the sites at G8 and G144 are close to the ends ofl€Pendence of nucleosome binding.
the core particle. Rotationally, the site at G75 is facing away  Cisplatin interstrand cross-linking induces profound struc-
from the histone octamer and contains a compressed majottural changes in DNA. However, our findings suggest that
groove, whereas the site at G79 is facing toward the histonethere are only relatively modest differences in the attack of
octamer and contains a compressed minor gro®Ye Bulky nucleosomal and free DNA with the largest effect actually
alkylating agents are sensitive to translational positioning being an enhancement of cross-linking at one or more sites
(33—35), whereas cleavage by hydroxyl radic81) and approximately three helical turns from the dyad. The site
some enediynes36, 50) and the formation of cyclobutane more then three helical turns from the dyad (G105) is at a
pyrimidine photodimersH1, 52) are dependent on rotational region of close contact with histone H33), which may
positioning. lead to a structural alteration in the local area that is ripe for
Our findings for cisplatin were a reduction in the efficiency enhanced cisplatin cross-linking. A previous “hot spot” at
of cross-linking at band 1~20%) but an elevation at band —1 turns from the helical dyad has been noted previously
3 (~30%) in the nucleosomal samples relative to the free for cleavage by calicheamicipy' (36) with a concomitant



16054 Biochemistry, Vol. 39, No. 51, 2000

inhibition of cross-linking by some nitrogen mustards at this
site 32).

It is possible that during the isolation of nucleosomal DNA,
monoadducts could convert to cross-links when histones are
removed. Our experimental protocols do not allow verifica-
tion of similar patterns of platinum monoadducts for the free
and nucleosomal DNA samples. However, previous studies
have verified that for nitrogen mustards there is no obvious
loss of monoalkylation that might suggest conversion to
cross-links during electrophoresis and purification in the
nucleosomal sample82%). Moreover, the extremely denatur-
ing conditions under which cross-links are isolated make it
unlikely that duplexes containing monoadducts would remain
double-stranded to allow conversion to interstrand cross-
links.

In conclusion, we have found that cisplatin @rethsDDP
form interstrand cross-links with nucleosomal DNA that are
remarkably similar to those in free DNA. Moreover, cisplatin
shows a decrease in the level of cross-linking at the

nucleosomal dyad and a larger increase at a site three helical 16.

turns from the dyad. Rotational positioning does not clearly
correlate with cross-linking efficiency. Although both agents
also react with histones, which negatively impacts nucleo-
some formation, platinated DNA can indeed be incorporated
into nonplatinated chicken core particles, and already-formed
nucleosomes are not disrupted upon platination. Our findings
are further support for the accessibility of DNA within the
nucleosome, which appears to be a relatively minor inhibitor
of DNA interstrand cross-linking reactions despite relatively
large structural changes accompanying cross-linking. The
kinetics of reaction seem to play a larger role than the size
of reactant in dictating the sites targeted within the nucleo-
some for interstrand cross-linking. Evidence suggests that
nucleosomes transiently expose DNA, thereby providing
access to regulatory protein®4j. Reactions with, for
example, hydroxyl radical or UV light may occur quickly
on the time scale of exposure, therefore providing a
“snapshot” of nucleosomal structur@)(On the other hand,
reagents that react more slowly on the time scale of site
exposure, such as cisplatin amnansDDP, appear to produce

a time-averaged picture of nucleosomal structure. Further
studies will require the use of longer DNA fragments, linker
histones, and nonhistone nucleosomal binding proteins to
approximate more closely the physiological target of these
agents.
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