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ABSTRACT

Negatively supercoiled, relaxed and linearized forms
of pSP73 DNA were modified in cell-free medium by
cis-diamminedichloroplatinum(ll) (cisplatin). The
frequency of interstrand cross-links (ICLs) formed in
these DNAs has been determined by: (i) immuno-
chemical analysis; (ii) an assay employing NaCN as a
probe of DNA ICLs of cisplatin; (iii) gel electrophoresis
under denaturing conditions. At low levels of the
modification of DNA (<1 Pt atom fixed per 500 bp) the
number of ICLs formed by cisplatin was radically
enhanced in supercoiled in comparison with linearized
or relaxed DNA. At these low levels of modification, the
frequency of ICLs in supercoiled DNA was enhanced
with increasing level of negative supercoiling or with
decreasing level of modification. In addition, the
replication mapping of DNA ICLs of cisplatin was
consistent with these lesions being preferentially
formed in negatively supercoiled DNA between guanine

residues in both the 5 '-d(GC)-3' and the 5'-d(CG)-3'

sites. Among the DNA adducts of cisplatin the ICL has
the markedly greatest capability to unwind the double
helix. We suggest that the formation of ICLs of cisplatin
is thermodynamically more favored in negatively
supercoiled DNA owing mainly to the relaxation of
supercoils.

INTRODUCTION

A probable mechanism of anticancer activitycisfdiammine-

Nevertheless, DNA ICLs of cisplatin have also been considered
lesions relevant to the biological effects of this drug (see for
instancel 2-16), but their relative efficacy remains unknown. For
instance, recent result$317) suggest that there is a selective
increase in gene-specific ICL repair in cisplatin-resistant human
ovarian cells. Thus, formation of DNA ICLs of cisplatin is
challenging to understand, not only from a mechanistic view but
also from the therapeutic one. Therefore, it is not surprising that
the nature of the DNA ICLs of platinum complexes and the
biological significance of these lesions are being intensively
investigated at present (see for examale33).

The formation of cisplatin adducts in DNA can be affected by
its conformation$4). One of the important factors that influences
the conformation of DNA is its global topolog35(36). DNA in
vivo is generally negatively supercoiled in both eukaryotic and
prokaryotic cells (for general reviews sge-37). Whereas a
significant portion of bacterial DNA supercoils is thought to be
unrestrained inside the cell, the superhelicity of eukaryotic DNA
is attributed to wrapping into nucleosomes. In addition, RNA
polymerase transiently changes the local level of DNA supercoiling
as it transcribes, also generating positive supercoiling. There are
well-documented examples of the stabilization of alternative
DNA conformations by supercoilin@%-38). Interestingly, it
was recently showrB@) that cisplatin toxicity is influenced by
DNA supercaoiling in prokaryotic cells.

The formation of cisplatin adducts in DNA alters its conformation
(3-5,7,234044). The conformational changes induced by
bifunctional adducts of cisplatin result in particular in bending
and unwinding of the DNA duple®,6,23,26,40,42). In general,
negative supercoiling tends to stabilize conformations in which
there is unwinding of the DNA3(-37). Thus, it seems

dichloroplatinum(ll) (cisplatin) involves formation of platinum- reasonable to assume that some bifunctional adducts of cisplatin
DNA adducts which are capable of blocking DNA and RNAcould be more favored in negatively supercoiled DNA (in
synthesis (for general reviews 4e&) and induce programed cell comparison with relaxed or linear DNAs) than others. In other
death 8,9). The DNA adducts of cisplatin have been extensivelwords, it may be expected that the individual types of cisplatin
studied, in particular in linear DNA modified by this drug inadducts could appear in negatively supercoiled DNA with a

cell-free medium to relatively high levelg, (= 0.001;ry, is

different frequency and/or sequence specificity than in relaxed or

defined as the number of platinum atoms fixed per nucleotidmear DNAs or even new types of platinum adducts not allowed
residue) {0,11). These studies have revealed that cisplatin fornmia linear DNA could appear in supercoiled DNA. These
[P0% 1,2 intrastrand d(GpG) or d(ApG) cross-links in lineaexpectations are corroborated by recent observations demonstrating
DNA,; intrastrand cross-links between non-adjacent purine residuéisat monofunctional cisplatin adducts in negatively supercoiled
interstrand cross-links (ICLs) and monofunctional adducts wef@NA are converted to bifunctional lesions more readily than in
minor adducts. Considerable evidence suggests that the antitumadaxed DNA {5). Also, interestingly, a novel adduct of cisplatin
efficacy of cisplatin is a result of the formation of DNAin the sequence'JACT-3, capable of terminating DNA

1,2-intrastrand cross-links by this drug (see for inst&r&g

synthesis, has been found in DNA from cisplatin-treated eukaryotic
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cells, but not in linear DNA modified by this drug in cell-freedetermined by flameless atomic absorption spectrophotometry

medium ¢6). (FAAS) using a Unicam 939 AA spectrometer with graphite
Here we present experiments which were carried out in cell-fréernace.

medium to investigate the effect of negative supercoiling on DNA

interstrand cross-linking by cisplatin. We find that superhelicdmmunochemical analysis

torsion can affect interstrand cross-linking efficiency of thi

anticancer drug in plasmid DNA. “Antibodiies designated AR.r were elicited against poly(dG—

dC)-poly(dG—dC) modified by cisplatin gt = 0.08 in 10 mM
NaClO for 48 h at 37C (28,54). It was shown in the same way
MATERIALS AND METHODS as in the recent paper of Malingieal. (28) that these antibodies
Starting materials did not recognize pIatinum residues, DNA intr'a}stre_md or mono-
functional adducts of cisplatin and that recognition is specific for
Cisplatin was synthesized and characterized by Lachema (Bri\A ICLs of cisplatin. The procedures for immunoenzymatic
Czech Republic)cis{Pt(NH3z)2(H20)CI]* was generated from analysis of the antibodies and enzyme-linked immunosorbent
cisplatin as described previousl¥8]. Ultrapure acrylamide, assay (ELISA) were also as described receffiy56).
bis(acrylamide) and urea were from Merck. The CircumVent
Thermal Cycle Dideoxy DNA Sequencing Kit with V@NA  Sodium cyanide assay
polymerase, the Klenow fragment of DNA polymerase | . : .
; ‘erqese experiments were performed in thga same way as Q¢scrlbed
were purchased from BioLabs. T4 polynucleotide kinase was frof @ recent pape{). Briefly, 6.4pg plasmid pSP73 containing
Boehringer. If not stated otherwise, the enzymes were us§fgPlatin adducts and linearized BgdRI before or after the
employing the buffers and other experimental conditions recorfiatination reactionvide infrg were treated with 0.2 M NaCN,
mended by the manufacturer. The primedAATACGACT-  PH 8.3, for 4 h at 37 in the dark (the stock solution of 1 M
CACTATAGGG)-3 was from BioVendor (Brmo, Czech Republic), NaCN was prepared in 0.1 M Tris—HCI and the pH was adjusted
The radioactive products were from Amersham. Plasmid psp$%8-3 With 12 M HCI). The final volume of this reaction was 0.5 ml.
(2464 bp) was prepared as described eadidr The sample of After 4 h the samples were precipitated with (_ethanol, the pellets
the native plasmid prepared in this laboratory contained >95§2)s;olved in 0.1 M HN@and analyzed for platinum content by
negatively supercoiled and <5% relaxed forms. Under the pres S.
experimental conditions, superhelical dengitf this naturally )
supercoiled DNA was —0.063, calculated on the basis of the d&ierstrand cross-link assay
on DNA unwinding by cisplatir@). Plasmid pSP73 DNA was |f not stated otherwise, cisplatin at varying concentrations was
y-irradiated at a concentration ofd@mlin 5 mM Tris-HCI, 0.5  incubated with g supercoiled pSP73 DNA or with this plasmid
mM EDTA, pH 7.8, using a cobalt source; other conditions wefghearized byEcaRl. The samples were then precipitated with
as described earliedtq,50). The nicked DNA samples were ethanol and the circular DNA already modified by cisplatin was
subjected to electrophoresis on 1.5% agarose gels run@t25  sybsequently linearized EgaRl. The linear duplexes were then
the dark with TBE buffer with the voltage set at 30 V. The gelgnalyzed for DNA ICLs in the same way as described in several
were then stained with ethidium bromide and were examined @8cent papersl8,2547,57,58). The linear duplexes were first

Polaroid 667 film using a transilluminator. 3-end-labeled by means of the Klenow fragment of DNA
polymerase | andiF32P]dATP. The samples were deproteinized

Preparation of DNA molecules of varying superhelical with phenol, precipitated with ethanol and the pellet dissolved in

density 18 yl 30 mM NaOH, 1 mM EDTA, 6.6% sucrose, 0.04%

, , , bromophenol blue. The number of ICLs was analyzed by
DNA topoisomers were prepared by relaxation of plasmid pSP'&gsctrophoresis under denaturing conditidr@4(7) on alkaline
in the presence of ethidium bromide or netropsir(l). Twelve  agarose gels (1%). After electrophoresis was completed the bands
micrograms of plasmid were incubated in the dark with 24 Wqregponding to single-stranded DNA and interstrand cross-linked
DNA topoisomerase | in 72 mM KCI, 35 mM Tris—HCl, pH 8.0, qplex were cut out and their radioactivity quantified on a LKB
5 mM MgCh, 5 mM dithiothreitol, 2 mM spermidine, 5% \\gllac 1410 Beta spectrometer (Finland).
glycerol in a final volume of 30Q also containing different
amounts of ethidium bromide (0—30 mM) or netropsin (15-60 mM
The mixtures were incubated for 90 min at@7The reactions
were terminated by adjusting the concentration of EDTA to 10 mNReplication mapping of lesions induced by cisplatin in plasmid
The mean linking numbeALK) for each negatively supercoiled pSP73 DNA was conducted in the way described in detail in a
DNA preparation was determined with respect to relaxed DNAecent paper5g). Control or platinated double-stranded DNAs
using a series of chloroquine gei§)( The superhelical density, were used as the templates. The platinated templates were prepare
o, was calculated@) as 10.4 ALK/N, whereN is the number of by modification by cisplatin at, = 0.005 of either supercoiled
base pairs in the plasmid (2464 for pSP73). pSP73 DNA ¢ = —0.05) or pSP73 DNA linearized (before the
platination reaction) bidd. Supercoiled control (non-piaated)
or platinated supercoiled DNAs were cleaved by the two
endonucleasdddd andHpal, while DNA platinated in linearized
Supercoiled, relaxed or linearized forms of pSP73 DNA werform was, after the platination reaction, also cleavétjia). The
modified by cisplatin in 10 mM NaCl{at 37C in the dark for  resulting Ndd/Hpal) fragments were deproteinized and the
48 h if not stated otherwise. Thgvalues in these samples wereplatinated fragments treated with 0.2 M NaCN in 20 mM

éequence specificity of cisplatin~DNA adducts

Platination reactions
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Tris—HCI, pH 8.3, for 4 h at 3T, if not stated otherwise. The 221 B

bp fragments with and without ICLs were purified using 2%

denaturing agarose gels and used in the mapping experifr@nts ( g 6

The 221 bp fragments used in the mapping experiments were also E 4

subjected to restriction analysis usBgjll, Clal or Hindlll. The = |

cleavage products of thddd/Hpal) fragment were analyzed by E 2-

electrophoresis on non-denaturing 15% polyacrylamide [mono:bis [

(acrylamide) ratio 29:1] gels running at°Z5in the dark with o

TBE buffer with the voltage set at 45 V. The gels were then stained 40 _3' 5 a0
with ethidium bromide and were examined on Polaroid 667 film ' '
with a transilluminator. log r,
RESULTS Figure 1. Competitive inhibition in an ELISA of AR binding to plasmid

pSP73 linearized WycaRl and containing cisplatin addudis The competitor
The initial experiments of the present work were carried out t@vas DNA linearized before incubation with cisplatin wigtvalues indicated
compare the numbers of ICLs formed by cisplatin in Superco”e@ the graphi], The competitor was naturally supercoiled DNA linearized after
and linear DNAs. In these experiments, we used plasmid pSP{§ubation with cisplatin withy values indicated in the graph {{ls defined

. - Lo . as the competitor concentration at 50% inhibition; relatiygifcan 1Ggvalue

(246_4_ bp, na_'tlve _su_percon density = _9'063) which was divided by the 1Gg obtained for DNA modified by cisplatin in linear form at
modified by cisplatin in two ways. One series of the samples wag = 0.001. Data points measured in triplicate varied on aveigdrom the
prepared by modifying the plasmid only after it had beenmean.
linearized byEcRI (EcdRlI cuts only once within plasmid pSP73).

The samples of the other series were prepared by modification of

the sgpercoiled plasmid by cisplatin and pnly afte.r the platinatiqg |c| s formed by cisplatin in DNA (AR in the same way as
reaction was complete was the plasmid linearize®&dRI.  j, the work of Malingeet al. (28). These antibodies do not
Thus, we prepared two types of linear DNA molecules of thgycognize platinum residues, intrastrand cross-links or mono-
same Iength_ and nucleotide sequence modlfle_d by cisplatin whighhctional DNA adducts of cisplatin. We used A& to show
could be differently affected by this drug if different DNA \yhether linearized pSP73 DNA, which was modified by cisplatin
topology during the platination reaction plays a role. The Wajther in the linear or native supercoiled form, competitively
samples were analyzed for ICLs by different techniques in ordgjibits binding of these antibodies to their immunogen in an
to reveal these differences. It was also verified by means of FAAS |SA. The competitive inhibition was evaluated in terms of the
that the amount of cisplatin coordinated to the base residuesdibitor concentration at 50% inhibition of the antibodiegd)C
DNA was independent of the DNA topology during theag shown in Figurd, ABiner recognized the DNA modified by
platination reaction in a broad range;jofalues (0.0001-0.08) (s cisplatin in the supercoiled form better than in the linearized form.
defined as the molar ratio of free platinum complex to nucleotidgne gifference in recognition was increased with decreasing level
phosphates at the onset of incubation with DNA) and at any modification. The results of this analysis (Figare consistent
reaction time. Importantly, the modlflca_tlop was complete (i.e. allith the idea and support the hypothesis that at relatively low
platinum was bound) at thesevalues within 48 . levels of modification by cisplatimy < 0.001) ICLs are formed
Immunochemical analysis in supercoiled DNA with a higher frequency (the percentage

fraction of platination events resulting in ICLs) than in linear
We prepared and characterized antibodies which bind selectivéNA.

Table 1. Stability of the adducts formed by cisplatin in supercoiled or linearized pSP73 plasmid in the presence?of NaCN

rpx 1040 Pt conterft (pmol) Fraction of stable Pt adduét®s)
TotaF SCnacN LINNacn® SCnacN LIN NacN?

1 2.0 0.8+0.1 0.2+0.1 40 10

2 4.0 1.1+ 0.2 0.3+t 0.1 28 8

5 10.0 1.3+ 0.3 0.7+ 0.1 13 7

10 20.0 2.4+0.3 1.2+0.2 12 6

2H 8.3, 37C; for other details see text.

bry, before NaCN treatment.

€The amount of DNA modified by cisplatin was ¢id.

dThe fraction of cisplatin adducts resistant to the NaCN treatment.

ePlatinum content before NaCN treatment.

fDNA was modified in supercoiled form, linearized and treated with NaCN. The values represensiflhaf four determinations from
two independent experiments.

9DNA was modified in linearized form and treated with NaCN. The values representtrS&an of four determinations from two
independent experiments.
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NaCN treatment

o EEEYN
Most of the cisplatin molecules bound to DNA can be removed
by the action of cyanide ions. It has been sha@wpthat at pH 8.3

= 1L
& EE— - .
and 37C treatment with NaCN at a concentration of 0.2 M for

4 h can effectively remové0% of 1,2-intrastrand cross-links of 5 12
cisplatin from double-helical DNA, whereas ICLs are more stable D«
under these conditions (oril{t5% of all ICLs are removed). The E 8

=)

=

samples of linearized plasmid containing adducts of cisplatin 0 7F' —
formed when the DNA was either in supercoiled or in linearized il

form were treated with 0.2 M NaCN at pH 8.3 an@i@¥or 4 h —— |

in the dark. After this treatment, the content of platinum was o o0
determined in these samples by FAAS (Taplélore than 90% 40 35 30 20 20
of the platinum was removed from DNA modified in the linear 3 :
form. In contrast, significantly less platinum was removed from log ry TIME (HOURS)

DNA modified in the supercoiled form (and subsequently

linearized) and the fraction of platinum not extracted withr CN i . o .

. . . L e e igure 2. The formation of ICLs by cisplatin in linearized or supercoiled
increased with decref_;lsmg |e_\/e| Of_the initial de'f'PamBD‘_ ( . (natural superhelical density= —0.063) pSP73 plasmid\ @ndB) Autoradio-
These results are consistent with the immunochemical investigatioggms of a denaturing 1% agarose gels of linearized DNA which was
(Fig. 1), i.e. they also indicate that: (i) more ICLs were formed in3-end-labeled. The interstrand cross-linked DNA appears as the top bands

negatively supercoiled than in linear DNA; (i) at relatively low migrating on the gel more sloyvly than'the s_ingle-stranded_DNA (conta_ined in
P the bottom bands). (A) Plasmid DNA linearizedBmyR| was incubated with
levels of platinationrg < 0.001) the frequency of ICLs formed by :c-in withr,, values of 0 (control), 0.0001, 0.0002, 0.0005 and 0.001 (lanes

cisplatin in supercoiled DNA was enhanced with decreasing levels respectively) for 48 h. (B) Closed, negatively supercoiled DNA was

of DNA modification. incubated with cisplatin for 48 h with the sarpealues as the DNA in (A) [the
lanes designate the samgvalues as in (A)]. After modification the circular
DNA was linearized b¥cdRl. (C) Dependence or, of the number of ICLs
DNA interstrand cross-linking per adduct (% ICL/Pt) formed by cisplatin in supercoilell ¢r linearized 4)
DNA after 48 h. The ratio of ICLs to total platinum bound was calculated as

; ot P ; scribed previously (57). % ICL/Pt was then calculated by multiplying this
A method for precise and quantitative determination of Inters”angftio by 100. D) Kinetics of the interstrand cross-linking by cisplatin in the

cross-linking by cisplatin in DNA has_ been prewous')’_describe_@.upercoiled[(]) or linearized) DNA atr; = 0.001. The cross-linking reaction
(18,25,47,57,58). Upon electrophoresis under denaturing condi-was stopped by adjusting the NaOH concentration to 30 mM and cooling the

tions, 3-end-labeled strands of linearized plasmid pSP73 containinggmples to —7TC. % ICL/Ptwas calculated in the same way as described in (C).
no ICLs migrate as a 2464 base single strand, whereas the
interstrand cross-linked strands migrate more slowly as a higher
molecular mass species. The bands corresponding to more sloadynples of DNA was complete within 48 h. The dependence of
migrating interstrand cross-linked fragments were noticed the frequency of ICLs on time reached a plateau within 48 h of the
cisplatin was used to modify DNA in both the linearized andross-linking reaction. The half-time of the interstrand cross-
supercoiled forms at, as low as k 104 (Fig. 2A and B). The  linking (t1/2) in linearized DNA wa§# h, whereas the kinetics of
intensity of the more slowly migrating band increased withCL formation in supercoiled DNA was fastéq/{ [2 h). The
growing level of modification. The radioactivity associated witrmaximum frequency of ICLs attained after 48 h WB%o for
the individual bands in each lane was measured to obtdirterstrand cross-linking in linearized DNA, wheréf2% of
estimates of the fraction of non-cross-linked or cross-linkelCLs were formed in supercoiled DNA under identical conditions.
DNA under each condition. The frequency of ICLs was Plasmid pSP73 was also used to prepare DNAs with different
calculated using the Poisson distribution from the fraction afuperhelical density. Negatively supercoiled plasmid DNAs with
non-cross-linked DNA in combination with thevalues and the  differentALk were modified by cisplatin g, = 0.0001 for 48 h,
fragment sizeX7). As summarized in Figuc, at low levels of linearized byEcdRI, 3-end-labeled and analyzed on denaturing
modification ¢ = 0.0001-0.001) cisplatin showed a noticeablyagarose gel for ICLs as described above. As shown in Rgure
higher interstrand cross-linking efficiency in supercoiled DNAhe vyield of ICLs was enhanced with increasing level of global
than in its linearized form. In addition, while the frequency ohegative supercoiling. The number of ICLs formed in relaxed DNA
ICLs formed in the linearized DNA was increased only veryvas almost identical to that formed under identical conditions in
slightly with decreasingp, the frequency of ICLs formed in linearized DNA (cf. FigR and3).
supercoiled DNA increased much more radically. All topoisomers modified by cisplatinrgt= 0.001 and 0.01 were
The kinetics of interstrand cross-linking in naturally supercoiledlso analyzed in 1% native agarose gels. No new, more slowly
and linearized DNA by cisplatin at 32 was also examined. migrating bands were observed, which would indicate the
DNA was mixed withcis-[Pt(NH3z)2(H2O)CI]* atr; = 0.001 in  formation of cross-links between DNA strands belonging to
10 mM NaClQ. Samples were withdrawn from this mixture atdifferent closed circular duplexes.
various time intervals and immediately cooled to°*cZ0The There is a theoretical possibility that cisplatin could also form
rates of ICL formation were estimated from gel electrophoresI€Ls in supercoiled DNA between nucleotide residues separated
experiments as described above. The platinum binding stud&sng the DNA contour by a longer segment of double-stranded
confirmed that allcis[Pt(NH3)2(H20O)CI]* molecules were DNA. The two distant binding sites in linear or relaxed DNAs
bound to supercoiled or linearized DNAs<r20 min ¢7). As  could be brought close together in supercoiled DNA so that they
shown in Figur@D, interstrand cross-linking by cisplatin in both could be cross-linked by cisplatin. This could take place because
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-E'm g g Figure 4. Electrophoresis in non-denaturing 1.5% agarose gel of plasmid
: ’ 2 pSP73. Lane 1, unmodified, negatively supercoiled plasmid—0.05); lane 2,
SUPERHELICAL DENSITY, o the same sample as in lane 1 modified by cisplatijrad.008; lane 3, the same

sample as in lanetirradiated at 45 Gy; lane 4, the same sample as in lane 1
linearized byEcdRl; lane 5, the same sample as in lagéreadiated at 45 Gy.
Figure 3. The formation of ICLs by cisplatin in closed circular plasmid pSP73:
the effect of the superhelical density 6f the plasmid.A) Autoradiogram of

a denaturing 1% agarose gel of linearized DNA which Wa&n-labeled. | | f iled DNA i d linked b
Closed circular, relaxed or negatively supercoiled DNAs and DNA linearizedMOI€CUIES  OT Supercolie interstrand  cross-linked by

by EcoRI were incubated with cisplatin with ag value of 0.0001 for 48 h.  Cisplatin were converted lpsirradiation into nicked DNA which
After madification circular DNAs were linearized BgdRI. Lane C, control, co-migrated in the agarose gel with relaxed unmodified DNA (cf.
unmodified DNA; lane L, DNA platinated in linearized form; lane R, DNA |3nes 3 and 5 in FiQ). Thus. these results are consistent with the
platinated in closed circular relaxed form= 0); lanes 1-5, DNA platinated - ; L) . .

in closed supercoiled form; laned = —0.015: lane 47 = —0.025; lane 3,  VIEW th_at ICLs of cisplatinin negatlvely_superc_olled DNA are not
0'=-0.045; lane 45 = —0.063; lane & = —0.073.8) Dependence of the number ~ €Xtensively formed between formally distant sites which could be

of ICLs per adduct (% ICL/Pt) formed by cisplatin in supercoiled DNA on its brought close together when DNA becomes supercoiled.
superhelical density. % ICL/Pt was determined in the same way as described in

the legend to Figure 2C. . Lo
Sequence preference of DNA interstrand cross-linking

It has been showd () that in linear DNA cisplatin preferentially

DNA in this topological configuration appears as a compadbrms ICLs between guanine residues '#i&C)-3 base pairs.
molecule in which the DNA helix has wound about itself. If sucihe results of the present paper (Hig3 and Tablel) indicate
long-range ICLs were formed in supercoiled DNA, they wouldhat ICLs of cisplatin can be formed in negatively supercoiled
result in loops in DNA molecules closed by the interstran®NA with a higher frequency than in linear or relaxed DNAs. It
adducts of cisplatin. It is reasonable to expect that the formaticould be suggested, as one possible explanation of this phenomenon
of such covalently closed loops would prevent complete relaxatidinat cisplatin forms ICLs in negatively supercoiled DNA at more
of the supertwisted DNA readily attainable in the unmodifiecites and/or different sequences than in linear DNA. In order to
plasmid and induced, for instance, by DNA nicking. Thus, theest this hypothesis, we prepared a 22Nae(Hpal) restriction
introduction of a nick into supercoiled DNA containing long-rangdragment which was isolated from DNA modified by cisplatin
ICLs between formally distant DNA binding sites should resuleither in the supercoilear (= —0.05) or the linear form. These
in formation of more compact DNA molecules in comparisorfragments modified by cisplatin ¢gt= 0.005) were subsequently
with those of fully relaxed circular DNA which was not modified.incubated in 0.2 M NaCN, pH 8.3, to remoM@0% of the
It is also reasonable to expect that these more compact nicketiastrand cross-links, leaviig5% ICLs ¢7; Tablel). The DNA
DNA molecules (containing long-range ICLs) would migratefragments containing ICLs were then separated from those
more rapidly in a non-denaturing agarose gel than entirely relaxedntaining no ICLs.
DNA molecules without long-range ICLs. It has been suggested in this work (Fy.that extensive

In order to test this eventuality, the negatively supercoilefbrmation of long-range ICLs of cisplatin due to negative
plasmid pSP730(= —0.05) was modified by cisplatin for 48 h at supercoiling is unlikely. In order to further support this suggestion,
rp = 0.008 and subsequengijrradiated at a dose of 45 Gy under specifically for the Nldd/Hpal) fragment containing the ICLs
conditions described previousiy(j. This dose was a threshold formed by cisplatin in negatively supercoiled DNA and used in
one just sufficient to relax all supertwisted molecules in ththe mapping experiments, this fragment was further cleaved by
sample of unmodified supercoiled DNA. The average size aither restriction enzymes, namdglil, Clal or Hindlll. All
loops which could be closed by eventual ICLs formed betwedhese endonucleases cut only once within thdd{Hpal)
formally distant sites in pSP73 DNAc (= —0.05) can be fragment. Cleavage of the unmodified fragmerBgi, Clal or
approximately deduced from the fact that thereMtasegative  Hindlll yields 89 with 132, 102 with 119 or 158 with 63 bp
turn for every 200 bp in this plasmid molecule. The irradiation dragments respectively. The expected average size of loops closed
both modified and non-platinated supercoiled DNAs resulted ioy long-range ICLs formed in pSP73 DNA € —0.05) was
a complete disappearance of the band in the non-denaturing 1.88timated to b8200 bp. Digestion of theNfd/Hpal) fragment
agarose gel corresponding to the supercoiled DNA and in tleentaining a long-range ICL between sites separated@y bp
occurrence of a new, radically more slowly migrating bandby any ofBglll, Clal or Hindlll should thus produce markedly
corresponding to relaxed DNA (Fig. lane 5). Importantly, all shorter fragments, which would, however, remain cross-linked.
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Figure 5. Electrophoresis in a non-denaturing 15% polyacrylamide gel of the
(Ndd/Hpal) restriction fragment from plasmid pSP73. Lane 1, unmodified
(control) fragment; lane 2, the fragment containing the ICLs formed by cisplatin
in supercoiled plasmids(= —0.05) aty, = 0.005 (for further details see text);
lane 3, the same sample as in lane 1 cleav&ldhylane 4, the same sample

as in lane 2 cleaved Igfal.

The electrophoretic mobility of these cross-linked fragments in 5
15% non-denaturing polyacrylamide gels should be approximately

identical to that of the uncleaveNdd/Hpal) fragment and it

should be radically lower than that of the fragments obtained by

the same cleavage of the non-platinated (contkad(Hpal)

fragment. TheNdd/Hpal) fragments, control (non-platinated) B.
sample and the sample used in the mapping experiments .,

containing the ICL formed in negatively supercoiled DNA (from e e e
which the fragments containing no ICL were remowede N bt S - s o ozt
suprg were cleaved under identical conditions by eigH, . .

Clal or Hindlll. The products of digestion of the interstrand TCATACACAT ACGATTTAGE TEACACTATA GAACCRERTE
cross-linked fragment were analyzed by electrophoresis in 15% T T A T S e
non-denaturing polyacrylamide gels. They co-migrated with the A P Y T
fragments obtained by digestion of the control, non-platinated e e s
(Ndd/Hpal) fragment, i.e. they migrated markedly faster than the

undigestedNdd/Hpal) fragments (shown for digestion &jal TETRGRGTES ROCTLCRAGEE  ATGORAGCTT  CAGGTECTCG
in Fig. 5). Also, importantly, digestion of the interstrand : e T W A T e T P
cross-linked fragment was complete, leaving no material which 51

] DCCTATRETC  AGTCETATTA

would co-migrate with the undigested 221 bp fragment.
Replication mapping involved extension by Yer®DNA

polymerase at the-8nd of the radioactively &nd-labeled primer

up to the nucleotide residue involved in the metal adduct on the

template Strandl(58)' US'”Q f[hermal CyC“nQS@' this pr_ocess Figure 6.(A) Autoradiogram of a 6% polyacrylamide/8 M urea sequencing gel
was repeated many times in order to amplify the signal. Thenowing inhibition of DNA synthesis by VenDNA polymerase on the
products of this linear amplification were then examined on DNAcisplatin-modified Kide/Hpal) restriction fragment of plasmid pSP73. The gel

sequencing gels and the sequence specificity of cisplatin adduentained the linear amplification products of the fragment which was obtained
formation was determined. from the plasmid modified by cisplatin g5 = 0.005 either in negatively

. Lo P supercoiledd = —0.05) (lane ICL super) or in linear (DNA linearized\ald;
No intense bands indicating premature termination of DNA,."\c; linear) form. After reaction with cisplatin the platinated DNAs were

synthesis were observed if the templates containing no ICL wefgtubated for 4 h in 0.2 M NaCN with 20 mM Tris—HCI, pH 8.3, and the
used. On the other hand, DNA synthesis on the templatésgments with ICLs purified using a denaturing agarose gel. Lane Control,
containing ICLs produced DNA fragments migrating as intensainmodified template; lanes T, C, Aand G, chain terminated marker DNAs (note

: g : at these dideoxy sequencing lanes give the sequence complementary to the
bands, which CorrESponded to termination sites of DNA Symhesi mplate strand). The numbers correspond to the nucleotide sequence

exclusively at guanine residues. One termination site at thgmbering of (B).B) A diagram showing the portion of the base sequence of
guanine residue at position 32 in-@B5C)-3 sequence was only  plasmid pSP73 used to monitor inhibition of DNA synthesis on the template
observed in the case of the template isolated from DNA platinatentaining icls of cisplatin. The bold sequence designates-trel8abeled
in the linear form (Fig.GA, lane ICL linear, and Fig6B). primer and the star indicates |tséﬁld-|abel|_ng. The arrow |nd_|cates the start

. . . - S .. site of the Vlert DNA polymerase and the direction of synthesis. and represent
Importantly, the |_d_ent|cal result .(|.e. iny asingle termm_anon _sngtop signals from (A) lanes ICL super and ICL linear respectively. The
at the same position) was obtained if ICLs formed by cisplatin iRumbering of the nucleotides in this scheme corresponds to the numbering of

the same (linearizedN¢ld/Hpal) fragment were mapped by the nucleotides in the pSP73 nucleotide sequence map.

FIGATATCAD  TOAGCATART™
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transcription assay using T7 RNA polymera&d.(In contrast, 5'-d(GC)-3 and 5d(CG)-3 sites. In addition[115% of ICLs
several termination sites at guanine residues in bal{tz&)-3  were removed from the template DNA fragment during treatment
(positions 32 and 83) and-&CG)-3 (positions 36 and 2447) with NaCN, which might also contribute to the non-random
sequences were observed for DNA synthesis on the templalistribution of termination sites due to ICLs. Thus, our results do
containing ICLs formed when DNA was in the supercoiled forrmot exclude the possibility that a small fraction of ICLs of
(Fig. 6A, lane ICL super, and FigB). cisplatin can also be formed at other sites in negatively
supercoiled DNA than at those described in this work.

DNA topogy is a significant factor in a number of genetic
functions. Further investigation of the effect of DNA topology on
the formation of adducts of cisplatin is warranted to define their

can be formed at low levels of modification, € 0.001) in role in the mechanism of toxicity of this drug. In addition, the fact
cell-free medium with a considerably higher frequency ithat the rate of formation of DNA ICLs of cisplatin is dependent

negatively supercoiled DNA in comparison with relaxed or linea" the negative superhelical density could provide a basis of a

DNAs. The frequency of ICLs in supercoiled DNA increases witf1€W assay for probing unrestrained tension in the winding of the

decreasing level of platination. At low levels of modification a?NA double helix botfin vitro and in living cells §3,61,62).

37°C, corresponding tq, = (1104, after a modification reaction

lasting 48 h the frequency of ICLs of cisplatin in naturalyACKNOWLEDGEMENTS
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