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FOREWORD

The ACS SymposiuM SERIES was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
IN CHEMISTRY SERIES except that in order to save time the
papers are not typeset but are reproduced as they are submitted
by the authors in camera-ready form. Papers are reviewed
under the supervision of the Editors with the assistance of the
Series Advisory Board and are selected to maintain the integrity
of the symposia; however, verbatim reproductions of previously
published papers are not accepted. Both reviews and reports
of research are acceptable since symposia may embrace both
types of presentation.
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PREFACE

T;uz DISCOVERY OF THE REMARKABLE BIOLOGICAL ACTIVITIES of the anti-
cancer. platinum drug cis-diamminedichloroplatinum(ll), cis-DDP, by
Barnett Rosenberg and his collaborators comprises an impressive chapter
in the history of bioinorganic chemistry. Efforts are currently being made
by research groups throughout the world to understand the inorganic and
biological chemistry responsible for the antitumor properties of cis-DDP,
and this symposium was held to promote an exchange of information
among many of the leading laboratories working on this problem. The aim
of the symposium was to stress chemical rather than clinical aspects of the
problem, which was consistent with the expectations of an audience of
chemists rather than physicians. During the planning stages for the meet-
ing, several colleagues reminded us that the use of inorganic compounds
in chemotherapy was a broader subject than was embraced only by the
antitumor platinum compounds. Consequently, the scope of the symposium
was widened to include other metal chemotherapeutic agents, chiefly the
gold-based antiarthritic drugs.

The inorganic and the biological techniques being used to study the
mechanism of action of platinum antitumor drugs have become increas-
ingly sophisticated. 1%Pt-NMR and other spectroscopic studies have re-
vealed the complex composition of aqueous solutions of cis-DDP. DNA
molecules of varying complexity, including superhelical DNA molecules,
restriction fragments of known sequence, and Z-DNA, have been em-
ployed in cis-DDP binding studies. Also, nucleosomes and chromatin are
being investigated; nuclease enzymes have been used to probe the platinum
binding sites; the alkaline elution technique is being applied to study in
vivo crosslinking; and antibodies raised against cis-DDP-modified DNA
have been used to probe the in vivo binding of the drug. NMR spectro-
scopy has afforded a very powerful means of studying the stereochemistry
of platinum—oligonucleotide complexes in solution. Attempts to find more
powerful and less toxic metal-containing anticancer drugs have continued
through synthetic and biological studies of platinum group and other
transition elements.

Gold compounds have long been used for medicinal purposes, but a
recent flurry of interest in these complexes by the bioinorganic community
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has arisen because of the development of the first effective, orally admin-
istered antiarthritic gold complex, RSAuPEt;, where R is a thioglucose
derivative. As with the platinum antitumor drugs, the most powerful new
methods are beginning to be applied to studies of the mechanism of action
of this and other chrysotherapeutic agents. Two of the new methods are
multinuclear NMR and extended x-ray absorption fine structure (EXAFYS)
spectroscopy.

The present volume discusses these topics through reports from most
of the laboratories represented at the Las Vegas meeting, including several
interesting papers presented in the poster sessions. I am grateful to the
authors for their prompt submission of manuscripts, assistance with refer-
eeing, and overall cooperation in helping to make the meeting and this
volume a success. I also thank Dr. Barnett Rosenberg and Dr. Luigi Mar-
zilli for help in planning the symposium. Financial assistance from the
Donors of the Petroleum Research Fund administered by the American
Chemical Society; the Inorganic Division of the ACS; Engelhard Indus-
tries; INCO Research and Development Center; Johnson Matthey, Inc.;
and Smith Kline and French Laboratories to support the symposium is
gratefully acknowledged. Through their help it was possible to bring many
foreign scientists to the meeting, the contributions of whom form an im-
portant part of this book.

STEPHEN J. LIPPARD
Columbia University

October 1, 1982

X
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DNA as a Target for Anticancer Coordination
Compounds

J. J. ROBERTS and M. F. PERA, JR.!

Institute of Cancer Research, Pollards Wood Research Station, Nightingales Lane, Chal-
font St. Giles, Bucks, HP8 4SP England

The notion that DNA is the likely target for anti-
tumour platinum complexes will be discussed on the
basis of their interaction with nucleic acids in
vitro and of their interactions with the DNA of both
cells in culture and cells in whole animals.
Biochemical studies suggest that interactions with
cellular DNA result in an inactivation of the DNA
template for DNA replication. Support for these
views came from the demonstration that cells could
remove DNA bound platinum adducts by an excision
repair process that facilitated the recovery of
cells from toxic damage.

Since the first description of the biological properties of
platinum complexes there has been a considerable effort to
understand the molecular basis of their actions. The clear
demonstration of the usefulness of cisplatin in treatment of
human tumours has added impetus to this work, because ultimately
an understanding of the mechanism of drug action should provide

a more rational basis for improvement in therapy. Much evidence
is available now to support the view that platinum drugs exert
their cytotoxic effects through an interaction with DNA. The

main purpose of this review will be to assess critically the
evidence supporting this hypothesis. We will first briefly
summarise some of the biological properties of platinum compounds
other than antitumour activity that are probably a consequence
of their ability to react with DNA. Then we will discuss the
interaction of platinum compounds with nucleic acids before
considering in detail the evidence that indicates DNA as a major
target for drug action.

! Current address: ICRF Laboratories, POB 123, Lincoln’s Inn Fields, London WC2A
3PX England

0097-6156/83/0209-0003$06.75/0
© 1983 American Chemical Society
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4 METAL CHEMOTHERAPEUTIC AGENTS

Biological Effects of Platinum Antitumour Drugs Indicative of
Interaction with DNA

Probably the first observation of an effect of a platinum
coordination complex in a biological system and one which gave a
clear indication of its biochemical mode of action was the
observation that neutral platinum coordination complexes inhib-
ited bacterial cell division and induced the bacteria to grow
into long filaments (1). Filamentous growth in bacteria may
be indicative of the ability of an agent to react with DNA
leading to a selective inhibition of DNA synthesis, with no
accompanying effect on other biosynthetic pathways such as RNA
or protein synthesis. A variety of agents, such as UV- and
X-irradiation and cytotoxic alkylating agents, can also elicit
this response as a result of their common ability to damage DNA.

Further important evidence for direct attack on DNA came
from the ability of platinum compounds to induce the growth of
phage from lysogenic strains of E.coli bacteria (2). The
release of the phage DNA to direct synthesis of new phage is
normally a rare event. However, agents which can react with
DNA can cause the phage DNA to be released and phage particles
to be synthesized with consequent cell lysis. Reslova (2)
was able to show that there exists an excellent correlation
between the antitumour activity of platinum compounds and their
ability to induce lysogenic E.coli to enter the lytic cycle.

The interactions of platinum compounds with viruses have
further indicated the relatively greater importance of reactions
with DNA as against those with protein in producing biological
effects. Kutinova et al. (3) demonstrated the inactivation of
the infectious activity of extracellular papovavirus SV40 by
Cis-DDP. The inactivation of B.subtilis transforming DNA by
platinum compounds, likewise indicated the effect of these
agents on the biological function of DNA (4).

The genotoxic nature of platinum compounds and the import-
ance of the geometrical arrangement of ligands for biological
effect, also emerges from studies on the mutagenic properties of
these agents in a number of prokaryotic and eukaryotic systems
(5-10). The cis derivatives were in all cases appreciably more
mutagenic than the corresponding trans isomers. A comparison
of cytotoxicity and mutagenicity, either per DNA interstrand
crosslinked lesion (9) or per total number of lesions (10), for
cis and trans-DDP showed that these two biological effects differ
in their sensitivity to DNA binding. Thus, in a study of mut-
ation at the HGPRT locus in Chinese hamster V79 cells, equitoxic
doses of trans-DDP were much less mutagenic than cis-DDP, even
though interstrand crosslinking for the two isomers was comparable
(9). The study by Johnson et al. (10) in CHO cells revealed
that the mutagenicity per molecule bound to DNA immediately after
16-24 h treatment was at least 750 times larger for cis-DDP
than for the trans-isomer, while cytotoxicity per DNA lesion was
a factor of 9 greater for cis than for trans-DDP.
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Another property platinum antitumour drugs share with agents
that interact with DNA is induction of cancer. In vitro studies
of morpholegical transformation, a property often correlated
with tumour induction in vivo, showed cis-DDP was capable of
transforming secondary Syrian hamster embryo cells (11). The
finding that trans-DDP transformed 10T} mouse cells and 3T3 cells
was of interest in light of the low mutagenicity of this compound
(12). In carcinogenesis studies in vivo, cis-DDP produced lung
adenomas in A/Jax mice, skin papillomas in CD1 mice when adminis-
tered in combination with croton oil, and sarcomas at the site of
injection in F344 rats (13). When administered at maximally
tolerated doses, trans-DDP did not induce tumours in the lung
adenoma or skin papilloma systems, as expected from its low
mutagenicity (14).

Reaction of Platinum Drugs with DNA

Although other hypotheses have been proposed for the mechan-
ism of action of platinum compounds (15-20) , the bulk of the
evidence at present favour the theory that DNA damage and synthe-
sis of DNA on a damaged template is directly responsible for the
cytotoxic activity of platinum drugs. Before presenting the
experimental evidence, it is useful first to outline the general
argument.

Platinum antitumour drugs are bifunctional electrophilic
species which react in a relatively non-selective fashion with
nucleophilic sites in cellular macromolecules. On a per mole-
cule basis, DNA is the only target that is large enough to under-
go one or more reactions per molecule at pharmacologically
relevant doses. Reaction with DNA results in disturbances in
the rate of DNA synthesis, or the quality of nascent DNA synthe-
sized, which leads to chromosome damage and cell death. Cells
possess to varying degrees the capacity to excise damage from
template DNA, and moreover, cells vary in their capacity to
synthesize DNA on a damaged template. Thus cytotoxicity and
cellular sensitivity to platinum drugs will be a function of the
extent of reaction with DNA, the capacity to remove damage from
the template, and the capacity to synthesize DNA on a template
containing damage.

Thus evidence for this mechanism comes from studies of the
interaction of the drugs with nucleic acids and nucleic acid
components, from observations on the effects of the drugs on
DNA synthesis, and from observations relating to repair of DNA
lesions and cytotoxicity. First we will consider the reactions
of the drug with nucleic acids.

Reactions of neutral platinum complexes with nucleic acid

components in vitro. Changes in the ultraviolet absorption
spectrum of salmon sperm DNA after reaction with either cis or

In Platinum, Gold, and Other Metal Chemotherapeutic Agents; Lippard, S.;
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trans-DDP provided conclusive evidence that both platinum com-
pounds bind to the organic bases of DNA. Spectrophotometric
studies further confirmed that the three bases, guanine, adenine
and cytosine would all react with both isomers, the rate of
reaction with guanine being faster than with the other two bases
(22,23,24).

By blocking the various possible binding sites in the purine
bases by either methylation or protonation, Mansy et al. (22)
defined the sites most likely to be involved in reaction with
either cis or trans-DDP. They concluded that the cis isomer
forms a bidentate chelate with either the 6-NH, and N-7, or the
6-NH, and N-1 of adenine, and the 4-NH, and N-3 of cytosine.

The trans isomer, on the other hand, interacts monofunctionally
at the N-7 and N-1 of adenine and the N-3 of cytosine. Both
isomers react monofunctionally with the N-7 of guanine and hypox-
anthine. X-ray diffraction studies of the complexes formed
between cis Pt(NH3)2x2 and various bases have confirmed some of
the conclusions obtained from the early spectrophotometric
studies. The product of the reaction between inosine and

Pt (NH3) ,I, consist of two hypoxanthine rings bound to the
platinum ion via the N-7 position (25). A similar structure
results from the interaction of PtCl, (en) with guanosine
(26,27); again the N-7 position becomes occupied by the metal.

Other atoms which have been shown to have an affinity for
platinum include the deprotonated N(1) and N(3) positions of
guanine and thymine respectively as well as the deprotonated NHj
group of cytosine (28).

There is no evidence yet from crystallographic studies that
the 0-6 position of guanine, the 6-NH, group of adenine or the
4-NHy group of cytosine can be occupied by platinum(II) ions.

A bidentate binding reaction between the N-7 and the 0-6 posit-
ions of guanine for the cis but not the trans platinum(II)
compounds was an attractive possibility to account for the diff-
erence between the biological effectiveness of the two isomers.
However, such bidentate binding to a single base has not yet been
identified unambiguously.

Cis-platinum compounds can induce the formation of inter-
strand crosslinks in isolated DNA (21,29-32) or in the DNA of

whole cells (33,34). There is as yet no direct evidence to
indicate which of the many possible binding sites discussed above,
are involved in such a reaction. A possibility, suggested from

examination of a DNA model, is that crosslinking could occur
between the 6-amino groups in adenines in opposing strands of
DNA in a dA-dT sequence (35). These groups would be 3.5A apart
which approximates 3A; the distance between the cis leaving
groups in cis-DDP. There is some evidence to indicate that
cis-DDP can link two NHy groups in this way in a simple nucleo-
tide (36,37). Alternatively the amino groups of guanines or of
cytosines in opposing strands of DNA in a dC-dG DNA sequence are
theoretically amenable to crosslinking. The preferential inter-

In Platinum, Gold, and Other Metal Chemotherapeutic Agents; Lippard, S.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



Publication Date: January 26, 1983 | doi: 10.1021/bk-1983-0209.ch001

1. ROBERTS AND PERA DNA and Anticancer Compounds 7

strand crosslinking of DNAs rich in guanine and cytosine was
noted from studies of the renaturability of crosslinked DNAs of
different G-C content (32), and from a study of the inhibition of
intercalation of 9-aminoacridine as a function of (G + C) content
of platinum-treated DNA or copolymers (38).

The frequency of interstrand crosslinks was originally esti-
mated from a combination of measurements of the amount of plati-
num bound to Hela cell crosslinked DNA molecules of a presumed
size (29,30): it was shown to be a relatively rare event,
accountlng g for less than one per cent of the total number of
reactions with cellular DNA. Recent quantitative studies of
crosslinking of Chinese hamster cell DNA, using a variety of
techniques, confirmed the rarity of crosslinks in whole cells at
the time of their maximum development (see below).

Despite the clear evidence for the formation of interstrand
DNA crosslinks both in isolated DNA and in the DNA of whole cells,
many recent observations indicate the likely formation of intra-
strand crosslinking between adjacent bases in DNA by platinum
compounds. Moreover the importance of this reaction as an
inactivating event in bacteriophage was noted, first, by Shooter
et al. (39) for T7 bacteriophage and, more recently, by
Flllpskl et al. (40) for phage A. For such a crosslinking
reaction to occur, ", local perturbation of the double helix is
required, and indeed, some observations of X-ray photoelectron
spectral changes (41,42,43) or CD spectral changes (42);

Tamburio et al. (43) support such a modification. Marked enhan-
cement of the CD spectrum of DNA was observed even at low levels
of reaction and this effect increases with increasing GC content
of several different DNAs (42). The binding of platinum to the
N-7 position of guanine could weaken the G-C hydrogen bonding
which, it is suggested, makes the N-1 position of guanine
available for further reaction (44). Covalent binding of both
cis and trans-DDP to closed circular PM2 DNA alters the degree of
superc0111ng and shortens the DNA, as revealed by electron micro-
scopy, presumably by disrupting and unwinding the complex (45,46).
Some recent elegant experiments by Cohen et al. (47) add further
strong support to the ability of cis but not trans-DDP to form
intrastrand crosslinks between adjacent guanines in a dGn dCn

(n = 4) sequence in circular pSM1 DNA at low levels of Pt/P
ratios.

Reaction with DNA of cells in culture. Studies with
cultured cells have indicated the relevance of platinum-DNA
binding to cytotoxicity. Pascoe and Roberts (29,30) studied
the interaction of several platinum compounds with macromolecules
at measured levels of cell kill.

To assess the possible importance of DNA, RNA and protein as
primary targets for platinum(II) compounds, these binding data
(expressed as moles/gm of macromolecule) were used to construct
curves of log survival against the amount of drug bound to each

In Platinum, Gold, and Other Metal Chemotherapeutic Agents; Lippard, S.;
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type of macromolecule. The resulting graphs were then
characterised in a manner similar to those relating log cell
survival to dose of drug given to the cells. The shoulder
width of the binding curve was given the value B, and the slope
of the straight line portion Bj. For both cis and trans-DDP
the binding coefficients were higher for RNA than DNA. However,
the true significance of these binding coefficients can only be
appreciated if account is taken of the molecular weights of the
molecules concerned. If one assumes nc selectivity in the
binding to any particular RNA or protein molecule, then it is
possible to calculate the number of platinum molecules bound to
each macromolecule at a given toxic dose. The results of such
a calculation, performed at the concentration of cis-DDP which
reduced the surviving fraction of Hela cells from f to 0.37f
(this is theoretically the concentration at which one inactivat-
ing event occurs, on the average, in each cell) show the number
of molecules bound to DNA is strikingly more than that to either
RNA or protein, clearly indicating that DNA is the most suscep-
tible cellular target for cis-DDP. The binding data further
indicate that at this concentration of cis-DDP approximately
only one molecule of protein out of 1500 molecules will have
received one platination reaction. Unless there is considerable
specificity in the reaction of platinum drugs with a particular
protein enzyme molecule, then this level of reaction would be
too low to inactivate enzyme activity. Moreover, the level of
reaction with rRNA, tRNA or mRNA would not be expected, again,
in the absence of any selectivity of reaction, to inactivate all
such molecules and lead to interference with protein synthesis.

Similar DNA binding and cell survival studies have been
carried out in Chinese hamster cells in culture with a number of
other platinum compounds that have shown encouraging activity
against a number of experimental animal tumours (48). Differ-
ences of up to tenfold were found in the molar concentrations
of these agents that were required to produce equitoxic effects
on cells in culture following one hour's incubation.

The levels of reaction with DNA at equitoxic doses (Bg
values), on the other hand, were, for most compounds, of the
same order and differed by only a few fold (Table I).

Reaction with the DNA of cells in vivo. It is clearly
essential, for an understanding of the mechanism of the tumour-
inhibitory action of platinum compounds, to establish that the
sensitivity of tumour cells in vivo is related to the extent of
reaction of platinum with their DNA in a manner similar to that
for cells treated in vitro with these agents. In a preliminary
study, mice bearing the transplanted ADJ/PC6 plasmacytoma were
treated with cis-DDP and two other active platinum congeners,
CHIP and cis-diammine (1:1-cyclobutanedicarboxylato)platinum(II)
at doses that had an equal inhibitory effect on the tumour
(IDgg) (49). Despite the difference in the actual amounts of
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the materials administered to the mice, the doses did not differ
by more than a factor of two when expressed in terms of their
molar concentrations. Interestingly, the amounts of the plati-
num drugs bound to the tumour DNA at these equitoxic concentra-
tions were all remarkably similar.

Pera et al. (50) studied the reaction of cisplatin and
hydroxymalonato diammine platinum(II) with DNA of B16 melanoma
and bone marrow in C57BL mice. Inhibition of tumour growth,
and colony formation assays for melanoma cells as well as bone
marrow stem cells, were used to quantitate toxicity and to
indicate antitumour selectivity. Pt[OHmal(NH3)3] produced
greater selective inhibition of tumour growth and more selective
tumour cell killing compared with cisplatin. In the case of
cisplatin, binding of platinum to DNA at measured levels of
survival in vivo was similar to values previously observed in
cultured cells, a finding that again strengthens arguments
concerning the mechanism of action of the drugs based on in
vitro work. The greater selective toxicity of Pt([OHmal (NH3);]
towards the B16 melanoma was associated with an increased
binding of platinum to tumour DNA, relative to cisplatin. The
enhanced DNA binding in the tumour seen with Pt [OHmal (NH;) 7]
was not seen in the marrow (Figure 1 A.B., Table II). Thus
the increased antitumour specificity of the newer congener
probably results from pharmacologic factors that enhance delivery
of active drug to tumour cells.

Role of crosslinking reactions. The structural requirement
for difunctionality and the principal biochemical effects of the
platinum compounds, as discussed below, suggest a parallel
between the platinum drugs and the classical bi-functional alkyl-
ating agents such as the nitrogen mustards. The latter compounds
have been thought for some time to produce an inhibition of DNA
synthesis by their ability to introduce crosslinks into the
DNA of mammalian cells. It has, however, been a matter of
contention as to whether the principal lesion is a crosslink
between strands of the DNA helix or crosslinks between bases on
one strand of DNA, or possibly, even between DNA and protein.
Crosslinking was estimated by Roberts and Pascoe (33) from
the proportion of 'hybrid' DNA formed by linking opposing strands
of heavy (BudR labelled) and light (normal) DNA.

The relative toxicities of the cis and trans isomers of the
platinum(II) neutral complexes, can be defined by the slopes of
the survival curves (D,) obtained by treating Hela cells in
culture. Comparison of these two sets of values indicated that
the relative abilities of cis and trans-DDP compounds to cross-—
link DNA in vivo (but not E;—bitro) were related to their cyto-
toxic action (29,30). These studies therefore suggest that
interstrand crosslinking with both the platinum(II) compounds,
but not necessarily platinum(IV) compounds, may be important in
inducing their cytotoxic effects and that the cis isomer is most
effective in inducing the reaction. _——
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Figure 1. Binding of platinum to B16 melanoma DNA (® ) or lgone marrow DNA
(A) following treatment of C57B16 mice with cis-diammtr_tedtchloroplatmum(ll)
(cis-DDP) (A) and hydroxymalonatodiammineplatinum(11) (B).
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Table II

METAL CHEMOTHERAPEUTIC AGENTS

Amount of platinum bound to marrow and tumour DNA

of C57BL mice at doses of cisplatin or Pt[OHMal (NH3)

2]

producing 37 per cent survival of bone marrow stem
cells (CFU-S) or B16 lung colony forming cells

B16
CFU-S ICFC
D Amount D Amount
37 Bound 31 Bound
Cisplatin 5 mg/Kg 4nmol/g | 11 mg/Kg 22nmol/g
Pt [OHMal (NH3) 5] | 40 mg/Kg S5nmol/g | 20 mg/Kg 12.5nmol/g

In Platinum, Gold, and Other Metal Chemotherapeutic Agents; Lippard, S.;
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A reinvestigation of crosslinking of DNA by platinum(II)
compaunds using a different method from that described above,
namely alkaline elution (34) has confirmed the greater ability
of cis-DDP as compared with trans-DDP to crosslink cellular DNA.
These . investigators made the further interesting observation that
incubation of treated mouse leukemic L1210 cells in a drug-free
medium resulted in an increase in the number of DNA crosslinks.
Crosslinking effects developed, following treatment with concen-
trations as low as 1 um for cis and 5 um for trans-DDP which
permitted over 80% survival of colony-forming ability. The
maximum crosslinking effect by cis-DDP required about 12 h post
treatment incubation before it was fully developed by 6 h after
exposure to the drug. The crosslinking effects of both agents
were reversed upon further incubation of the cells, presumably
due to the operation of a DNA excision repair process.

A further study employing alkaline elution showed that the
crosslinking effect produced by cis and trans-DDP could be
separated into two components, one proteinase-sensitive and due
to DNA-protein crosslinking, another proteinase-resistant and due
to DNA interstrand crosslinking (51). DNA protein crosslinks
were at maximum levels immediately after drug removal, while
DNA-DNA interstrand crosslinks reached maximum levels 6-12 hours
after drug removal. Toxicity of the two agents in L1210
leukemia cells, and V79 Chinese hamster cells, correlated well
with DNA interstrand crosslinking, but not with DNA-protein
crosslinking (9,51).

Because the biophy51cal basis of the elution technique is
poorly understood, quantitation of interstrand crosslinking with
this technique is based upon largely unproven assumptions.
Therefore studies were undertaken to compare elution results
with the alkaline caesium chloride technique described above,
alkaline sucrose sedimentation, and estimation of renaturable
DNA in cell lysates. Direct quantitation of crosslink frequency
following cisplatin treatment was thus obtained over a wide dose
range using methods based upon known biophysical properties of
DNA. The results showed clearly that alkaline elution following
proteinase digestion gave an accurate measure of interstrand
crosslinking, and showed also that crosslinks were only a small
fraction of the total drug-DNA reaction products (52,53).

It has been shown that cells can be protected from the toxic
effects of cis-DDP by preventing the formation of DNA crosslinks
by incubating ng cells in the presence of thiourea immediately after
treatment (54), a finding which further supports a cytotoxic role
for DNA interstrand crosslinks. Further investigation in mouse
leukemia cells and human fibroblasts of varying sensitivity to
cisplatin, have shown that cellular sensitivity often correlates
with interstrand crosslink formation (55, 56, 57). However,
studies of certain mouse leukemia L1210 lines resistant to cis-
platin (55,58), as well as studies of Walker carcinoma cells (59)

In Platinum, Gold, and Other Metal Chemotherapeutic Agents; Lippard, S.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.
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have indicated that there is not always a simple correlation
between crosslink formation and cell kill.

It is entirely possible that intrastrand crosslinking might
provide an even better correlation, but it is not possible to
measure this lesion in mammalian cells at the present time.

Biochemical Effects of Drug-DNA Interaction

Inhibition of DNA synthesis. The significance of the inter-
action of platinum compounds with cellular DNA is apparent from
studies of drug effects on macromolecular synthesis. Cis-DDP
selectively and persistently inhibits the rate of DNA synthesis
as compared with effects on RNA and protein synthesis in cells in
culture (60-63) and cells in vivo (64,65).

The likely basis for this selective biochemical effect on
DNA synthesis came from the observation that the inhibition of
DNA synthesis was persistent and progressive with time after
removal of the drug. It is now clear, particularly by com-
parison with analogous effects produced by direct reacting agents
such as mustard gas, that both effects are consistent with the
view that the primary chemical lesion is in the DNA of the cell,
which is then inhibited as a template for DNA replication.

Thus modifications to the DNA template will block DNA replication
but not affect transcription or translation. Under conditions
of low cell killing, the selective inhibition by platinum com-
pounds of DNA synthesis but not of RNA or protein synthesis,
leads to the formation of giant cells, a feature observed in
cells treated with a variety of agents also known to block DNA
replication selectively.

Studies of synchronized V79 Chinese hamster cells treated in
Gl with cisplatin showed that depression of DNA synthesis in
these cells was the result of a decrease in DNA synthetic rate,
rather than a decreased rate of entry of cells into S (62).

As a result, S phase was prolonged in these cells (Figure 2).
Following Gl treatment with cisplatin, synchronized Hela cells
also showed a decrease in the amount of thymidine incorporation
into DNA during S phase, but the effect was not immediately
manifested in these cells (63) (Figure 3). Thus cells differ in
the way in which their replication machinery responds to cispla-
tin-induced damage. Such differences might account for varia-
tions in cellular sensitivity (see below) and further studies in
this area are warranted.

Johnson et al. (66) used an in vitro T7 DNA replication
system which copies exogenous T7 DNA by a mechanism that closely
mimics in vivo DNA replication to demonstrate the relative
inhibitory effect of either pyrimidine dimers or bound 195mpt-
labelled cis or trans-DDP. It could be shown that cis-DDP
and pyrimidine dimers inhibited DNA replication to the same extent
per lesion (63% inhibition per 3 x 10™% lesions/nucleotide phos-
phate) and the trans-DDP was 5-fold less inhibitory.

In Platinum, Gold, and Other Metal Chemotherapeutic Agents; Lippard, S.;
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Figure 2. Effects of cis-DDP treatment in G1 phase on DNA synthesis in synchro-
nized Chinese hamster V79 cells. Key to cis-DDP concentration: @, 0; A, 1.0 My
W, 5.0 uM; and @, 10.0 yM. T indicates time of treatment.
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Figure 3. Effects of cis-DDP treatment in G1 phase on DNA synthesis in synchro-
nized Hela cells. Key to cis-DDP concentration: @, 0; A, 0.1 pM; [, 0.25 uM; A,
1.0 yM; and O, 2.0 yM.
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The alternative possibility that DNA synthesis is inhibited
because of the inactivation of enzymes involved in DNA replica-
tion seems contra-indicated, not only by the failure of cis-DDP
to block protein synthesis, but also by its failure to inactivate
DNA polymerase in vitro except with very high concentrations (67).

Relation between capacity to replicate on a damaged template
and cytotoxicity. Further evidence relating drug induced

alterations in DNA synthesis to cytotoxicity in bacteria and
mammalian cells comes from studies of how cells cope with DNA
template damage. Studies of excision repair of platinum induced
damage, discussed below, indicate that the majority of DNA-
platinum products, involving one strand of a double helix, are
chemically stable and are only slowly removed from DNA by an
enzymatic process. Thus it could be supposed that persistent
lesions in DNA are circumvented during DNA replication by a
process which is analogous to that which facilitates the survival
of excision defective bacteria after UV-irradiation.

It now seems certain that mammalian cells also possess
varying capacities to replicate their DNA on a template contain-
ing unexcised damage. It is also apparent, however, that the
mechanism of any such repair process differs from that which is
thought to occur in bacteria. However, irrespective of the
mechanism involved in synthesising past radiation or chemically-
induced lesions in DNA, it has been found that in some cells the
process is amenable to inhibition by the trimethylxanthine,
caffeine. Thus it has been shown that the rate of elongation of
newly synthesised DNA in UV-irradiated or chemically-treated
cells, was dramatically impaired in the presence of caffeine.

As a consequence of this inhibition, many cell lines, competent

in this replicative by-pass, are rendered extremely sensitive to
the lethal effects of these agents by post treatment incubation

in the presence of non-toxic concentrations of caffeine (68).

There is now ample evidence to indicate that UV- or X-irrad-
iation or chemically-induced cell death is a function of the
amount of chromosome damage which can be observed at the first
or second mitosis after treatment. Post treatment incubation in
the presence of caffeine enhances dramatically the chromosome
damaging effects of UV-irradiation and chemicals in both plant
and animal cells. The various cellylar effects of cis-DDP and
their modifications by caffeine, suggest that lesions are
introduced onto DNA by platinum compounds which are also circum-
vented by a caffeine sensitive process (69). Post treatment
incubation of cells in medium containing 0.75 mM caffeine
dramatically potentiated the toxicity of cisplatin and increased
the number of cells containing chromosome damage. Caffeine not
only increased the number of cis-DDP treated cells containing
chromosomal aberrations but it also enhanced the severity of the
damage observed. The delayed appearance of chromosome abnormal-
ities after cis-DDP treatment also suggests that DNA replication

In Platinum, Gold, and Other Metal Chemotherapeutic Agents; Lippard, S.;
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is necessary for their formation, and in this respect cis-DDP
resembles UV-irradiation and alkylating agents rather than
X-irradiation (69).

The proposal has therefore been made that inadequate repli-
cation of DNA on a damaged template is responsible for both cell
death and chromosome damage and that post treatment incubation
of cells in medium containing caffeine, enhances these two effects
of DNA damage by inhibiting a process which would permit replica-
tion to proceed past lesions. Support for this notion has come
from studies on both the rate of DNA synthesis and the size of
DNA synthesised in both asynchronous and synchronised populations
of cis-DDP treated cells in the presence and absence of caffeine
(61, 62) It was found that post treatment incubation in medium
containing a non-toxic concentration of caffeine, reversed the
cis-DDP induced inhibition of DNA synthesis in asynchronous popu-

lations of cells (61). The size of newly synthesised DNA in

cis-DDP treated cells may be contrasted with the size of such
DNA in cells treated similarly with cis-DDP and labelled with
(3H)TAR in the presence of non-toxic concentrations of caffeine.
Under these conditions the size of nascent DNA was markedly
reduced as compared with that in untreated control or cis-DDP
only treated cells. The size of the DNA synthesised durlng 4
hours in the presence of caffeine in cis-DDP treated cells was
dependent on the initial dose of DDP. It thus appears that
caffeine interferes with the mechanism by which the cell replic-
ates its DNA past lesions on the DNA template. Some support for
this notion was obtained from a comparison of the distance
between platinum-induced lesions on the template strand of DNA
and the size of the newly synthesised DNA in cells treated with
various doses of cis-DDP and post incubated in the presence of
caffeine. The distance between platinum atoms on one strand of
DNA was calculated from atomic absorption measurements of the
platinum bound to DNA isolated from cis-DDP treated cells and
this was found to correspond closely to the size of the newly-
synthesised DNA. It was concluded, therefore, that in Chinese
hamster cells all unexcised platination reactions are normally
circumvented during DNA replication by a caffeine-sensitive
process.

Relationship Between Excision Repair of Platinum-induced DNA
Damage and Cytotoxicity

Fraval and Roberts (70) demonstrated removal of platinum
adducts from DNA of exponentlally growing Chinese hamster V79
cells. The half-life of total drug-DNA reaction products was
approximately 28 hours. As such products are stable chemically
under physiological conditions, removal of the DNA adducts could
be attributed to repair.

Recent investigations using alkaline elution (51) or a com-
bination of alkaline elution, alkaline sucrose sedimentation and:

In Platinum, Gold, and Other Metal Chemotherapeutic Agents; Lippard, S.;
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DNA renaturation, (53) have clearly demonstrated repair of DNA-
protein and DNA-DNA interstrand crosslinks in cultured mammalian
cells following cisplatin treatment. Interstrand crosslinking
in Chinese hamster V79 cells was demonstrated by a decrease in
the rate of filter elution of DNA from X-irradiated, treated
cells, a shift in alkaline sucrose gradients of DNA molecules
towards the high molecular weight end of the gradient, or an
increase in the rapidly renaturing fraction of DNA in cell lysa-
tes. All of these drug-induced phenomena reached a maximum

from 6-12 hours after drug treatment, then declined. The half-
life of DNA interstrand crosslinks usually appeared to be between
12-24 hours. Some DNA degradation occurred, but it was insuffi-
cient to account for crosslink reversal. Because crosslinks
induced by platinum are stable in isolated DNA under physiolog-
ical conditions, this reversal may also be attributed to repair,
though the mechanism remains unknown.

Although correlations have been established in some cases
between the extent of drug-DNA interaction and cytotoxicity, the
relationship between excision repair of DNA damage and toxicity
is not always clear.

The rare skin condition, Xeroderma pigmentosum (XP), is
characterised by extreme sensitivity to sunlight and a predispo-
sition to skin cancer. Cells taken from persons suffering from
this condition are more sensitive to UV-irradiation than normal
cells and are deficient in excision repair of UV-induced damage.
These same cells are also sensitive to other DNA damaging agents
such as hydrocarbon epoxides, 4-nitroquinoline-l1-oxide and
7-bromomethylbenz (a) -anthracene and sensitivity is again associa-
ted with decreased levels of various manifestations of DNA
excision repair. (For review see (68). It has now been found
(71) that these repair deficient XP cells are also more sensitive
than normal foetus lung cells to cis-DDP, when the lethal effects
of the drug are expressed as a function of reaction with DNA
rather than as a function of dose of reagent. It could therefore
be reasoned that this increased sensitivity of XP cells is simil-
arly due to their decreased ability to excise cis-DDP induced
DNA damage.

Cells from patients with the genetic disease Fanconi's
anaemia, show unusual sensitivity to the cytotoxic and clastogenic
effects of difunctional alkylating agents. These cells are
also unusually sensitive to cisplatin (72). Such sensitivity is
not the result of decreased binding of platinum to DNA but it
remains to be determined if repair of various lesions in these
cells is abnormal.

If DNA synthesis on a damaged template is responsible for
toxicity, cells that are allowed to repair DNA prior to S-phase
and cell division should show less toxicity than cells entering
the proliferative cycle immediately following treatment. In an
initial study, Fravel and Roberts (70) treated stationary Chinese
hamster V79 cells with cisplatin and measured toxicity and plat-
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inum-DNA interaction after various holding periods in the non-
dividing state. The cells slowly excised platinum, and plating
efficiency increased. There was a similar relationship between
the amount of platinum bound to DNA and cell survival whether one
compared the two immediately following treatment with several
drug doses, or after varying periods of recovery.

However, the cells used in these initial studies, Chinese
hamster V79 cells, do not tolerate the nondividing state well,
and it was later found that they do not recover from cisplatin

toxicity under some conditions, Therefore, the experiment was
repeated using human fibroblasts (73) under conditions where
minimal DNA synthesis occurred. These cells were healthy in the
nondividing condition. The fibroblasts recovered from cisplatin

toxicity if held in the nondividing state, and they excised
platinum lesions from DNA by a first order process with a half-
life of 2.5 days (Figure 4). DNA-DNA interstrand crosslinks,
measured by alkaline elution and by estimation of renaturable DNA
in cell lysates, were found to be repaired with a half-life of
about 36 hours (Figure 5). DNA protein crosslinks were removed
at a similar rate and there was no evidence for any accompanying
degradation. Thus the reversal of crosslinking was attributed
to repair rather than introduction of DNA strand breaks. The
relationship between cell survival and the amounts of platinum
remaining bound to DNA at the time cells were plated out for
estimation of cell survival, was similar to that observed in cells
treated with several drug doses and plated immediately,

The results strongly supported the hypothesis that damage present
on the DNA template at the time of entry into the proliferative
cycles was responsible for cellular toxicity. Further, the
results showed that the repair process was actually effective in
achieving biological recovery.

When, however, attempts have been made to relate inherent
drug sensitivity to repair capacity, clearcut results have not
always emerged. Walker 256 carcinoma cells display unusual
sensitivity to difunctional alkylating agents and to cisplatin.
There is a subline of this tumour that shows a 30-fold increase
in resistance to cisplatin. Nevertheless, the two sublines bind
the same amount of platinum on DNA following treatment with a
given dosage, they excise platinum lesions from their DNA at a
similar rate, and they remove DNA-protein crosslinks and DNA
interstrand crosslinks from DNA at a similar rate (74). Follow-
ing sulphur mustard treatment, nascent DNA synthesis on a damaged
template appears to be similar in both lines (75). It is of
course possible that these lines might vary in their capacity to
remove a specific lesion that was not measured - an intrastrand
crosslink, for example - but if this is not the case, then some
target other than simply DNA exists in certain cells that confers
unusual sensitivity to bifunctional agents. This could conceiv-
ably be at the level of chromatin or a DNA-nuclear matrix complex.
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Figure 4a. Recovery of nondividing human fibroblasts from cis-DDP (toxicity.

Stationary-phase human fibroblasts were treated with cis-DDP (A O, 32 yM; and

A & B O, 40 ;M) and were either plated immediately or held in the nondividing
state for various time periods and recovered from drug toxicity.
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Figure 4b. Excision of Pt from DNA of nondividing human fibroblasts following
cis-DDP treatment. The plot illustrates first-order loss of the Pt reaction products.
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Figure 5. Repair of cis-DDP-induced DN A-protein crosslinks and DNA inter-

strand crosslinks in human fibroblasts during holding in the nondividing state.

Stationary cultures were treated with 40 pmol cis-DDP, and after various periods

of holding in the nondividing state, crosslinking was measured by alkaline elution

(B, DN A-protein crosslinks; and O, DNA interstrand crosslinks) or by estimation
of renaturable DN A in cell lysates (®, DN A interstrand crosslinks).
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Biological Consequences of Platinum—=DNA
Crosslinks in Mammalian Cells

LEONARD A. ZWELLING

National Cancer Institute, Laboratory of Molecular Pharmacology, Developmental
Therapeutics Program, Division of Cancer Treatment, Bethesda, MD 20205

Bifunctional DNA adducts or crosslinks can be
formed by antineoplastic Pt-coordination complexes.
2 distinct DNA crosslinks can be produced in
mammalian cells by cis-Diamminedichloroplatinum(II)
(DDP) and its inactive isomer trans-DDP, DNA-protein
crosslinks (DPC) and DNA interstrand crosslinks
(ISC). Each can be quantified by using DNA alkaline
elution, a technique based upon the size-dependent
elution of DNA single strands from filters at pH 12.
Proteolytic enzymes can be used to distinguish DPC
from ISC. DPC form rapidly and are the major lesion
produced by trans-DDP. ISC form over 6-12 hr
following treatment and are more efficiently formed
by cis-DDP. ISC correlated more closely with cyto-
toxicity than did DPC. This was confirmed using
chemical blockade of ISC formation to enhance cell
survival following cis-DDP treatment. Additionmally,
malignant cells resistant to cis-DDP in vitro and
in vivo showed lower levels of ISC than their
sensitive parent lines. Further studies in resis-
tant and sensitive cells have led to a model in
which the biological consequences of Pt-DNA damage
result from the temporal and quantitative relation-
ship between Pt-DNA damage and cellular repair at a
given functional DNA site. The kinetics of this
equilibrium between DNA damage and repair of various
Pt-DNA adducts may determine the effect of cis-DDP
treatment on cytotoxicity, mutagenicity and sister
chromatid exchange frequency.

The consequences of damage to the DNA of living cells must

result from three related factors; (1) the number of damaged
sites, (2) the ability of the cell to repair the damage, and (3)

the temporal relationship between damage production, damage
repair and the normal cell functions with which unrepaired
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damage could interfere. This scheme (Figure 1) suggests an
equilibrium between DNA damage and repair superimposed upon
ongoing DNA functions such as transcription and translation.

The state of the equilibrium at the time and at the site at
which a normal DNA function is to occur could determine the
consequences of the DNA damage. Therefore, differences between
the susceptibility of cell types to DNA damaging agents may
result from differences in the initial frequency of DNA damage,
differences in the cells' capacity to repair damage or
differences in the ability of the cell to tolerate damage either
through by-passing damage or abating normal function until damage
is repaired.

The DNA damage produced by Pt(II)-coordination complexes can
be included in such a schema. This discussion will be limited
to damage produced by cis- and trans-Diamminedichloroplatinum
(II). These isomers (Figure 2) are felt to interact with nucleo-
philic sites in intracellular macromolecules through the
displacement by these moieties of the chloride ligands (leaving
groups) of the Pt(II) complexes. From stereochemical
considerations the number and/or rate of macromolecular inter-
actions would be different for Pt-complexes with leaving groups
in the cis vs. trans configuration (1). Each agent may elicit
different cellular responses with correspondingly different
consequences. We will present the results of work performed in
the Laboratory of Molecular Pharmacology over the past 5 years
using various cell systems. These data elucidate several Pt-DNA
interactions, the cellular DNA responses they elicit and the
consequences of the equilibrium between DNA damage and repair in
actively dividing mammalian cells.

Materials and Methods

In Vitro Cell Culture. Mouse leukemia L1210 cells (desig-
nated K25) were grown in RPMI 1630 medium supplemented with 207%
heat-inactivated fetal calf serum. V79 Chinese hamster lung
cells were grown in o-MEM medium with 5% fetal calf serum in
7.5% CO0p. The human cell lines were grown in Eagle's minimal
essential medium with 10% fetal calf serum.

Drug Treatments. Cis-Diamminedichloroplatinum(II) (NSC
119875) and trans-Diamminedichloroplatinum(II) (NSC 131558)

were obtained from the National Cancer Institute and were always
constituted in isotonic, aqueous solution just prior to use.
L-phenylalanine mustard (NSC 8806) was dissolved in 0.1 N HCl1
and stored frozen.

Cell Survival Measurements. L1210 cell survival was quanti-
fied by colony forming a y in soft agar (2). V79 colony-

forming ability was measured using attached cells on plates of
initial plating densities of 300-3000/plate (3). The cyto-
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Figure 1. A schematic representation of the interaction between DNA damage
and repair of a random, functioning DN A site.
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Figure 2. The structures of A, cis-DDP and B, trans-DDP.
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toxicity of cis-DDP in human cells is quantified by drug
inhibition of cell growth during 3 population doublings in
drug-free medium (4, 5).

Mutagenicity. V79 cells were back-selected to eliminate all
pre-existing HGPRT-mutants in medium containing hypoxanthine,
10™5M, methotrexate 3.2 x 10~6M, and thymidine, 5 x 10~6M 3.

. Following drug treatments cells were incubated in fresh medium

for 2 days and then subcultured at 2-5 x 106 cells/flask for an
additional 3-5 days of growth to allow mutant expression.
Following this, cells were seeded on plates and incubated in
6-thioguanine-containing medium. The fraction of thioguanine-
resistant cells (mutation frequency) was determined from the
plating efficiencies in the presence or absence of thioguanine.

Drug-Resistant L1210 Cells. The K25 L1210 cells were used as
a parent line to develop a line of cis-DDP-resistant L1210 cells.
The parent cells were treated with 10-4 methylnitrosourea for 1
hr, allowed to recover to exponential growth, treated with cis-
DDP for 1 hr and seeded in soft agar. A clone was selected from
the surviving cells, retreated with cis-DDP, reseeded in soft
agar and again a clone was selected. An additional methyl-
nitrosourea treatment and 5 cycles of cis-DDP treatment and
colony formation yielded the cis-DDP resistant line (ZCR9).
These cells were cryopreserved and fresh aliquots unfrozen
approximately every 6 weeks. By this procedure resistance was
maintained and reproducibility of experiments over many months
was assured (6).

Murine L1210 tumor lines in vivo were obtained from 2
sources. Dr. J. Burchenal, Memorial Sloan-Kettering Institute,
provided the cis-DDP resistant line (L1210/PDD) and its
sensitive parent (L1210 (MSKI)). Dr. F. Schabel, Southern
Research Institute, derived the L-PAM-resistant line (L1210/
PAM). This tumor and its sensitive parent (L1210 (NCI)) were
obtained from Dr. D. Vistica, National Cancer Institute. These
tumors were obtained in either C57BL X DBA/2F] (called BD2Fj)
or DBA mice, but were maintained in male BD2F; mice only.

Tumor lines were passaged weekly by explanting ascites fluid
from tumored animals and inoculating 106 cells intraperitoneally
(i.p.) into mice. To maintain drug resistance, L1210/PDD and
L1210/PAM required drug treatments following inoculation (6).

Mice bearing L1210 cell tumors to be used in an experiment
were not treated with drugs to maintain tumor resistance during
the 7 days prior to explanation. 6-7 days following this tumor
inoculation, ascites tumor cells were explanted and either
inoculated into recipient animals upon whom survival studies

would be performed or explanted into RPMI 1630 medium + 207
fetal calf serum, 50 yM 2-mercaptoethanol and either [2-14(C]

thymidine (0.02 uCi ml-1) or [methyl-3H]thymidine (0.2 uCi ml-1)
and incubated for 20 hr at 37°. The following day explanted
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cells were washed free of radioactive label and 2-mercapto-
ethanol. Equal numbers of oppositely labeled sensitive and
resistant cells were mixed, treated with 20 uM cis-DDP, 20

uM L-PAM or no drug for 1 hr and then drug was removed.

Cells were resuspended in drug-free medium and DNA damage assays
(see below) were performed at various times thereafter.

The animals into which these cells were inoculated were
either drug-treated or untreated controls. They were checked
daily for survival. It is critical to note that cells used for
DNA assays were aliquots of identical cells used for in vivo
survival measurements. Further, by mixing oppositely labeled
cells prior to drug treatment, uniform drug exposure was assured

6).

The Assessment of DNA Crosslinking by Alkaline Elution. DNA
damage, that is, interstrand crosslinks, DNA-protein crosslinks,
and strand breaks, was determined using the alkaline elution
technique (7, 8). Cells labeled with 4C-t:hymidine for 20-24
hr were deposited on a membrane filter and lysed with a
detergent-containing solution. An alkaline solution (pH 12.1-
12.2) was then slowly pumped through the filter, and fractions
were collected to determine the rate of release of DNA from the
filter. For assay of crosslinks, the cells were exposed to
x-ray at 0°C prior to deposition on the filter. In order to
improve quantitation, control cells labeled with 3H-thymidine
and x-irradiated at 0° were mixed with the experimental l4c-
labeled cells prior to deposition on the filters. The elution
of 3H-DNA serves as an internal reference for normalization of
the elution of 14C-DNA.

DNA strand breaks are measured by the increased elution rate
of shortened single strands. Crosslinks have the opposite
effect, and are measured by inserting a known frequency of strand
breaks by means of x-ray. Interstrand crosslinks reduce elution
rate by linking together two or more single strands. DNA-protein
crosslinks reduce elution because proteins tend to adsorb to the
filters under the alkaline conditions used. The effects of
DNA-protein crosslinks can be virtually eliminated by including
with the detergent lysis, proteolytic enzymes (8).

Crosslinking is often expressed in rad-equivalents. This
simply indicates that the degree of alteration in DNA elution
rate [increase (strand breaks) or decrease (crosslinks)] produced
by the drug dose in question is equal in quantity to that which
would have been produced by that dose of x-radiation. A detailed
discussion of the quantitation of elution results can be found
in references 7 and 8. (Also see Figure 3 and legend).
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Figure 3. The alkaline elution kinetics of DNA from L1210 cells treated with
cis-DDP (10 yM) for 1 h followed by 12 h incubation in a drug-free medium.
L1210 cells were labeled with *C-thymidine for 20 h and were either cis-DDP
treated (A, N\) or untreated (®, O). (Reproduced with permission from Ref. 20.
Copyright 1980, Academic Press.)
The two upper curves without irradiation indicate that cis-DDP produced no d ble DNA
breakage. The two lower curves quantify DNA crosslinking as the DNA from cells treated
with cis-DDP exhibiting slower elution kinetics than the DNA from control cells when both
had received prior irradiation (600 R). The abscissa is generated by the coelution of oppositely
labeled DNA lfom irradiated cells (internal standard cells). The point at which 60% of this
SH-DNA remains on the filter is the point at which the retention (R) of 14C-DNA is quantified
and compared with that of controls (R,).
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Results

The Nature of the DNA Crosslinking Produced by Cis- and Trans-

Diamminedichloroplatinum(II) and its Relation to Cytotoxicity.

Initial Observations with L1210 Cells. Both compounds produced

proteinase-sensitive and proteinase-resistant crosslinks in
L1210 mouse leukemia cells as detected by alkaline elution
(Figure 4). Drug-induced crosslinking which is sensitive to
proteolytic digestion is taken as representative of DNA-protein
crosslinking (DPC). Crosslinking resistant to proteolytic
digestion is taken as interstrand crosslinking (ISC). As can be
seen in Figure 4, although both compounds produced DPC and ISC,
the contribution of DPC to the total crosslinking produced by

trans-DDP was greater than to the total crosslinking produced

by cis-DDP. Figure 4 also shows that the time course of
formation and disppearance of DPC vs. ISC is different with
trans-DDP, but similar with cis-DDP. That is both compounds
produced delayed ISC, but trans-DDP produced rapid DPC while the
majority of cis-DDP-DPC was delayed in formation. If the maximum
amount of the 2 types of crosslinking is compared with the subse-
quent ability of the cells to form colonies (Figure 5), DPC, the
major contributor to total crosslinking, was greater for trans-
than for cis-DDP at comparable toxicity. Comparing ISC and cell
survival brings the curves for the 2 drugs into line. This
result suggests a mechanistic relationship between ISC and cyto-
toxicity for these 2 agents (9).

This relationship was further substantiated by work in which
interstrand crosslink formation could be prevented by the avid
Pt binder thiourea. Thiourea was capable of blocking cis-DDP
cytotoxicity and interstrand crosslink formation in a similar
dose- (Figure 6) and time- (Figure 7) dependent fashion (10).

We have proposed a reaction scheme for cis-DDP with DNA bases
as a consequence of this work (Figure 8) (1:7_ Cig-DDP could
undergo sequential activation to a positively charged species
capable of reaction with nucleophilic sites on DNA (N). Thiourea
could compete with DNA bases for Pt-binding and thus inactivate
cis-DDP directly (Reaction 5) or following cis-DDP activation
‘(Reaction 5'). Additionally thiourea could prevent monoadduct
conversion to ISC directly (Reaction 6) or following a second
activation (Reaction 6'). Reversal of ISC (Reaction 7), although
demonstrable in isolated chemical systems (12,13), was not
observed in living cells.

The ISC produced by cis-DDP or trans-DDP appears to indicate
the ultimate survival of treated cells.

In Vitro and In Vivo studies of sensitive and resistant

murine cells. A line of L1210 cells resistant to cis-DDP was

developed from the parent K25 line used in the previous studies.
Methylnitrosourea and cis-DDP treatments followed by soft-agar

colony formation were used to obtain this line desiﬁnated ZCR9.
Equitoxic concentrations of cis-=DDP were 2.4 times higher in
ZCR9 than in K25. This difference was reflected in the amount of

ISC but not DPC produced in each cell type (Figure 9). No dif-
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Figure 4. The kinetics of formation and disappearance of DNA-protein cross-

linking (DPC) and DNA interstrand crosslinking (ISC) in L1210 cells treated with

cis- or trans-DDP. Key to conditions: A, cis-DDP without proteinase (DPC and

ISC); B, trans-DDP without proteinase (DPC and ISC); C, cis-DDP with proteinase

(ISC only); and D, trans-DDP with proteinase (ISC only). (Reproduced with
permission from Ref. 9.)

All drug treatments were for 1 h at indicated doses followed by incubation in drug-free medium
for 0 to 24 h prior to crosslink quantification by alkaline elution.

In Platinum, Gold, and Other Metal Chemotherapeutic Agents; Lippard, S.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



Publication Date: January 26, 1983 | doi: 10.1021/bk-1983-0209.ch002

2.

ZWELLING

Biological Consequences of Pt~-DNA Crosslinks

DNA CROSSLINKING (Rad-equivalents)

T T T
NO PROTEINASE-K

|

.20

.60 .80 1.0
SURVIVING FRACTION

Figure 5. Relation between DNA interstrand crosslinking and DNA-protein

crosslinking and survival of L1210 cells as m

easured by soft-agar colony formation.

Key to conditions: top, without proteinase-K (DPC + ISC); and bottom, with
proteinase-K (ISC only). (Reproduced with permission from Ref. 9.)
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Figure 6. The dose dependence of thiourea’s inhibition of cis-DDP cytotoxicity
(A) and interstrand crosslinking (B) in L1210 cells. (Reproduced with permission
from Ref. 10.)

Cells were treated with 20 uM cis-DDP for 1 h, washed, and then treated for 1 h with various

concentrations of thiourea in medium after which colony formation in soft agar was quantified

immediately (A) or delayed 6-12 h before proteinase-resistant crosslinking (ISC) was quantified
(B).

In Platinum, Gold, and Other Metal Chemotherapeutic Agents; Lippard, S.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



Publication Date: January 26, 1983 | doi: 10.1021/bk-1983-0209.ch002

2.

ZWELLING Biological Consequences of Pt-DNA Crosslinks
0 . T
K18
-l
4
2
>
g o :
(2]
Q ._____—*—————’_—_‘
o
-
3}
4L L
0 6 12

INTERVAL BETWEEN TREATMENTS (HR)

PROTEINASE-RESISTANT
CROSSLINKING (Rad-equivalents)

TIME AFTER TREATMENT (HR)

Figure 7. The effect of varying the time interval between cis-DDP treatment and
thiourea treatment on cytotoxicity (top) and ISC formation (bottom). (Reproduced
with permission from Ref. 10.)

L1210 cells were treated for 1 h with cis-DDP (20 uM), washed, and then treated immediately,
6 h, or 12 h later with thiourea (100 uM) for 1 h. Cytotoxicity and ISC were then quantified.
Key: @, no thiourea; O, 100 mM thiourea for 1 h just prior to inoculation into soft agar or
ISC measurement; and A, thiourea i:)mgediatlelyh roIIowing cis-DDP with ISC quantification
, 6, or 12 h later.

H % cl H % %H H % ® H % ® H %
Ne ', "™e M, ™e ” ; Ne,” , \e/s
prt — Pt Pt — pt —> Pt
@ \ @/ @ \ @& \® ® N\
H3N Cl H3N Cl H3N Cl H3N OH2 H3N
k‘ / I \ 16' /
NH
@ [} @
H3N —C-NH H3N
N o S-C-NH, 3 \e /®
®, @ \
H3N/ \cu H3N $-C-NHy
NH

Figure 8. Scheme for reactions of cis-DDP with nucleophilic site (N) or thiourea
at various points in the formation of a cis-DDP-DNA crosslink. (Reproduced with
permission from Ref. 11. Copyright 1981, Academic Press.)
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Figure 9. Concentration dependence of cis-DDP DNA-protein crosslinking (top,
3000 R) and DN A interstrand crosslinking (bottom, 300 R) in sensitive (K25) and
resistant (ZCR9) L1210 cells. (Reproduced with permission from Ref. 6.)

All treatment times were 1 h. DPC was quantified i diately after treatment; ISC, 6 h later.
The ratios of the slopes of these lines (K25/ZCR9) are 3.0 for DPC and 2.5 for ISC. The ratio
for relative colony fl:)rmau'on (survival) was 2.4 (ZCR9/K25). These ratios represent the ratios
of cis-DDP doses producing equal effects in each assay.
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ferences were noted in the kinetics of cis-DDP crosslink
formation and repair in these 2 lines (6). These studies were
then extended to tumors in mice. Sensitive-resistant pairs of
L1210 cells were obtained (see Materials and Methods) in mice.
Animal survival in tumor-bearing mice was compared with DNA
crosslinking in explants from aliquots of the identical tumor
used to inoculate these mice. Lines were selected for resistance
to the bifunctional alkylating agent L-phenylalanine mustard
(L-PAM) as well as to cis-DDP. The results are summarized in
Table I. -

In the cis-DDP sensitive-resistant pair (L1210 (MSKI) and
L1210/PDD), cis-DDP resistance was confirmed in L1210/PDD
and cis-DDP-induced ISC was almost absent. L1210/PDD was not
cross-resistant to L-PAM. Comparable ISC was produced by L-PAM
in explants of both lines. In the L-PAM sensitive-resistant
pair (L1210 (NCI) and L1210/PAM), L-PAM resistance was confirmed
in L1210/PAM and ISC was appropriately depressed. However,
L1210/PAM was strikingly resistant to cis-DDP, but cis-DDP-ISC
was only partially depressed. Thus, although all our ur data to
this point indicated delayed, ISC would predict for cis-DDP
cytotoxicity, an exception had been found (6). This exception
was then studied in further detail.

A Mechanism of Cis-DDP Resistance in L1210/PAM. Malignant
ascites cells were explanted from mice bearing L1210 (NCI) and
L1210/PAM into soft-agar cloning tubes and colonies allowed to
form (2). Single colonies of each cell line were selected,
subcultured and tested for resistance to cis-DDP. The resistance
of L1210/PAM to cis-DDP in vivo was maintained in vitro.

ISC assays revealed a peak of ISC 6-12 hr following a l-hr
exposure to cis-DDP in both cell lines. The magnitude of this
crosslinking in L1210/PAM was 60% of that in L1210 (NCI) for any
given drug dose. This difference was not sufficient to explain
the marked difference in cis-DDP sensitivity between these cell
lines (14).

Following peak ISC, ISC declined in both cell lines, but the
rate was 1.7-fold faster in L1210/PAM than L1210 (NCI). This
difference could arise if crosslinks were more rapidly removed
or more slowly formed in L1210/PAM. By preventing further ISC
with thiourea 5-6 hr following cis-DDP treatment (10), the
removal of interstrand crosslinks could be examined with no
contribution from ongoing ISC formation. The 2 lines removed
formed crosslinks at comparable rates following blockade of
additional ISC formation by thiourea. The removal of ISC
appears normal in L1210/PAM, but the conversion of monoadducts
to crosslinks is decreased. This could be due to enhanced

monoadduct removal or inactivation. Initial Pt-DNA adducts are
likely to be comparable in these cells as DPC was comparable

immediately following cis-DDP treatment (14).
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Table I. The Survival of L1210-Bearing Mice vs. Quantified

Interstrand Crosslink Formation in Identical Explanted Tumors?

Cis-DDP L-PAM
Tumor Line %ILSP Isce %ILSb 1sce
6 hr 12 hr 6 hr 12 hr
L1210 (MSKI) 151 0.20 0.21 94 0.23 0.20
L1210/PPD 11 0.01 0.01 76 0.18 0.17
L1210 (NCI) 66 0.30 0.26 96 0.17 0.18
L1210/PAM 6 0.19 0.16 25 0.07 0.08

aSurvival compared with untreated, tumor-bearing mice.

Recipient

mice were inoculated with 1-3 x 106 tumor cells i.p. and treated

with either cis-DDP, 4.5 mg kg™l i.p. on_days 1, 5, 9

following tumor inoculation or 13 mg kg‘l L-PAM on day
following tumor inoculation. Crosslinking measurement
made on aliquots of the identical cells used for tumor

and 13
1
s were

inoculation which were explanted into tissue culture rather
than inoculated into recipient mice. (From Reference 6 ).

b% Increased life span.

1
1-1'0 /2

CInterstrand crosslinking: crosslinking coefficient = (I--) -1

where r and r, are the fraction of DNA retained on the

r
filter

from drug-treated or untreated cells respectively in the

alkaline elution assay with proteinase. The time of e

lution

at which r and r, were measured was usually 10 hr. 6 hr and
12 hr indicate the time following a 1 hr drug treatment at

which ISC was quantified.

Reproduced with permission from Ref. 8.
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The resistance of L1210/PAM to cis-DDP may reside in a
combination of events which can be fit into the equilibrium
scheme in Figure 1. It appears that initial Pt-DNA interactions
are comparable in these 2 cell lines. ISC progresses to a higher
peak in L1210 (NCI) than in L1210/PAM because the equilibrium
between damage and repair (or inactivation) in Figure 1 is
shifted further to the right (repair) in L1210/PAM. As cell
doubling times were comparable in these cells, the time axis of
critical cellular events involving DNA is probably similar in
L1210 (NCI) and L1210/PAM. Therefore, the increased resistance
of L1210/PAM arises as a result of a lower number of critical
lesions (ISC) which in turn results from cellular inactivation
or repair of the precursor (monoadduct) of that lesion.

Pt-DNA Damage and Repair in Human Cells. Erickson et al.
have recently demonstrated a correlation between the capability
of several human cell types to repair methylation damage (Mert
phenotype) and cell survival following treatment with chloro-
ethylnitrosoureas (15) These cell lines were also examined
for their sensitivity or resistance to cis-DDP. Although the
magnitude of cis-DDP ISC again correlated with cytotoxicity, no
correlation was found between survival or crosslinking and the
presence or absence of the Mer' phenotype. This Mer repair
mechanism is probably not involved in the cellular response to
Pt-DNA damage (4, 5).

The Relationship between Pt-DNA Crosslinking and
Mutagenicity. V79 Chinese hamster cells were used to compare
DNA damage with 2 different consequences of that damage. Colony
forming ability was again used to quantify the lethality of cis-
and trans-DDP. Additionally, mutagenicity was quantified in
these cells at the hypoxanthine-guanine phosphoribosyl-
transferase locus (3) (Table II).

Again, as had been seen in L1210 cells, ISC peaked 6-12 hr
following drug treatment, and DPC was a greater contributor to
total crosslinking following trans-DDP compared with cis-DDP.
Once again, at equitoxic concentrations of each agent, ISC was
comparable whereas DPC was much greater in trans-DDP-treated
cells. However, trans-DDP was virtually non-mutagenic (Figure
10); while cis-DDP was quite mutagenic. At doses of each agent
producing comparable cytotoxicity and comparable ISC, trans—-DDP
produced more DPC and was not mutagenic. Neither ISC nor DPC
are therefore necessarily mutagenic (3).

To further explore the relationship between these DNA effects
and their biological consequences in V79 cells, we expanded the
examined parameters to include measurement of Pt-induced sister
chromatid exchanges (SCE) (a visibly detectable indication of

reciprocal exchanges of chromosomal DNA). Bradley et al. showed
that both compounds can produce SCE, thus SCE productiom can be

dissociated from mutagenicity (16).
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Table II. Cytotoxicity, Mutagenicity and DNA Crosslinking in V79

Cells Treated with Cis-DDP or Trans-DDP

Concen~ Treatment Post Crosslinking
tration time Incubation Survival Mutation (rad equi-
(uM) (hr) time fraction? frequencyP valents)
(hr)
Cis-DDP -ProK +ProK
11 2 0 0.1 3x 1074 124 6
6 270 46
12 311 94
187 41
18 101 33
Trans—=DDP
320 2 0 0.19 <1075 1303 40
6 2300 99
12 880 79
1200 116
18 522 106

Source: Reference 3.

aSurvival of colony-forming ability.

bHGPRT locus.
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Figure 10. The mutation frequency produced by a 2-h treatment of V79 cells with
@, cis- or A trans-DDP. (Reproduced with permission from Ref. 3.)
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Finally, to understand the processes relating cis-DDP DNA
damage to the various measured biological consequences, we
utilized thiourea in a fashion similar to that used in L1210
cells (vide supra - Figure 8). As had been seen in L1210 cells,
the treatment of V79 cells with thiourea immediately following
cis-DDP treatment, completely blocked the cytotoxic effect even
at drug concentrations capable of producing 97% cell kill.
Mutagenicity could also be blocked when cis-DDP treatment was
immediately followed by thiourea however the thiourea inhibition
of mutagenicity diminished over the same cis-DDP dose range
wherein cytotoxicity was totally preventable by thiourea (Figure
11). Additionally if the thiourea treatment was delayed for 4.5
hr after cis-DDP, some cytotoxicity was still prevented, but
mutagenicity had escaped thiourea blockade. The mutagenic
process becomes fixed more rapidly and at lower cis-DDP doses
than the cytotoxic process (17).

SCE production by cis-DDP was also affected by thiourea
(Figure 12). However over a dose range where immediate thiourea
completely blocked both cytotoxicity and mutagenicity, SCE
formation could only partially be prevented. This SCE formation
escaped thiourea blockade within 4.5 hr. The order of suscept-
ibility of cis-DDP effects to immediate thiourea blockade is SCE
formation < mutagenicity < cytotoxicity (17).

A model connecting these various biological consequences of
cis-DDP in V79 cells with potential Pt-induced DNA lesions can
be constructed (Figure 13). Substantiating the data accrued in
L1210 cells, V79 cytotoxicity appeared to be most closely associ-
ated with delayed interstrand crosslink formation. Equitoxic
doses of cis—- and trans-DDP produced comparable ISC and thiourea,
a known blocker of delayed ISC formation in L1210 cells, blocked
cis-DDP cytotoxicity in a fashion consistent with the results of
‘the L1210 work.

Trans—-DDP has leaving groups stereochemically disposed to
make the formation of crosslinks at adjoining base pairs within
one strand of DNA (intrastrand crosslinking) unlikely (see Figure
2). It is not mutagenic. Cis-DDP, which can potentially form
intrastrand crosslinks, is mutagenic. If cis-DDP intrastrand
crosslinking forms to a greater magnitude or more rapidly than
ISC, then the decreased ability of thiourea to block cis-DDP
mutagenicity compared with its ability to block cytotoxicity
suggests mutagenicity may result from intrastrand crosslink
formation.

SCE formation probably derives from neither the mutagenic
nor cytotoxic cis-DDP lesion. The non-mutagenic trans-DDP can
form SCE's. Immediate thiourea can only block SCE formation at
very low cis-DDP doses and delaying thiourea allows almost total

escape of SCE formation from thiourea blockade. DNA monoadduct
formation may induce SCE formation. What little effect thiourea

does have on SCE formation may derive from thiourea's binding of
unreacted, intracellular Pt prior to its binding to DNA at all.
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Figure 11. The effect of thiourea on cis-DDP cytotoxicity and mutagenicity in V79

Chinese hamster cells. Cells were treated with various concentrations of cis-DDP for

1 h followed by a 1 h incubation in the presence (O) or absence (®) of 100 mM
thiourea. (See Ref. 17).
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Figure 12. The effect of thiourea on cis-DDP sister-chromatid exchange production
in V79. Conditions are outlined in Fig. 11 legend.
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Cytotoxicity
May Derive from
Interstrand Crosslinking

Mutagenicity SCE Formation
May Derive from May Derive from
Intrastrand Crosslinking Monoadduct Formation

Figure 13. The b'iological consequences of different DNA-P! interactions in V79
cells. The appropriate DI\!A lesion is surrounded by the evidence relating it to the
particular biological response it produces.
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Discussion

The scheme in Figure 1 has implicit within it a kinetic
approach to the study of DNA damage and repair and its
relationship to desirable and toxic consequences of antineo-
plastic, DNA reactive drugs. In this paper the stepwise approach
to the study of this scheme for one agent, cis-DDP, is presented.
The initial selection of cis-DDP was made because of its clinical
efficacy and the availability of an inactive isomer (1). We had
hoped that some critical DNA lesion would be more efficiently
produced by the active compound. The development of the alkaline
elution technique incorporating enzymatic deproteinization to
distinguish between interstrand and DNA-protein crosslinking was
critical for this analysis (7, 8).

The results of our initial studies in L1210 cells indicated
that ISC may be a key DNA lesion produced by cis-DDP (9). The
studies with thiourea (10) and resistant L1210 cells (6) con-
firmed this idea. However, the example of the resistance of
L1210/PAM to cis-DDP despite high levels of crosslinking
emphasized the necessity of studying the kinetics of lesion
formation and repair (14) as well as the magnitude of DNA damage
at any one point in time. The studies with V79 confirmed this
as the susceptibility of these cells to various consequences of
cis-DDP was altered in different dose- and time-dependent
fashions by thiourea (3, 17). These studies demonstrate the
type of information obtainable in well-defined cellular systems
with techniques which can quantify certain cell functions and
drug-induced DNA lesions.

How can such an approach be extended in the future? Erickson
et al. have shown with their work in human cells one important
step. The results of studies using human material as a target
for cis-DDP may reveal differences from results obtained in
rodent systems. These results may have more bearing on clinical
problems (_4_, _5_). Erickson et al. have also developed a
fluorometric alkaline elution assay requiring no labeled DNA
(18). Patient material explanted into culture or obtained during
therapy could be analyzed for DNA damage with this assay and
conceivably could be correlated with plasma drug concentrations,
other in vitro assays, or clinical tumor response.

The identification of critical DNA lesions in cells could
also aid in new drug development. Analogs of promise could be
compared with parent compounds in a manner similar to our
comparison of cis- and trans-DDP as to DNA damage and its
resultant effects. An initial test of this approach vs. animal
screening could be made to see if similar results were obtained.
If so, the in vitro approach would be more rapid and less costly.

Perhaps of greatest importance to future endeavors is the
directions in which this current work moves us on a more basic
level. In particular, the results with L1210/PAM and its cis-
DDP-resistance raise more questions than they answer. What

American Chemical
Society Library
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kind of process would explain Pt-monoadduct inactivation? Could
it be a naturally-occuring substance which resembles thiourea in
its inactivating effect? Recent work suggests metallothionein
could play such a role (19). Or, is a specific platinum adduct
DNA repair mechanism extant? The human cell work would indicate
if so, it differs from that which responds to DNA methylation
(4, 5, 15). If such a repair process exists, is it inducible,
and why would a cell possess a system which responds to metal-DNA
adduct formation as distinguished from organic adduct formation?
The answers to these questions should impact not only on the
field of antineoplastic drug development but also on normal and
malignant cell biology and physiology.

Abbreviations used: DDP, Diamminedichloroplatinum(II); L-PAM,
L-phenylalanine mustard; i.p., intraperitoneal; RPMI 1630, Roswell
Park Memorial Institute medium 1630; DPC, DNA-protein crosslink-
ing; ISC, DNA interstrand crosslinking; SCE, sister-chromatid
exchanges.
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Structural Chemistry of Platinum—DNA Adducts

THOMAS D. TULLIUS, H. MICHAEL USHAY, CAROLYN M. MERKEL, JOHN

P. CARADONNA, and STEPHEN J. LIPPARD
Columbia University, Department of Chemistry, New York, NY 10027

Aspects of the binding of the antitumor drug, cis-
diamminedichloroplatinum(II) (cis-DDP), and other
platinum complexes to DNA are reviewed. This work
was undertaken because DNA is widely regarded as the
cellular target for cis-DDP and because of our
interest in heavy metal reagents as specific stains
for biological specimens. cis-DDP unwinds the
double helix when it binds to DNA through covalent
attachment to the bases. It also substantially
shortens the DNA. These structural effects are
revealed by gel electrophoretic study of closed
circular, superhelical plasmid DNAs and by electron
microscopy. When cis-DDP is allowed to react with
DNA in the presence of the intercalating drug ethid-
ium bromide, duplex unwinding still occurs but the
shortening effect is substantially diminished.
Ethidium can also switch the cis-DDP binding sites
that are sensitive to digestion by nucleases. In
the absence of ethidium, cis-DDP inhibits both
restriction enzymes and exonuclease III digestion of
DNA, and the latter has been used to demonstrate
that cis-DDP is especially effective at stopping the
enzyme when bound at oligo(dG) sequences. When
platinum is bound in the presence of ethidium,
however, different o0ligo(dG) regions are exposed.
These results are used to rationalize the synergism
observed when cis-DDP is used in combination chemo-
therapy w”h “intercalating drugs. Using radio-
labeled [ ' 'C]methylamine it has been shown that
cis-[ Pt(NH,CH,) cz2] does not release its amine
Tigands upon in%ing to DNA. An intrastrand GpG
crosslink involving N7 atoms of guanine is currently
regarded as the most likely structure for the cyto-
toxic cis-DDP-DNA linkage. The compound [(dien)Pt-
cz]cz promotes the B+Z conformational transition of
poly(dG-dC)e poly(dG-dC).

0097-6156/83/0209-0051$07.00/0
© 1983 American Chemical Society
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Heavy metals, especially the third row transition elements,
are useful reagents in biology and biochemistry. The high
electron density of these elements (notably tungsten, osmium,
platinum and gold) makes them well suited for revealing aspects of
supramolecular structures in electron microscopic images (1_ ).
More recently, simple platinum complexes have become widely used
in cancer chemotherapy (2).

We wish to understand the interactions of heavy metal com-
pounds with biological materials at a molecular level. Little is
known about the structural chemistry of heavy metal stains
attached to macromolecules, and the chemical basis of the tumor
killing ability of cis-diamminedichloroplatinum(II) (cis-DDP) is
still obscure. By studying the chemistry of heavy metal c complexes
of biological macromolecules we can design better, more specific
staining reagents. Finding out how the platinum antitumor drugs
bind to their cellular target, DNA, could help us design effective
drugs with fewer of the toxic side effects which limit the clini-
cal efficacy of cis-DDP.

In this chapter we summarize some recent results from our
laboratory which bear on the question of the structural chemistry
of platinum-DNA complexes. We find the local structure of DNA, as
well as the nature of the platinum compound, to affect in a pro-
found way the structure of the resulting platinum-DNA complex.

Levels of DNA Structure. A DNA molecule has several levels of
structure ranging from the primary structure of the sequence of
bases to the secondary structure of the Watson-Crick double helix
to the tertiary structure resulting from folding or supercoiling
the double helix to even higher order structures involved in the
condensation of DNA in the cell nucleus. To serve as a basis for
understanding the interaction of platinum complexes with DNA, we
first describe some of the more important features of DNA struc-
ture.

A supercoiled double helix apparently is necessary for many
cellular processes involving DNA (3). DNA is found to be super-
coiled in the simplest procaryotes, as well as in the cells of
higher organisms. In cells with nuclei, the DNA double helix is
wrapped in shallow superhelices around complexes of eight hlstone
proteins. This structural unit is termed the nucleosome (4).
repeats along a chain of DNA to form the well known "beads on a
string" structure (5) seen in electron micrographs of chromatin
spread on a grid.

From procaryotes, such as E. coli, much simpler supercoiled
DNA molecules can be isolated. These molecules, called plasmids
(6), consist of a few thousand DNA base pairs joined in a closed
circle. The double helix of such a circular molecule is super-
coiled upon itself, to form a condensed structure, called "form
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I." The topological constraints inherent in such a structure
result in linking the number of superhelical turns to the winding
of the Watson-Crick double helix (7). For example, an intercala-
ting drug causes the DNA double helix to unwind when the drug
binds by insertion between base pairs. Ethidium bromide, a
commonly used intercalator, unwinds the DNA helix by 26° per bound
drug molecule (§9. If such a mclecule is bound to closed circu-
lar, supercoiled DNA, the local ‘unwinding of the double helix
results in removal of negative superhelical turns, to maintain the
same total number of turns (Watson-Crick + supercoil) in the DNA.
If, however, the closed circular DNA has a break in one of its
chains, these topological constraints are relieved, there are no
supercoils, and the molecule exists in a relaxed, open circular
form. This structure is termed "form II." The advantage of
studying the binding of platinum complexes to such plasmid
molecules is that very subtle changes in the winding of the double
helix or in the density of supercoiling translate to easily
observed shifts in the mobility of the DNA on electrophoresis
gels. Thus structural changes that occur upon platinum binding
are amplified many times in the experimentally observable event.

At the level of primary structure, several recent experiments
have shown the effect of base sequence on the local structure of
DNA. A dramatic example is the crystal structure of a(cpG), a
determined by Rich and coworkers (2). This molecule crystallize
in a left-handed double helical form called 2Z-DNA, which is
radically different in its structural properties from the familiar
right-handed B-DNA structure. Dickerson and Drew (19) showed in
the crystal structure of the dodecanucleotide d(CGCGAATTCGCG) that
the local twist angle of a DNA double helix varies with .sequence.
Deoxyribonuclease I cuts the phosphodiester backbone of the dode-
canucleotide preferentially at sites of high twist angle (ll).
From these and other (123129 experiments we see that the structure
of DNA varies with base sequence, and that enzymes are sensitive
to these details of structure.

S
S

Platinum Binding to DNA. How do simple platinum complexes
bind to DNA? What are the effects of the primary, secondary and
tertiary structures of DNA on this binding? We have approached
these questions experimentally over the last several years (1&).
Our results and the results of others will be summarized in this
section.

An important early observation was that cis-DDP, the antitumor
drug, binds covalently and not by intercalation to DNA (15). We
present evidence to support this conclusion later in the section
describing the effects of ethidium bromide on platinum binding.
Since platinum(II), when bound to nitrogen ligands, is rather
inert kinetically (1§D, platinum-DNA adducts may be isolated and
studied without appreciable platinum loss.

As a model for how platinum complexes might interact with the
DNA of higher organisms, we have studied the binding of the active
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antitumor drug cis-DDP and the inactive trans stereoisomer with
the nucleosome core particle (17). We were interested to learn
whether the platinum complexes would bind to the DNA, the protein,
or both, of the core particle. We found that cis-DDP, at low
platinum to nucleotide ratios (r, ), interacted almost exclusively
with nucleosomal DNA, while trans-DDP formed specific histone-
histone and DNA-histone crosslinks. This experiment was one of
the first to demonstrate a clear, qualitative difference in the
way in which the two platinum complexes bind DNA in an in vitro
system. -

We (18) and others (19,20,21) have studied the effect of
platinum complexes on the conformation of covalently closed, cir-
cular supercoiled DNA using agarose gel electrophoresis. Both
cis- and trans-DDP were found to unwind the Watson-Crick double
helix, resulting in removal of negative supercoils from these
topologically constrained DNA molecules (see above). An unwinding
angle of 22° per bound cis-DDP molecule was measured (22). We
observed with pSMi (18) and pBR322 (22,23) plasmids that both cis-
and trans-DDP could remove all supercoils, resulting in a closed
circular DNA molecule which comigrated on gels with relaxed
(nicked) circular DNA. In contrast to subsequent results of
Scovell and coworkers (20,21), we found (18) that equivalent
amounts of bound cis- and trans-DDP caused equivalent changes in
DNA conformation. For example, at comigration of relaxed- and
closed-circular platinated pBR322, the r, was 0.050 + 0.005 for
both isomers (gg). In addition, again 1In contrast to Scovell's
(20,21) work, we observed that both cis- and trans-DDP cause
further positive winding of supercoiled DNA, resulting in an
increase in gel mobility of the DNA, at platinum binding levels
greater than that necessary to cause comigration of closed and
relaxed circular DNA (18).

A second effect of platination was noted (18) on the electro-
phoretic mobility of relaxed circular DNA. The mobility of this
form increased with increasing platinum binding, as opposed to the
initial decrease and subsequent increase in mobility of super-
coiled DNA. This behavior was attributed to a shortening of the
DNA due to platinum induced crosslinks. Further evidence was
obtained from electron micrographs of the platinated DNA samples
(1_8,&4_), which showed a dramatic decrease in contour length of
relaxed plasmid molecules upon platination (see Figure 6 below).

Effect of Bound Platinum on DNA Processing Enzymes. With some
of the effects of platination on DNA structure now defined, we can
ask whether and how these changes in DNA conformation will affect
enzymes which process DNA.

Type II restriction endonucleases (25) are enzymes isolated
from procaryotes which recognize and make double-stranded cuts at
specific DNA sequences. We investigated how platination of plas-
mid pBR322 would affect the ability of the enzyme Bam HI to cut at
its single recognition sequence in this plasmid (23). Bam HI
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cleaves the sequence

4
-GGATCC-
~CCTAGG-

T

at the phosphodiester bonds between the pairs of guanines as
shown. Previous work on bacteriophage A DNA had suggested (26)
that cis-DDP might crosslink the adjacent guanine bases in The
enzyme cuttlng site, but still allow the enzyme to cleave the DNA
backbone. The crosslinked, cut DNA would appear as uncut DNA on
gels, but if the platinum were removed by cyanide treatment before
running the gel, the cuts would be evident. There are several Bam
HI sites in ) DNA, however, making the analysis of the results
difficult. Our experiment (2_3) using pBR322 DNA with a single Bam
HI site showed conclusively that crosslinking of the guanines by

cis-DDP with concomitant cutting of the DNA backbone does not

occur. We found that Bam HI cutting was progressively inhibited
by increasing amounts of bound cis-DDP, with total inhibition
occurring at r_ = 0.050 + 0.005. Cyanide treatment did not
produce linear BNA from the samples which were apparently not cut
‘zy )Bam HI, as would have been predicted from the previous study
26).

" Some restriction endonucleases have several cutting sites on a
particular DNA molecule. In an experiment (g) with such an
enzyme we used Pst I, which cleaves plasmid pSM1 at four sites.
We asked whether cis-DDP binding to any of one these sites, which
necessarily have identical enzyme recognition sequences, would
render it more difficult to cut than the others. The cutting at
one of these sites, the D-B junction, was indeed inhibited at a
lower platinum binding level than the others. Consideration of
the sequences of bases flanking the four sites showed that the D-B
junction has d(G), d(C),, d(GAG)-d(CTC) and d(G)z'd(C) sequences
surrounding the %zyme ecognition sequence. None of the other
three sites has 0ligo(dG) -0ligo(dC) sites nearby. The conclusion
was made that cis-DDP bound at 0l1igo(dG)®oligo(dC) (or perhaps
d(GAG)+d(CTC) (28)) sites causes a more profound.change in DNA
structure and inhibits the restriction enzyme. A greater amount
of bound cis-DDP would then be necessary to inhibit enzyme diges-
tion at other sites lacking these sequences.

Sequence Specificity of cis-DDP Binding to DNA. Previous
experiments had also indicated that oligo(dG)-oligo(dC) sequences
might be preferred binding sites for cis-DDP. A greater buoyant
density change was seen for platinated poly(dG) °poly(dC) than for
platinated poly(dG-dC) when compared to the unplatinated polymers
(29) To study in more detail this effect of the primary struc-
ture of DNA on platinum binding, our group (30) as well as that of
Haseltine (31) developed a method for detecting platinum binding
at specific se sequences in DNA.

This assay used the enzyme exonuclease III (32) which digests
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DNA exonucleolytically from its 3~ ends. Bound cis-DDP stops this
exonucleolytic degradation.,, If the platinated DNA substrate is
radioactively labeled with ““P at one 5~ end (as for DNA sequenc-
ing (33)), denaturation of the exonuclease III-produced fragments,
separation by size on a DNA sequencing electrophoresis gel, and
autoradiography will reveal the stopping points of the enzyme.
The sequences at these stopping points are determined by comparing
the fragment lengths with the lengths of DNA molecules produced by
sequencing reactions. Since the bases at the 3~ ends of the
sequencing reaction products are known, this method allows the
determination of the base sequences at the sites where platination
stopped exonuclease III digestion. It was found that cis-DDP
bound to oligo(dG) sites stopped the enzyme; stopping at other
base sequences was not detected (30). We concluded that either
cis-DDP binds preferentially to these o0ligo(dG) sites to the
‘exclusion of other sequences, or that the structure resulting from
cis-DDP bound at 0ligo(dG) sequences is singularly efficient at
stopplng exonuclease III.

Ethidium Bromide Alters the Mode of Binding of cis-DDP to DNA

The antitumor activity of platinum drugs is very sensitive to
changes in the stereochemistry of the platinum complex. For
example, while cls-DDP is an effective antitumor agent, the
corresponding trans isomer is not (2). We wanted to study how
changing the tertiary and secondary structure of plasmid DNA would
affect the reactivity of cis-DDP toward the DNA. Several of the
drugs used in a clinical regimen with cis-DDP to improve its
efficacy are also able to alter the structure of DNA (2). We
chose to study ethidium bromide (EtdBr), a well characterized DNA
intercalating agent (8), as a model for other drugs which are used
with cis-DDP. -

Previous work has shown that DNA which had been platinated
with cis-DDP cannot bind as much EtdBr by intercalation as unplat-
inated DNA (15). Figure 1 is a fluorescence Scatchard plot of the
binding of EtdBr to calf thymus DNA to which varying amounts of
cis-DDP were bound. Upon increased platinum binding, the slope of
the fluorescence Scatchard plot remained constant. Therefore cis-
DDP does not competitively inhibit the binding of ethidium. This
result demonstrates that the platinum drug does not intercalate
into the DNA duplex, but binds covalently. The change in ab-
scissa, however, reveals that platinum bound to DNA reduces the
number of sites available for ethidium binding.

We then asked how binding ethidium to DNA before platination
would affect the ability of cis-DDP to bind. Figure 2 shows the
results of atomic absorption measurements of platinum binding to
pBR322 DNA. The kinetics of binding are unchanged when ethidium
is present during platination. The ability of cyanide to remove
bound platinum is greatly enhanced, however. TFor example, with no
ethidium present and more than approximately one platinum atom
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Figure 1. Fluorescence Scatchard plot of the binding of EtdBr to calf-thymus

DNA in the absence (O) and the presence (®, 20 h; A, 66 h; and A, 139 h) of

cis-DDP in Tris—=HCI (50 mM) and sodium chloride (0.2 M) at pH 7.5. Condi-

tions: [DNA phosphate] = 1.05 X 10°M; [EtdBr] = 2.2 X 10¢-1.7 X 105 M;

and t; = 0.83. (Reproduced from Ref. 15. Copyright 1976, American Chemical
Society.)
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Figure 2. Binding of cis-DDP to pBR322 DNA at 37 °C in sodium phosphate

(1 mM) and sodium chloride (3 mM) at pH 7.4. Conditions: [Pt] = 2.50 X 10 M;

[DNA phosphate] = 2.50 X 10*M; and 1, = 0.10. Key: O, no ethidium present;
and @, 7.5 X 107° M ethidium present.
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bound per five base pairs, 8-10% of the platinum cannot be removed
by cyanide treatment (23). When saturating amounts of ethidium
are present during platination, all bound platinum could be
removed from the DNA upon cyanide treatment.

The ability of cis-DDP to unwind the DNA duplex is unaffected
by the presence of ethidium during platination. Figure 3 depicts
the changes in gel mobilities that occur when  increasing amounts
of platinum are bound to DNA forms I and II. Note that, whether
ethidium is present or not, there is at first a diminution in the
mobility of the form I band upon platinum binding due to duplex
unwinding (and concomitant introduction of positive supercoils).
There is then a subsequent increase in mobility in the form I band
past the point where it comigrates in the gel with the form II
band as platinum continues to bind and increase the number of
positive supercoils.

The ability of cis-DDP to decrease the effective length of the
plasmid is greatly reduced, however, when platinum is bound in the
presence of ethidium. Figure 4 shows that the presence of ethid-
ium during platination decreases the mobility of platinated form
II DNA when compared with the mobility of control platinated DNA.
This difference in mobility is not due to a difference in the
amount of bound platinum (see Figure 2), and it depends upon the
amount of ethidium present during platination.

A plot of gel mobility versus the amount of platinum bound,
Figure 5, demonstrates this difference. We compare gel mobilities
of samples platinated with a formal ratio of one c¢is-DDP per
nucleotide, for samples containing either no ethidium or three
ethidium molecules per ten nucleotides. The gel mobilities are
normalized to O for form II and 1.0 for form I DNA in the control
sample. Note that there is about a 35% decrease in mobility where
forms I and II comigrate in the gel when platinum is bound in the
presence of saturating amounts of ethidium.

These changes in gel mobility can be correlated to changes in
the physical structure of the DNA, as seen in Figure 6. The
uppermost electron micrograph of unplatinated pBR322 DNA clearly
shows nicked and supercoiled molecules. The center micrograph is
of pBR322 DNA platinated with cis-DDP to a level of 28 platinum
atoms per 100 nucleotides. The contour length of the relaxed
c(:ir<):u1ar DNA is greatly decreased, as has been seen previously

18).

" The bottom micrograph is of PBR322 platinated to a level of 23
platinum atoms per 100’ nucleotides in the presence of saturating
amounts of ethidium. It is clear that this DNA is more similar to
control DNA than are the samples platinated with no ethidium
present. There is some compacting and "shrinking" seen, but not
to the extent seen in the sample platinated in the absence of
ethidium.

In summary, ethidium bromide does not alter the kinetics of
platinum binding. This result is not surprising since these
binding kinetics have been shown to be comparable to the pseudo-
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Figure 3. Electrophoresis in a 1.5% agarose gel (Tris—acetate—-EDTA buffer)

of approximately 0.5 pg of forms I and 11 pBR322 DNA following incubation with

cis-DDP for the times indicated. Conditions: [Pt] = 4.25 X 105 M; [DNA phos-
phate] = 2.83 X 10*M; and cis-DDP 1, = 0.150. Key: left side, no EtdBr present;
and right side, 8.5 X 10® M EtdBr present.

1 5 U] 14 175520

Figure 4. Electrophoresis in a 1.5% agarose gel of forms I and 11 pBR322 DNA

following incubation with cis-DDP. Key to [ EtdBr]: O M for lanes 1, 2, 5, 8, 11,

14, and 17; 2.7 X 10 M for lanes 3,6, 9, 12, 15, and 18; and 5.4 X 10° M for

lanes 4, 7, 10, 13, 16, 19, and 20. Key to incubation time: lanes 1-4, 0 h; lanes

5-7, 1 h; lanes 8-10, 2 h; lanes 11-13, 5 h; lanes 14-16, 8 h; and lanes 17-20,26 h.

Conditions: [Pt] = 2.70 X 10 M; [DNA phosphate] = 1.80 X 10* M; and
cis-DDP 1, = 0.150.
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Figure 5. Gel mobilities for forms I and 11 pBR322 DNA as a function of the

amount of bound cis- or trans-DDP. Distances traveled in the gel are normalized

50 that in the control the mobility of form I DNA is 1.0 and the mobility of form I1

DNA is 0.0. Conditions: [Pt] = 2.34 X 104 M; [DNA phosphate] = 2.34 X 10

M; and platinum r, = 1.0. Key: O, cis-DDP, no ethidium; @, cis-DDP, ethidium
17 = 0.3; A, trans-DDP, no ethidium; and A, trans-DDP, ethidium r, = 0.3.
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Figure 6. Electron micrographs of pBR322 DNA. Key: a, untreated DNA; b,

no EtdBr and cis-DDP 1, = 0.28; ¢, EtdBr t; = 0.3 and cis-DDP 1, = 0.23.

Conditions in the platination mixture: [Pt] = 2.50 X 10 M; [DNA phosphate]
— 2.68 X 10*M; cis-DDP r, = 0.90; and an incubation time of 18 h (35).
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first order rate of aquation of the platinum complex (34), and
ethidium and cis-DDP do not react with each other in solution
(35). The ability of the platinum complex to unwind the duplex
causing concomitant winding of the superhelix is also unchanged.

The ability of cyanide jon to remove bound platinum is greatly
enhanced when ethidium is present during platination. This
finding implies that the platinum is more accessible to cyanide
treatment either through an easily available coordination site on
the platinum, or by the platinum being bound to DNA in some
entirely different manner. The DNA duplex shortening that is
induced upon platinum binding is greatly reduced when ethidium is
present, also implying some different manner of binding. The
extent of reduction depends directly upon the amount of ethidium
present during platination.

We conclude that the presence of ethidium during platination
blocks a long range inter- or intra-strand crosslink from
occurring, probably by stabilizing and stiffening the DNA duplex.
This effect would keep the duplex from collapsing and compacting
the DNA.

Ethidium Switches the Nuclease-Detectable Binding Sites of cis-DDP
on DNA

In examining further this effect of ethidium, we found that
the exonuclease III method described above detected different
cis-DDP binding sites on a DNA molecule of known sequence when
platination was carried out in the presence of ethidium (36).

The original exonuclease III experiment (2) had presented us
with an apparent anomaly. Although cis-DDP binding to (dG)_ sites
(n = 2,3,5) in the 165 base pair DNA molecule was detected’by the
enzyme, a 57 -(dG) -dC-(dG)2—3‘ sequence seemed to have 1little
bound platinum. is site is located only 29 bases from the 3
end, so its proximity to the origin of exonuclease III digestion
coupled with its extensive run of adjacent guanines led us to
expect intense bands on sequencing gels corresponding to exo-
nuclease III stopping points caused by platination. Lanes 1 and 8
in Figure 7 show, however, that only weak bands appear in this
region of the gel. But if ethidium is present in the platination
reaction mixture, a dramatic change in the gel pattern is ob-
served. Lanes 2-5 and 9-12 illustrate the effect of increasing
amounts of ethidium on the intensity of the bands in the G6-C-G
region. These bands become the most intense in the autoradiograpﬁ
due to platination.

A higher resolution gel, Figure 8, shows an interesting effect
of this ethidium titration. The first bands to appear are those
due to platination of the 3°-(dG), site; the (dG), sequence shows
little detectable platination at t%xe lowest level of ethidium. As
the amount of ethidium in the reaction mixture is increased, the
(dG)6 site shows more platination, and platination at the (dG)2
site appears relatively to decrease.
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Figure 7. Autoradiograph of an 8% polyacrylamide/7 M urea electrophoresis gel
showing the effect of ethidium bromide on exonuclease 111-detected cis-DDP binding
sites on a 165-base-pair DNA molecule.

Key to cis-DDP 1;: lanes 1-5, 0.01; and lanes 8-12, 0.05. Key to ethidium bromide r;: lanes 1 and
8, 0; lanes 2 and 9, 0.012; lanes 3 and 10, 0.057; lanes 4 and 11, 0.12; and lanes 5 and 12, 0.23.
Lanes 6 and 13 show Maxam-Gilbert guanine-specxﬁc reaction pre duct. for Lane

products of ex I 111 digestion of unplatinated, end-labeled I65-base-pa:‘r DNA.
Platination was carried out for 3 h at 37 °C. Electrophoresis was for 2 h at 1800 V (36).
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Figure 8. Autoradiograph of an 8% polyacrylamide/7 M urea electrophoresis gel
showing the effect of ethidium bromide on exonuclease I11-detected cis-DDP binding
sites on a 165-base-pair DNA molecule.

Key to cis-DDP r,: lanes 1-5, 0.01; and lanes 8-12, 0.05. Key to ethidium bromide t,: lanes
1 and 8, 0; lanes 2 and 9, 0.012; lanes 3 and 10, 0.057; lanes 4 and 11, 0.12; and lanes 5 and
12, 0.23. Lane 6 shows Maxam—-Gilbert guanine-specific reaction products for sejuencing. Lane
7 contains products of exonuclease Il digestion of unplatinated, end-labeled 165-base-pair
DNA. Platination was carried out for 3 h at 37 °C. Electrophoresis was for 4 h at 1800 V (36).
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What is the reason for the effect of ethidium on the sites
where exonuclease III detects platination? It is not simply due
to increased platinum binding in the presence of ethidium; the
results presented in Figure 2 rule out this explanation. We think
that this experiment shows that cis-DDP binding is sensitive to
the local structure of DNA. We consider two limiting cases. The
first is that cis-DDP might bind only rarely to the G.-C-G, site
in the absence of ethidium, perhaps because the structure 6f the
helix is unsuitable. Ethidium then would alter the DNA structure
such that this site becomes a good binding site for cis-DDP. The
second case is that cis-DDP might bind to the G -C-G, sequence to
the same extent in the  presence or absence of ethidium, but the
mode of binding is different in these two circumstances. Without
ethidium, cis-DDP might bind in a manner to which exonuclease III
is insensitive, so the enzyme detects no platinum binding. With
ethidium in the platination mixture, however, cis-DDP could now
bind in a way which will stop exonuclease III digestion, so that
intense bands are seen in the sequencing gel. We are presently
attempting to determine which of these explanations is correct.

More important, though, are the potential implications of
these results for the mechanism of synergism in combination chemo-
therapy. We have shown that one drug can alter the biochemically
detectable binding site of another drug. This rationalization at
the molecular level is in contrast to the more common explanation
of synergism as resulting from action of two drugs at different
phases in the cell cycle.

Amine Ligands Are Not Lost From Platinum Upon Binding to DNA

There is now considerable evidence from work described in this
paper, others in this volume (37), and recent NMR papers (38,39,
40), that cis-DDP reacts in a bifunctional manner with DNA. An
interesting question is whether cis-DDP can interact with DNA
using more than two of its coordination sites. Hydrogen bonding
between the protons on the ammine ligands and oxygen atoms of the
DNA phosphate backbone is one possibility. Another is that, after
hydrolysis of one or both chloride ligands and subsequent binding
of platinum to a DNA base, the trans labilizing ability of the
heterocycliczgurine or pyrimidine ring nitrogen atom attached to
the Pt(NH )2 fragment would promote displacement of an ammine
ligand. Es a result, a third and possibly a fourth coordination
site could be made available for platinum-DNA binding (41,42).
This mechanism, in which two sites in addition to the easily
hydrolyzable chloride sites are opened up for possible metal-DNA
coordination, is not possible for trans-DDP and would explain in
terms of ligand substitution kinetics the greater efficacy of cis-
versus trans-DDP as an antitumor drug.

Evidence to support this mechanism comes from studies (43)
showing that [Pt(NH,).C2]C% can crosslink poly(A) bifunctionally.
Such a phenomenon o&&d only occur if one or more of the ammine
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ligands were labilized. Preliminary experiments carried out in
our laboratory (ﬁ) indicated the loss of two ammonia molecules
per molecule of cis-DDP bound to DNA at very low binding levels.
Mass spectroscopic studies also suggested loss of ammonia but this
result could have been due to the conditions under which the mass
spectrum was obtained (45). Indirect support for an ammonia re-
lease mechanism comes from the existence of cis-DDP bound to DNA
which is resistant to removal by cyanide ion (23,46). The
inability of cyanide to remove platinum may be explained by
coordination of platinum to DNA through three or four Pt-DNA
bonds. )

When dich],'Oﬁethyleneq:Aamineplatinum(II), [Pt(en)CT, T, doubly
labeled with "pt and C, was allowed to react with nucleo-
tides, both labels remained together (47). Subsequent work (48)
revealed that, when doubly labeled [Pt_(_en)czz] was injected into
tumor bearing mice, the two labels became unequally distributed
with respect to different biochemical fractions. The former re-
sult does not preclude ammonia release from cis-DDP since ethyl-
enediamine coordination is stabilized by the chelate effect.
Moreover, reaction of cis-DDP with DNA may differ from its
reactions with nucleotides because a platinum bound to a guanine
base in a region of locally high guanine content in DNA could
encounter a locally very high concentration of other guanine bases
resulting in a "DNA chelate effect.”

In order to determine whether or not monodentate amine ligands
could be released from a P}atlnum complex upon b:.ndlng to DNA, we
studied the reaction of 'TC-labeled cis-[PtC2,( H cn ] with T7
and M. luteus DNAs. The compound cl—s_-'['PtCQ (ﬁ ) ] has anti-
tumor activity (49 l50) with a therapeutic 1ndex 152 hat of cis-
DDP. After platinum incubation followed by dialysis to remove
unbound reagents the amount of bound platinum was assayed by
atomic absorption spectroscopy (AAS) and the amount of methylamine
ligand on the DNA was determined separately by liquid scintilla-
tion counting (LSC). TFrom the level of platinum binding deter-
mined by AAS and the radioactivity associated with the DNA it is
possible to determine whether platinum binding followed by loss of
methylamine has occurred.

Figure 9 shows the result of two such experiments. From the
AAS and LSC data it is clear that, within experimental error, no
release of methylamine occurs upon binding of cls-[PtCJLZ(NHZCH )2]
to DNA. Neither increasing the amount of platinum complex added
nor increasing the incubation time at a fixed amount of added
platinum leads to loss of the amine ligands. Experiments carried
out with M. luteus as well as T7 DNA show the results to be unaf-
fected by increasing the G+C content (73% vs 47%, respectively) of
the DNA. To determine whether DNA-bound platinum that is resis-
tant to cyanide trqi ment is attached through more than two link-
ages, we allowed ['"Clcis-[PtC% (NH,CH,),] to react with T7 DNA.
The DNA was then treated with Na% % 15 2orted previously (23) and
binding levels were determined by AAS and LSC. The data show very
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Figure 9. Plots of 1, vs. time (top) and 1, vs. 1, (bottom) for the binding of

[*C]cis-[PtCly(NH3CH,);] to T7 DNA (left) and M. luteus DNA (right). Key: O,

1, determined by AAS; and A\, r, determined by LSC. In the plots of r, vs. 1;, error

bars are 2o and the calculated best straight lines are drawn through the AAS (—)
and the LSC (- - -) data.
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clearly that two moles of amine ligand per mole of platinum remain
with the DNA. These results thus demonstrate that only two Pt-DNA
bonds are required for cyanide resistant platination and point to
bifunctional crosslinking as being most important.

Robins (48), however, has shown that, in vivo, the ethylene-
diamine ligand can be separated from [f?(eniCl ] and we now
address this observation. Although the trans effect of the purine
or pyrimidine ring nitrogen atoms is not strong enough to labilize
the amine ligand trans to it when L:LS_—[PtC.QZ(NH CH )2] and, by
analogy, cis-DDP and [Pt(en)Ce,] bind to DNA, it fs poSsible that
other compounds present in the cell could bind to these platinum
complexes to displace the amine ligands. Sulfhydryl containing
compounds are prime candidates and glutathione (21), the most
abundant intracellular sulfhydryl containing molecule in mammalian
cells, is a major contender. Binding studies, as described above,
were carried out in the presence of glutathione at the physiologi-
cally relevant concentration of 1 mM. This amount of glutathione
does not diminish the amount of platinum bound to DNA. Approxi-
mately 20-30% of the radioactivity due to methlyamine molecules is
lost, however. This result is not surprising in view of the
recent study of Sadler (this volume) and previously reported work
(16) showing that methionine and methionine containing peptides
can labilize the ammine ligands upon binding to cis-diamminedi-
chloroplatinum(II). The infrared spectrum and chemical analysis
(52) of a 2:1 complex of glutathione and cis-DDP are consistent
with the loss of the ammine ligands. Studies are currently in
progress to determine whether glutathione remains bound to plati-
num on the DNA. Interestingly, preliminary studies in this labor-
atory point toward glutathione enhancing the rate at which cis-DDP
alters the tertiary structure of superhelical DNA (2}9.

Finally, as a word of caution, it should be remembered that
cis-[PtClz(NHZCH ),] has only 153 of the antitumor activity of
cis-DDP. It Would be very interesting indeed if this difference
in antitumor activity was due to the ability of cis-DDP to liber-
ate ammonia upon binding to DNA.

Binding [(dien)PtC2]C% to poly(dG-dC)- poly(dG-dC) Facilitates the
B-+Z Conformational Transition

In the course of studying the effects of cis-DDP on DNA
structure and reactivity the compounds trans-DDP and [(dien)Pt-
cz]cz are often used in parallel control experiments. The trans
isomer possesses the same charge, ligand composition, and bifunc-
tional binding ability as cis-DDP but is ineffective as a drug
owing to its different stereochemistry. When hydrolyzed, the
compound [(dien)PtC2]C% has the same charge as the drug but can
only bind monofunctionally to DNA, since the other three sites are
blocked by the tridentate diethylenetriamine (dien) ligand. While
investigating changes in the spectroscopic properties of the syn-
thetic polymers poly(dG)e poly(dC) and poly(dG-dC). poly(dG-dC) upon
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platinum binding, we observed that the [(dien)PtCl]Cl compound
could facilitate the right- to left- handed, B*Z, conformational
transition in poly(dG-dC) poly(dG-dC).  Interestingly, cis-DDP,
the primary subject of our investigation, was unable to induce or
facilitate the B*Z transition and actually prevented it from
occurring even under very favorable conditions (54). The same was
found to be true for trans-DDP. —

The changes in the circular dichroism (CD) spectrum of poly-
(dG-dC)* poly(dG-dC) which occur upon cis-DDP binding are very
similar to those reported for calf thymus (24), M. luteus (55),
and salmon sperm (55) DNAs. Whereas [(dien)PtCZJCZ has little
effect on the CD spectrum of calf thymus DNA (24), drastic changes
are observed upon the binding of this complex to poly(dG-dC)e poly-
(dG-4C), as shown in Figure 10. At r_ < 0.1 there is 1little
change in the long wavelength part of the spectrum but the 250 nm
band is reduced in intensity. At r, = 0.1 and above, the positive
absorbance at 295 nm, which is a shoulder in the spectrum of the
unmodified polymer, increases dramatically in intensity up to a
saturation binding level of approximately r, = 0.33. A plot of
molar ellipticity at 295 mm versus r, (not shown) reveals a sig-
moidal shape characteristic of a cooperative transition. The
cooperative nature of the bigging and the fact that the saturation
binding level of [(dien)Pt]“” is one per three nucleotides indi-
cate the formation of a stable, regular structure. This structusg
appears to be related to the monofunctional nature of [(dien)Pt]
since neither cis- nor trans-DDP produce the effect.

The spectral changes noted above are not consistent with the
transition from right(B)- to left(Z)-handed DNA (56), however.
Under the salt and buffer conditions used in these experiments we
were unable to induce the B»Z transition in the absence of ethanol
which lowers the water activity. Malfoy et al. (57) could bring
about the transition with [(dien)Pt]“" alone by usigg very low
salt buffers and excluding EDTA. When [(dien)Pt]°" binds to
poly(dG-dC). poly(dG-dC) at r_ = 0.054 and 0.093, for instance, the
amount of ethanol necessary to bring about the Z conformation is
reduced from 55% for unmodified polymer to 36% and 254, respect-
ively (54). 1Interestingly, samples with r_ values greater than
0.1 and which showed the large positive CD absorption at 295 nm
could not be converted to Z-DNA, even at very high ethanol concen-
trations. Moreover, when poly(dG-dC)epoly(dG-dC) in the Z confor-
mation (55% ethanol) was allowed to react with saturating amounts
of [(dien)PtC2]C%, the CD spectrum showed the large absorbance at
295 nm after removal of ethanol. Therefore, the polymer could not
be "locked into" the Z conformation by the platinum reagent.
Independent3Fvidence supporting the occurrence of Z-DNA was
obtained by ° P NMR spectroscopy (56) as shown }y Figure 11. The
conformational changes induced by [(dien)Pt] are completely
reversible as shown by experiments in which the platinated DNA was
treated with NaCN. Following removal of the platinum the normal
amount of ethanol (55%) was necessary to induce the Z confor-
mation.
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Figure 10. The circular dichroism spectra of poly(dG—dC) * poly(dG-dC) modified
at the indicated levels with [(dien)PtCI]CI (54).
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Figure 11. $'P-NMR spectra (left) of a, poly(dG-dC) * poly(dG—dC) in buffer, b,

poly(dG—dC) * poly(dG—dC) modified to 1, = 0.10 with [(dien)PtCP]CI; and c,

sample in b after raising the ethanol concentration to 40% . The arrow designates

the resonance characteristic of Z -DNA. Circular dichroism spectra (right) of the
samples in b and c (54).
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The ability of [(dien)PtC2]C% to promote the Z conformation
could be due to several factors. The addition of a bulky sub-
stituent to the N7 atom of guanosine would help rotate the base
from the anti conformation, found in B-DNA, to the syn conforma-
tion of Z-DNA. Studies with the carcinogen acetylaminofluorene,
which binds to C8 of guanine, showed it to induce the Z confor-
mation through a similar mechanism (ggp. Moreover, the addition
of a +2 charge to the guanine base would help stabilize the higher
charge density of the Z-DNA helix caused by the increased proxi-
mity of the two phosphate chains. This effect would be similar to
that evoked to explain why methylation at N7 of guanine facili-
tates the B+Z transition (59). Finally, ex%ﬁ}nation of space
filling models of Z-DNA shows that [(dien)Pt]° bound to N7 of
guanine forms good hydrogen bonding contacts between the amino
protons of the diethylenetriamine ligand and phosphate and cyto-
sine 02 oxygen atoms of the flanking nucleotides.

The N7 atom of guanine is located on the outside of the Z-DNA
helix and, as such, may be more available for platinum binding.
We attemptsg to test this point by comparing the amount of bound
[(dien)Pt]“” on poly(dG-dC)- poly(dG-dC) in both the B and Z con-
formations. After 24 h and at shorter times the binding 1levels
were approximately equal for both conformations. This result may
be due to the fact that the kinetics of platinum binding are
determined by the rate of chloride hydrolysis and therefore are
not a function of DNA structure.
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Physicochemical and Structural Studies of the
In Vitro Interactions between Platinum(II)
Compounds and DNA

J. P. MACQUET, J. L. BUTOUR, and N. P. JOHNSON

Laboratoire de Pharmacologie et de Toxicologie Fondamentales, CNRS,
205, Route de Narbonne, 31400 Toulouse, France

Perturbations of DNA secondary structure
and stability induced by cZs-[Pt(NH3)Cla] (cis-
DDP), trans-DDP and [Pt(dien)Cl]Cl at low levels
of DNA binding (rp) are summarized and preliminary
characterization of the corresponding platinum-
DNA adducts is presented. For rp < 0.0l both cis-
and trans-DDP form interstrand crosslinks, shorten
the DNA and exclude stoichiometric amounts of
intercalating agents. However, cis-DDP destabilizes
DNA at this ry while trans-DDP stabilizes the
polymer and only the c¢Zs isomer causes an increase
in the circular dichroism of DNA. [Pt(dien)Cl]Cl
does not form crosslinks ; it changes neither the
length of DNA, the CD spectra nor the intercalation
of ethidium bromide. Fixation of [Pt(dien)Cl]C1l
stabilizes DNA at rp < 0.01. Two major products
of the reaction of ¢Zs-DDP with salmon sperm DNA
have been isolated and both contain guanine.
[Pt(dien)C1]Cl fixes primarily at N/ of guanine
for rpy < 0.1 ; in addition, fixation_at N’ of
adenine for rp > 0.1 and at N! and N7 of adenine
for 0.3 < rp < 0.4 was observed.

Although cZs-DDP binds covalently to proteins, RNA and
other nucleophiles in the cell (1), it is fixation on DNA which
seems to be responsible for the antitumor activity of this
compound (2). The toxicity of cis-DDP seems to be associated with
an inhibition of DNA synthesis rather than an inhibition of RNA
or protein synthesis (3, 4, 5) ; s1mllar1y, mammalian cells (6)
and bacteria (3, 7, 8) def1c1ent in DNA repair are more sensitive
to killing by czs-DDP This argument implies that inhibition of
DNA synthesis is responsible for the general cytotoxicity of cis-
DDP, but it does not explain why tumor cells are killed more read-
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ily than healthy ones without invoking a special sensitivity of
tumor cells, such as lack of DNA repair capability (9). The
antitumor activity of a series of platinum compounds is generally
correlated with their ability to perturb various functions of DNA
such as enhancement of mutagenesis (10, 11, 12), inhibition of DNA
synthesis (8, 13, 14, 15) and induction of lysogenic bacteria (o,
16).

Platinum compounds without antitumor activity (17) such as
trans-DDP and [Pt(dien)C1]Cl (Figure 1) covalently bind to DNA
in vivo. Several studies have compared the biological effects
which result when equal amounts of these three platinum compounds
are fixed on DNA (typically rp = 10~4-10-6). CZs-DDP is 5-10 times
more toxic toward E. col? (8) and mammalian cells (1, 11) than
trans-DDP. The relative toxicity is correlated with the ability
of these two isomers to inhibit DNA replication (8, 13, 1&) The
cis isomer is repaired more eff1c1ent1y by E. colt (8) and is at
least 750 times more mutagenic in mammalian cells (ll) than the
trans isomer. The compound [Pt(dien)C1]Cl binds covalently to the
DNA of E. coli and seems not to be repaired ; nevertheless this
compound does not inhibit DNA synthesis or kill the bacteria (8).
Repair of platinum compounds by E. coli may be under the control
of the SOS system ; cZs-DDP induces 5-10 times more recA protein
in treated E. ColZ than an equal amount of trans-DPP or
[Pt(dien)C1l]Cl fixed on the DNA (18). It seems that different
modes of fixation on DNA are respons1b1e for the different muta-
genicity, toxicity and DNA repair of these platinum complexes.
These results suggest that the antitumor activity of platinum(II)
compounds may also depend on the formation of particular platinum-
DNA lesions.

To test this hypothesis we have measured the penetration and
DNA binding in L1210 leukemia cells grafted in mice which have
received equitoxic doses of the drugs (Table I). [Pt(en)2]Cl; has
four platinum-nitrogen bonds and should not react with DNA ; for
this negative control, platinum fixation on the DNA was not detec-
table (rp < 5x1076). Results in Table I show that cis-DDP, trans-
DDP and [Pt(dien)Cl]Cl enter the cancer cell and bind to its DNA,
but only cZs-DDP is antitumoral. Fixation of 25 times more trans-
than c7s-DDP on the DNA of L1210 leukemia cells does not cause
antitumor activity for the trans isomer. From bacterial studies
mentioned above, a 25 fold excess of trans-DDP on the DNA ought
to inhibit DNA synthesis more efficiently than the smaller amount
of bound cis-DDP suggesting that, for L1210 leukemia, inhibition
of DNA synthesis may not be the mechanism of antitumor activity.
If DNA is the cellular target of these drugs, the antitumor activ-
ity of cis-DDP nevertheless appears to require a platinum-DNA
lesion with a particular structure.
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Figure 1. Structures of the three platinum compounds.
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TABLE I. PENETRATION AND DNA BINDING of Pt(II)
COMPOUNDS IN L1210 LEUKEMIA CELLS (ljp.

106 cells were grafted i.p. in DBA/2 mice on day O and animals
were treated by i.p. injection with the maximum non-toxic dose
(LDo) of the drug on day 3. For the penetration and DNA binding
experiments, the animals were sacrified 2 h after treatment, the
leukemia cells were removed and washed until no platinum was de-
tected in the supernatant after centrifugation. The cells were
counted and the platinum covalently fixed per cell was determined
by atomic absorption. DNA was isolated from these cells by phenol
extraction and the rp was determined. For the antitumor experi-
ments, animals were grafted with 105 L1210 cells and observed
for 30 days. The results are expressed as the mean survival time
of treated animals (T) divided by the mean survival time of non-
treated animals (C). T/C > 125 % is considered as significant
antitumor activity.

Pt fixed
Compound LDo T/C to cells b
(umol/kg) (%) (%Z treatment
dose)
G18-DDP 30 200 0.4 1/30, 000
trans—-DDP 167 116 1.5 1/1, 200
[Pt(dien)Cl]Cl 203 100 0.1 l/lO’OOOb
[Pt(en)2]1Cl2 > 2,600 98 0.02%2 < 1/200, 000

2after 4 washings some free compound is still present due to the
large amount injected ; Plimit of detection.

If the fixation of Pt(II) compounds on DNA is responsible
for the various biological activities of these compounds, then
the relative potencies of ¢7s-DDP, trans-DDP and [Pt(dien)C1]Cl
must be a consequence of their modes of binding on the DNA rather
than the stoichiometry of fixation. The objective of this paper
is to determine whether or not the different biological activities
of these compounds are associated with particular deformations of
DNA. To accomplish this goal we will first try to quantitate the
alterations of DNA conformation and stability by these compounds
in vitro at the lowest possible rp. The limit of detection for
most of the physicochemical techniques which will be considered
is rp = 0.005. The level of DNA binding which produces most bio-
logical effects is one or two orders of magnitude less and so we
will emphasize results from studies with 0.005 < rp < 0.05. Since
the kinetics of fixation of these compounds are different and the
amount of platinum bound to DNA will change if side reactions are
possible, we will limit our discussion to physicochemical studies
which have measured the platinum on the DNA. Generally platinum
concentration has been determined by flameless atomic absorption
or by using radioactive 195mPt, both which have a limit of detec-
tion of rp = 1-5x10-6. Secondly, some preliminary results from our
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laboratory concerning the isolation and characterization of the
platinum-DNA adducts formed by these compounds will be presented.
Finally, we will discuss briefly how the observed structures of
the platinum-DNA lesions may be responsible for the altered
structure and stability of DNA <n vitro.

ALTERATIONS OF DNA SECONDARY STRUCTURE AND STABILITY BY Pt(II)
COMPOUNDS, rp < 0.05

Before examining the conformation and stability of the
platinum-DNA complex formed in vitro, it is worth briefly consid-
ering the mechanism of the reaction between Pt(II) chloroammines
and DNA. CZs-[Pt(NH3)2Cly] does not react with DNA but the aquated
forms, [Pt(NH3)2(Hp0)C1]* and [Pt(NH3),(H20)512+, bind covalently
to the polynucleotide (20) and the overall reaction liberates
2 C1™ (21).

[Pt (NH3)2C15]
-c1” +Cl~
1
[Pt (NH3) 2 (Hy0)C1]” —’.:;; [Pt (NH,) ,C1(OH) ]
-c1” ‘ +c1” -c1” ” +c1”
+ +
-3 -H

[Pt (NH3) 5 (H20) 317" == [Pt (NH3) , (Hy0) (0H) 1" S [P (NH3) 2 (0H),]
+H +H

If aqueous solutions of c¢is- or trans-DDP are allowed to equili-
brate, the kinetics of the reactions of these aquated species
with DNA can be measured. Atlow rp the reaction is pseudo-first-
order with respect to platinum concentration. For cis-DDP, the
half-life of the reaction of the diaquo species with 10~4 M DNA
at 25°C, pH = 5-6 is 0.8 min and the monoaquo species, cts- and
trans-[Pt (NH3), (Hy0)C1]} have half-lives of 6 h and 2 h respecti-
vely. The forms [Pt(NH3),C1(OH)] and [Pt(NH3)2(0H)7] do not react
with DNA and cis-[Pt(NH3§2(H20)(OH)]+ reacts with the same kinetics
as the diaquo form (20). However, if freshly dissolved solutions
of platinum compounds are added to the DNA, formation of the
monoaquo species is the rate limiting step (22). Figure 2 shows
the reactions of fresh solutions of the three compounds with DNA
at 37°C. Under these conditions the half-lives of the reactions
were 3.9, 2.5 and 0.65 h for cis-DDP, trans-DDP and [Pt(dien)Cl]Cl
respectively (19).

It has been proposed that Pt(II) compounds bind to DNA in
three different ways, cis-bidentate, trans-bidentate and monoden-
tate, and that the compounds in Figure 1 are representative of
these three classes of binding (23). We will now consider the
effect of the fixation of these compounds Zn vitro,
0.005 € rp € C.05, on the structure and the scability of DNA.
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Figure 2. Kinetics of the reaction between salmon-sperm DNA and cis-DDP (®),
trans-DDP (W), or [Pt(dien)Cl]CI (A ); ri = 0.2.

Aliquots of cis- or trans-DDP were taken at different times and added to a solution of EtdBr.

Fluorescence measurements were performed as previously described (32), and platinum bound

to DNA was determined from standard curve of t» vs. fluorescence. For [Pt(dien)CI]CI, aliquots

were taken at different times, and the reaction was stopped by increasing the Cl- concentration

to 1 M. These samples were then passed through Sepharose-6B columns in order to remove the

unreacted platinum, and the concemralior:i and thedr. of the platinum-DNA complexes were
etermined.
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Fixation of Pt(II) compounds on DNA does not cause chain
breaks. A single chain break in supercoiled PM2 DNA converts the
polymer from a compact closed circular conformation to a relaxed
open circular form. This conformational change is an extremely
sensitive measure of chain scission and it has been used to detect
the nicking of DNA by Pt(II) compounds (24, 25, 26). Table II
shows the percentage of nicked PM2 DNA molecules which were
observed by electron microscopy after fixation of various amounts
of the three platinum compounds on the DNA (25). It can be seen
that below rp = 0.1 none of the compounds cause chain breaks in
the DNA.

TABLE II. RATIOS BETWEEN SUPERCOILED AND NICKED
PM2 DNA MOLECULES IN THE DIFFERENT PLATINUM-DNA
COMPLEXES VISUALIZED BY ELECTRON MICROSCOPY.

Supercoiled Nicked
Compound Ty molecules molecules
' €3] %
DNA 0] 81(78-84) 19
cis-Pt(NH) ,~DNA 1073 78(72-84) 22
10_; 73(69-77) 27
107 78(77-79) 22
10 48(42-54) 52
trans-Pt (NH,) ,-DNA 10 77(75-79) 23
10_2 80(78-82) 20
lO_l 79(76-82) 21
10 82(80-84) 18
Pt (dien)-DNA 1077 82(79-85) 18
lO_2 80(77-83) 20
10_l 78(74-82) 22
10 69(68-70) 31

Values in parentheses give the range. 200 molecules of each
complex were visualized at different places on the grid,

Cis- and trans-DDP but not [Pt (dien)C1]Cl form interstrand
crosslinks. The best characterized of the cis-Pt(NH3)3-DNA lesions
is the interstrand crosslink which has been deduced from the
appearance of high molecular weight DNA in denaturing conditions
(27), enhanced thermal renaturation (22) and a diminished rate of
alkaline elution (28). It is evident from thermal renaturation
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experiments (Figure 3) that e¢is— and trans-DDP, but not
[Pt(dien)C1]Cl1 form interstrand crosslinks permitting the reforma-
tion of the double helical structure of heat-denatured DNA which
is subsequently cooled (25). Recently Roberts (29) has quantitated
the number of interstrand crosslinks formed by cZs-DDP for

1x107° < rp < 5x1074, Exposure of either purified DNA or DNA in
mammalian cells to ¢Zs-DDP for 2 hours produced about 1 crosslink
per 150 bound platinum molecules as determined by the percentage
of high molecular weight DNA observed in alkaline sucrose gradi-
ents. In both cases the crosslinking frequency increased to about
1/30 when the platinum-DNA complex was stored in buffer for

24 hours after treatment. Assuming a crosslinking frequency of
1/30, the data in Figure 3 indicates that a single crosslink per
500-1000 base pairs is necessary for complete renaturation of the
DNA.

Cis- and trans-DDP but not [Pt(dien)Cl]Cl shorten DNA. The
length of PM2 DNA which has been treated by the three compounds
has been measured using electron microscopy (23). This technique
appears to be more sensitive than migration during gel electro-
phoresis which did not change appreciably for ry < 0.05 (30). In
contrast, for ry < 0.05 electron microscopy revealed a linear
relationship between the decrease in the length of PM2 DNA and the
quantity of bound cis- or trans-DDP. Fixation of [Pt(dien)Cl]Cl
did not change the size of the DNA (Figure 4). Judging from the
slopes of the curves in Figure 4, fixation of a single c¢is-DDP
shortened theoDNA by 17 A while each trans-DDP decreased the
length by 10 A. Alterations of the viscosity (25) of DNA as a
function of rp (Figure 5) are remarkably similar to the change in
the length of DNA observed using electron microscopy. The drop in
viscosity is not caused by chain breaks and is consistent with the
hypothesis that these compounds shorten DNA.

Fixation of c¢7s- and trans-DDP, but not [Pt(dien)Cl]C1,
disrupts DNA basestacking. Spectroscopic studies such as UV

hyperchromism and circular dichroism reflect the immediate
environment of the base and are sensitive probes of conformational
changes involving, at most, several nucleic acid bases. Between
0.01 < ry < 0.05 cis-DDP increased the positive CD band of DNA at
270 nm by about 40 Z (Figure 6) unlike trans-DDP and [Pt(dien)CI]Cl
which had no effect (31). UV hyperchromism was not observed after
fixation of any of the three compounds in this range of rp (23).

A more direct measurement of the disruption of base-base
interactions by fixation of these molecules is their ability to
prevent the association of EtdBr with DNA. EtdBr intercalates
between base pairs and the number of intercalated molecules can be
determined using fluorescence spectroscopy (32). CZs- and trans-DDP
each prevented the intercalation of one EtdBr molecule per
platinum bound to DNA while [Pt(dien)Cl]Ci had no effect (Figure 7).
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Figure 3. The percentage of renaturation of cis-DDP (@), trans-DDP (W), and
[Pt(dien)CI]CL(A) at low T.
Platinum-T7 DNA complexes (25 ug/mL) in NaClO, (10 mM) were denatured by raising the

temperature to 100°C and then renatured by decreasing the temperature at a rate of 1°C/min
to 25°C.

% renaturation = (A; — A) X 100/(A; — Ao)

where A, is the absorbance at 260 nm before denaturation, A, is the absorbance at 260 nm corre-

sponding to the maximum of hyperchromicity, and A is the absorbance at 260 nm after
renaturation.
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Figure 4. Shortening of PM2 DNA as a function of 1,. Key: @, cis-DDP; W,
trans-DDP; and A, [Pt(dien)CI]CI.
Nicked circular PM2 DNA (0.02 mg/mL) was incubated in NaClO, (10 mM) with platinum
compounds at 20 °C in the dark for 8 d. After dialysis against NaCIO, (10 mM) and platinum
determination by atomic absorption spectrophotometry, the complexes were absorbed on
carbon-coated copper grids and observed using a Philips 301 electron microscope. The average
length of control DNA (Loxa) and of platinum-DNA complexes (Lora-rt) were determined
from an observation of at least 60 molecules.
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Figure 5. Relative viscosity of sonicated salmon sperm DNA complexed with

cis-DDP (®), trans-DDP (W), or [Pt(dien)CI]Cl (A) vs. 1. The viscosity of the
platinum—-DNA complex is »; the solvent viscosity is no.
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Figure 6. Circular-dichroism spectra of salmon sperm DNA alone and complexed
with &s-DDP (top), trans-DDP (middle), or [Pt(dien)CI]CI (bottom) for r, = 0.05.
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Figure 7. Number of EtdBr binding sites (n) in salmon sperm DNA complexed

with cis-DDP (®), trans-DDP (W), or [Pt(dien)CI]CI (A) at low r,. Scatchard

plots of EtdBr binding to different platinum—-DNA complexes were used to deter-
mine n.
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For rp < 0.0l, c7s-DDP destabilizes DNA while trans-DDP and
[Pt(dien)C1]Cl stabilize DNA. Alteration of the melting tempera-
ture of DNA by fixation of -the three platinum compounds at low ry
is shown in Figure 8. In all cases the changes in Ty were a linear
function of the quantity of bound platinum. For the fixation of 5
platinum per 1000 bases (30 platinum per T7 DNA molecule),
trans-DDP and [Pt(dlen)CI]Cl increased the melting temperature
by 0.7°C and 1.7°C respectively while ¢Zs-DDP decreased the Tp by
1.7°C (25).

Single stranded regions of DNA are not detected for czs-DDP,
trans=DDP or [Pt(dien)Cl]Cl for r; < 0.025. In order to see if
single stranded DNA is formed by the fixation of Pt(II) compounds
on DNA we have measured the nuclease Sl digestion of salmon sperm
DNA which had been treated at low rp by the three compounds in
Figure 1. The reaction was followed by the release of acid soluble
UV absorbing material, limit of detection 1 % digestion. Nuclease
S1 from Aspergillus oryzae did nct digest DNA which had been
treated with any of the compounds below ry = 0.025. At rp = 0,05
eis-DDP but not trans-DDP or [Pt(dien)Cl]Cl induced single
stranded regions which were sensitive to this enzyme. At higher
rp values Sl nuclease was able to partially digest DNA which had
been treated by all three compounds. In all cases the extent of
S1 nuclease digestion increased nonlinearly as a function of ry.
It appears that the formation of single stranded DNA may be a
cooperative phenomenon which requires the participation of several
fixed platinum (33).

Summary. Physicochemical studies of the alteration of DNA
conformation and stability by the fixation of ¢Zs-DDP, trans-DDP
and [Pt(dien)C1l]Cl at 0.005 < rb < 0.05 reveal that each compound
alters the DNA in a characteristic manner. Table III represents
an attempt to quantify these effects for rp = 0.0l.

At this rp, the fixation of ¢7s-DDP excludes one EtdBr
molecule per bound platinum, implying a change in the conformation
which prevents intercalation. Hydrogen bonding between the DNA
strands is weakened, as indicated by the decrease in the melting
temperature of DNA, but it is not weakened sufficiently to produce
single stranded regions which are a substrate for Sl nuclease. ,
Fixation of a single cZs-DDP on DNA shortens the polymer by 17 A.
The shortening of DNA by fixation of cZs-DDP has been attributed
to the formation of microloops caused by a crosslink between two
bases far apart from each other (23). Conceivably, DNA shortening
could be the result of noncovalent charge-charge interactions
between the positive platinum-base adduct and a negative phosphate,
but in this case [Pt(dien)C1]Cl should also shorten the DNA, which
is not observed.
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TABLE III. CHANGES IN THE CONFORMATION
AND STABILITY OF DNA AFTER FIXATION OF
Pt (II) CHLOROAMINES IN VITRO, I, = 0.01.

Compound c1s-DDP trans-DDP  [Pt(dien)Cl]C1l
DNA chain breaks? 0 0 ()
Interstrand crosslinks b

per bound platinum 1/30 ND o

At @ -2.4°C 1.3°C 3.3°C

Sl sensitive single

stranded DNAd 0 ) 0

DNA shortening

(A/Pt)e 17 10 0
EtdBr/Ptt 1 1 0

a. ref. 25 ; b. ref. 29, 0.00005 £ rp < O0.0004 ; c. ref. 25,
0.001 € rp < 0.0l ; d. ref. 33, r, < 0.025 ; e. ref. 23 ;
f. number of excluded EtdBr molecules per bound platinum, ref. 32.

Fixation of trans-DDP on DNA at rp = 0,0l also prevents the
intercalation of an equimolar quantity of EtdBr. As in the case
of the c7s isomer, bidentate complexation at two sites on comple-
mentary bases or between well separated bases could account for
the formation of interstrand crosslinks and microloops respective-
ly. However, unlike cis-DDP, the trans isomer stabilizes rather
than destabilizes the DNA at low r;. Trans-DDP also stabilizes
PolyI : PolyC and, in this case, the stabilization was decreased
by increasing the ionic strength (34) implying that charge-charge
interactions are likely ﬁesponsiblz_for the stabilization. Trans-
DDP binds to yeast tRNAF by a covalent bond at N’ guanine and
hydrogen bonds between an ammine ligand and a phosphate group (35).
Hence, charge-charge interactions, hydrogen bonds or water bridges
(34) may be responsible for the stability of the trans-DDP-DNA
complex relative to DNA at low rp.

Fixation of [Pt(dien)C1]Cl does not cause crosslinks or micro-
loops because this compound can not make a bidentate complex with
DNA. Below rp = O.1 the Pt(dien)-DNA complex is more stable than
DNA, probably because of charge-charge interactions or hydrogen
bonds between the platinum complex and adjacent nucleotides.

It is worth noting that the alterations of DNA conformation
and stability for rp = 0.0l which have just been described are
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Figure 8. The melting-temperature variations of platinum-T7 DNA complexes

at low ry (AT, = T of the complex — T,, of DNA). Key: @, cis-DDP; |, trans-

DDP; and A, [Pt(dien)Cl]Cl. Melting curves of platinum-T7 DNA complexes (25

ug/mL) in NaClO, (10 mM) were recorded by measuring the hyperchromicity at

260 nm. The rate of temperature increase was 1 °C/min. In these conditions T7
DNA had a T, 0f 73.0 = 0.2 °C.
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based on certain physicochemical parameters, such as DNA length,
EtdBr intercalation and melting temperature, which appear to be
linear functions of the amount of bound platinum from rp = 0.05 to
rp = 0.005, the limit of detection. In the next section we shall
see that no new platinum-DNA adducts are formed between

0.0005 < rp, < 0.1. Hence, it seems likely that the changes in DNA
structure and stability which have been observed for rp = 0.0l
(Table III) are also present at lower levels of platinum binding.

STRUCTURES OF THE PLATINUM-DNA ADDUCTS

Spectroscopic and crystallographic studies of platinum-base
complexes give some insight into the reactivity of the platinum
compounds and their possible binding sites on DNA. The reactions
of the different nucleosides or nucleotides with the chloro and
aquo derivatives of c¢is- and trans-DDP have been studied by UV
spectroscopy (36), raman difference spectrophotometry (37) and
high pressure 1iquid chromatography (38). For both chloro isomers,
the rates of the reactions with various nucleic acid monomers
show the following trend : GMP > AMP > CMP and dG > dA > dC >> T,
The dichloro and diaquo derivatives react slowly with thymidine
and UMP (37) or not at all (38, 39).

The stoichiometry of the platinum-base complex depends on the
Pt:base ratio and also on the pH. For instance, it has been shown
that the cis-diaquo species reacts with adenine, adenosine and AMP
to give 1:1, 1:2 and 2:1 (Pt:base) complexes. Similar results have
been observed for the trans isomer except that the 1:2 complexes
with adenosine and AMP were not formed (40). The diaquo and
dichloro species of cis- and trans-DDP bind to GMP and dGMP to
give 1:1 and 1:2 complexes as shown by raman spectroscopy (41) and
NMR (42). C'is--[Pt(NH3)2(H20)2]2+ forms a 1:2 complex with cytidine
or uridine at acid pH whereas under neutral conditions the 1:1l
complex is formed (43). It also reacts with GpG and GpC forming
a bidentate complex with the two bases (44).

The platinum binding sites on nucleic acid bases have been
elucidated by x-ray crystallography (45, 46, 47), NMR (37, 43, 48,
49) and raman spectroscopy (37, 41, 43). The reported sites of
fixation of cis-DDP are the N/ of guanosine, AMP, GMP and GpG
(37, 41, 44, 45, 49) and the N3 of CMP and cytidine (43, 47).
Trans-DDP forms mono and bis complexes with 5'-GMP at N/ for
ri = 1 and at Nl and N7 at pH > 9 for r; = 2 (41). It also reacts
at N! and N7 of adenosine and at N3 of cytidine (39). The only
crystal structure (35) reported for a trans-DDP base complex is
the structure of yeast tRNA in which platinum is bound to N7 of
guanine 34. Hydrogen bonds were observed between one of the ammine
groups and 00 of the same base and between the other ammine and
the three oxygen atoms belonging to the 5'-phosphate of this nu-
cleotide. The main binding sites of [Pt(dien)Cl]Cl complexed with
nucleosides and nucleotides as shown by x-ray crystallography and
NMR are the N/ position of guanine (46, 48), N7 and N! of adenine
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(48, 49, s51), N3 of cytosine (48, 51) and N3 of thymidine (49, 52).
No ev1dence for binding at the phosphate group has yet been dem-
onstrated even with a large excess of [Pt(dien)Cl]C1 (48) . Judging
from NMR results, [Pt(dien)Cl]Cl gives three types of complexes
with_adenosine or 5'-AMP corresgondlng to binding at N/, at Nl or
at N7 and N! simultaneously ; N/ is the kinetically preferred
binding site (48 5D).

GC base pairs appear to be the preferred site of fixation of
platinum(II) compounds on DNA. This conclusion is supported by
three types of arguments. First, the rate of fixation of cZs-DDP
to DNA is correlated with its GC content (53) Hence, if 27s-DDP
is mixed with two DNAs of different GC content, it will fix
preferentially to the DNA with hlghest percentage of guanine (54
55). Second, the quantity of purine bases which have not reacted
with platlnum can be determined by means of paper chromatography
of the depurinated platlnum-DNA complex. This experiment shows
that ¢Zs-DDP reacts with guanine before it binds to adenine (56).
Finally, raman spectroscopy of platinumDNA complexes reveals
that fresh aqueous solutions of ¢is-DDP react preferentially
with guanine at rj = 0.2 and also with adenine at rj = 0.4 whereas
no reaction with cytosine or thymine was observed 3n.

Isolation and preliminary characterization of the platinum-
DNA adducts.Recently we have developped a method to separate the
platinum-DNA adducts (Z.e., complexes formed on DNA between the
platinum compound and one or two bases) from the DNA (57). since
the purpose of this experiment was to determine the structure of
these adducts, it seemed important not to modify them during the
isolation. Enzymatic digestion, such as has been used to cut
alkylated bases from DNA (58) might be the gentlest technlque but
there is increasing evidence that the platinum-DNA lesion is
resistant to nuclease digestion (59, 60, 61). Alkylated purines
detach spontaneously from damaged DNA (58 62), but heating the
platinum-DNA complex formed by the three complexes in Figure 1
did not release platinum. In fact, we have recently observed that,
unlike alkylating agents, f1xat10n of a platinum on the N/ posi-
tion of guanosine stabilizes the bond between the sugar and the
base (63).

For these reasons we have used depurinating conditions
(15 min, 100°C, 90 % HCOOH) which separated adenine, guanine and
the platlnumrDNA adducts from apurinic acid. These products were
resolved by high voltage paper e1ectrophores1s at pH 2. The paper
was cut into | cm strips which were eluted in water and the pro-
file of platinum concentration was determined by flameless atomic
absorption. Under these conditions, the apurinic acid migrated
toward the positive electrode while the purine bases and the
adducts migrated toward the negative electrode. For all three
compounds, less than 10 % of the platinum was detected on the
apurinic acid, even at rp = 0.4. The electrophoresis profiles of
hydrolysed platinum-DNA complexes formed by cZs-DDP, trans-DDP and
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[Pt(dien)Cl1]Cl at rp = 0.1 are shown in Figure 9. Subsequent paper
chromatography of the major peaks gave a single UV absorbing spot
which contained platinum. This evidence suggests that each major
peak in Figure 9 represents a single platinum-base(s) complex
(57). The structures of several of these complexes have been
determined.

[Pt(dien)C1]Cl. We have first investigated the Pt(dien)-DNA
adducts because monofunctional fixation of platinum on DNA was
expected to be simpler than bidentate fixation. In addition,
complexes of [Pt(dien)Cl1]Cl with nucleic acid bases which could
serve as model compounds for the identification of the Pt(dien)-DNA
adducts have been previously synthesized and well characterized.

Hydrolysis of DNA which had been reacted with [Pt(dien)C1l]Cl
at 0.0005 € r;, < 0.1 liberated a single product which migrated
26 cm (Figure 9). Above this rp a second peak at 30 cm became
apparent and a small peak near 34 cm was observed at 0.3 £ rp<0.4.
Paper chromatography revealed that each peak contained a single
product. The material in each peak was eluted in water and its UV
absorption was measured. Each adduct was then reacted with thiou-
rea to displace the platinum from the base which was subsequently
identified. The sites of platinum fixation were determined by
comparison of the UV spectra, mass spectra and electrophoretic
and chromatographic mobility of the adducts with hydrolysed
[Pt (dien) (nucleoside)]4* complexes of known structure.

The results support the following mechanism for the reaction
of [Pt(dien)Cl]Cl with DNA Zn vitro. The platinum compound binds
exclusively to N’/ of guanine below r, = 0.1. Above this r_ it
also fixes at N/ of adenine. Above rp = 0.3 denaturation of the
DNA exposes the N! position of adenine and [Pt(dien)]7A, with
fixation at Nl and N7, is formed (63).

Cis-DDP. The electrophoresis profile of ¢is-DDP-DNA, rp = 0.1,
had platinum—containing peaks which migrated 2, 14, 23 and 27 cm
toward the negative electrode (Figure 9). At rp = 0.4 a fifth peak
appeared at 32 cm. The relative intensity of the material at 14 cm
remained constant within experimental error from rp = 0.006 to 0.4.
In contrast, the relative sizes of the peaks at 23 cm(I) and
27 cm(II) varied from approximately equal intensities for
0.1 < rp <0.4 to a ratio of I/II = 3.5 + 1 at rp = 0.0005, the
limit of detection for these peaks (57).

The two major peaks of the platinum profile each contained a
single product judging by paper chromatography. Reaction of the
eluted material with thiourea released guanine from both adducts.
Hydrolysis of cis-[Pt(NH3)2(dG)2]2+ in which the platinum is
complexed at the N/ of two guanine bases (45, 50), gave platinum-
containing peaks which migrated 14 and 23 cm (Figure 9). Paper
chromatography revealed that the material in these peaks had the
sameRf as that found in the corresponding cZs-DDP-DNA hydrolysis
products. Hence, the material at 14 and 23 cm in Figure 9 appears
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Figure 9. Electrophoresis profiles of DNA treated with cis-DDP (top), trans-DDP

(middle), and [P(dien)CI]CI (bottom). Key: —, hydrolyzed platinum—-DNA com-

plex, 1, = 0.1; and ———, hydrolyzed platinum—-DNA complex isolated from

treated E. coli, r, = 0.0005 (intensity X 2). The origin is at zero and the abscissa

is the distance migrated toward the negative electrode after 45 min of electro-
phoresis at 100 mA (7000 V).
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to come from the acid hydrolysis of cis-[Pt(NH3)2(dG)2]2+. The
peaks at 27 and 32 cm have not yet been identified.

Trans-DDP. For the hydrolysed trans-DDP-DNA complex, rp = 0.1,
the electrophoresis profile had peaks at 3, 14, 19 and 23 cm
(Figure 9) whose relative intensities did not change between
rp = 0.003, the limit of detection of the peak at 23 cm, and
rp = 0.3. Above this rp a peak near 26 cm appeared (57). Experi-
ments are in progress to determine the structures of the adducts
which correspond to the peaks of the electrophoresis profile.

Platinum-DNA adducts Zn vZvo. In order to compare the adducts
formed by these compounds with DNA Zn vivo and in vitro, DNA was
isolated from E. col? which had been treated with either cis-DDP
or [Pt(dien)Cl]Cl. After hydrolysis and electrophoresis, all of
the platinum from the DNA of E. coli which had been treated with
cie-DDP remained at the origin while adducts from bacteria
treated with [Pt(dien)C1]Cl migrated about 10 cm (Figure 9). Simi-
lar results were obtained for DNA isolated from L1210 leukemia
cells which had been treated with [Pt(dien)C1]Cl in culture (57).

Recent immunochemical studies have shown that antibodies
against the cis-Pt (NH3),-DNA complex formed in vitro do not recog-
nize the platinum-DNA complex isolated from rats which have been
treated with c?e-DDP (64). The present results show that the plat-
inum-DNA adducts isolated from treated bacteria and mammalian
cells do not give the same electrophoresis patterns after acid
hydrolysis as the corresponding adducts formed in vitro. It seems
that, 7n vivo, some of the modes of fixation of platinum compounds
to DNA may be different than those found Zn vitro.

In summary, the preliminary structures of the platinum-DNA
adducts indicate that, in DNA, [Pt(dien)C1]Cl and eZs-DDP both
bind to the N7 position of guanine. In the case of [Pt(dien)Cl]Cl,
this adduct is the only detectable mode of fixation below
rp = 0.1. CZs-DDP forms two guanine-containing adducts with DNA
at rp = 0.0005. One of these appears to be cis-[Pt(NH3)5(dG)2]12+
which was present at 3.5 + | times the concentration of the other
adduct at this rp. The structure of the second adduct has not yet
been determined. In the next section we will briefly consider how
each of these lesions might cause the alteration of DNA structure
and stability which have been observed (Table III).

HOW THE OBSERVED PLATINUM-DNA ADDUCTS MIGHT ALTER DNA CONFORMATION

AND STABILITY IN VITRO

Fixation of platinum compounds at the N’/ position of guanine
labilizes the proton at NI. Table IV summarizes the changes in pK

of the guanine N! proton upon fixation of e¢Zs-DDP, trans-DDP or
[Pt(dien)C1]C1l at the N7 position. The decrease in the pK of the
N! proton is comparable for the fixation of [Pt(dien)Cl]Cl, for
the 5'-GMP : trans-DDP complexes and for the 2:1 5'-GMP : cis-DDP
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complex, but only c¢Zs-DDP destabilizes the DNA (Table III). Fixa-
tion of platinum at N/ of guanine may not sufficiently change the
hydrogen bonding with the complementary cytosine to destabilize
the DNA.

Unusual base pairing has been observed in the crystal struc-
ture of a platinum-guanosine complex and it has been suggested
that fixation of platinum at N7 may labilize the N! proton and
thereby cause mispairing during DNA replication (68) which would
lead to mutations. This hypothesis seems unlikely since the pK of
[7-methylguanosine]* and [Pt(dien)G]2+ are significantly lower
than for guanosine, but [7-methylguanosinel* does not cause
mispairing (69) and [Pt(dien)Cl]Cl is, at best, a very weak muta-
gen (70).

TABLE IV. VARIATION OF THE pK OF THE GUANINE
N! PROTON BY FIXATION OF PLATINUM(II)
COMPOUNDS AT THE N7 POSITION.

Compound A pK Reference
cis=[Pt(NHy) ,(5'~GHP) 17 - 0.3 41
cis-[Pt(NH,), (6p6) 1" - 1.3 44
cis-[Pt (NH,) , (9-ELG) (1-MeC) 12* - 1.6° 66
cis=[Pt (NH,) , (5'~GMP) (H,0) 1" - 2.8%d 41
. 2- b
trans-[Pt(NH,) ,(5'~GMP) ] - 0.6 41
trans-[Pt (NH,) ,(5'~GMP) (H,0)1* - 1.0° 41
. + [
[7-methylguanosine] - 2.1 67
[Pt(dien)c]?* -1.2° 63

a. raman spectroscopy ; b. ultraviolet absorption ; c. NMR ;
d. precipitation for 5 < pH < 7.5.

It has been previously suggested that chelation of c¢Zs-DDP
on positions N’ and 06 of guanine might labilize the N! proton
sufficiently to induce mispairing and base pair substitution
mutations (9). Such a complex might also be responsible for the
destabilization of DNA at low rp which was observed for c¢is-DDP
but not for trans-DDP or [Pt(dien)Cl]Cl.
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Fixation of platinum compounds at N7 position of guanine sta-
bilizes the glycosyl linkage. Methylation of the N7 position
of guanine labilizes the glycosyl linkage (62) and the spontane-
ously created apurinic sites on DNA in vZvo can be recognized and
repaired by a specific endonuclease (71). In addition, the loss
of a purine base could lead to a single strand break in the DNA.
For these reasons we have investigated the influence of platinum
at the N’ position of guanosine on the stability of the glycosyl
linkage. + 24
Guanosine, [7-methylguanosine] and [Pt(dien)G]”~ were reac-
ted at 37°C in 1 M HCl and the hydrolysis of the glycosyl bond
was followed by changes in the UV absorbance. The reaction was
first order with half-lives of 11.5 *+ 1 h for guanosine, 8.5 £+ 1 h
for [7-methylguanosine]* and 135 + 25 h for [Pt(dien)GICl2. Simi-
larly, the half-life for the hydrolysis of the glycosyl linkage of
dG and [Pt(dien)dG]Cl2 were about 4 min and 2,5 h respectively.
These results indicate that, unlike alkylating agents, fixation of
platinum at the N’ position of guanine nucleosides stabilizes the
bond between the sugar and the base (55).

There may be a simple explanation for the different behavior
of the alkyl group and the glatinum compound. In the case of
[7-methylguanosine]*, the N/ position carries a formal 1+ charge
which, judging from resonance structures, can be delocalized to
the N§ position. In contrast, the 2+ charge of the platinum com-
plex is shared by the four nitrogen atoms which bind to the dsp2
orbitals of the platinum. Hence, in the case of alkylation the
positive charge may reside on the imidazole ring and destabilize
the glycosyl linkage while for platination, the charge would be
delocalized on the platinum moiety.

Does fixation of platinum(II) chloroamines on DNA in vitro
labilize the amine ligands ? Fixation of cis-DDP on l-methylcyto-
sine rearranges the platinum complex to form a trans isomer which
indicates fixation on a base may labilize the NH, ligand (72). It
has been proposed that fixation of ¢Zs-DDP on a eterocyclic
nitrogen atom of DNA may liberate NHj by means of the trans effect
(73, 74). Such an eventuality would permit this platinum compound
to bind to DNA by 3 or 4 sites and consequently introduce a number
of adducts in DNA which might not be found in reactions with iso-
lated nucleic acid bases. Although the reaction of ecis-
[Pt[14C](en)Cly] with nucleic acid bases does not liberate
[l4clen (75), a different mode of binding in DNA might weaken the
platinum-nitrogen bond to a greater extent.

For this reason we synthesized cis—[Pt[l4C](en)Clz] (76) and
measured the [14C] and Pt on the DNA. For rp = 0.1, 2091 * 82 and
2127 * 76 cpm were found on the DNA before and after exhaustive
dialysis of the reaction mixture, respectively. Hence, fixation
of [Pt(en)Clg] (which is an active antitumor agent (17)) on DNA
in vitro does not labilize the ethylenediamine ligand. In the
absence of published studies on the lability of NH3 ligand of
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platinum chloroammines fixed on DNA, perhaps these results may be
cautiously extrapolated to c¢is-DDP.

Fixation of [Pt(dien)C1]Cl at N’G favors the B —» Z conforma-
tional transition. At rp = 0.05 [Pt(dien)C1]Cl, but not cis- or

trans-DDP, favors the B —s» Z transition of poly(dG-dC)
poly(dG—dC) Monofunctional fixation of platlnum at the N7 might
favor the syn conformation of guanine which is found in Z DNA (77).

Cis-DDP may form intrastrand crosslinks and microloops. Pre-
liminary characterization of the mode of fixation of cZs-DDP on
DNA indicates the formation of cZs-[Pt(NH3)2(dG)2]2+ which appears
to be the major adduct at rp = 0.0005. For 0.1 < rp < 0.3 this
adduct represents 47 * 7 7 of the platinum fixed on the DNA (57).
Such an adduct may be a result of intrastrand crosslinks between
adjacent guanine bases (54, 55). However, no more than 0.04 Pt/DNA
nucleotide can be fixed on adjacent guanine bases (78) in salmon
sperm DNA. Hence, cZs-DDP likely forms bis-complexes with non-
nearest neighbor guanine bases. Such complexes may be implicated
in the formation of microloops (23) or guanine separated by one
or more bases such as in GAG or GCG sequences a9).

A HYPOTHESIS CONCERNING THE MECHANISM OF THE REACTION BETWEEN

CIS-DDP AND DNA.

Recent evidence suggests that, in vitro and in vivo, the
formation of interstrand crosslinks proceeds by two steps in which
the attachment of the two strands of DNA occurs much slower than
the initial fixation of platinum on DNA (29). Similarly, the for-
mation of intrastrand crosslinks in vitro appears to occur in two
steps (80). This mechanism of reaction implies the initial forma-
tion of a reactive intermediate which subsequently could make
either interstrand crosslinks, intrastrand crosslinks or perhaps
microloops (23) depending on whether it reacted with the base
complementary to the initial site of fixation, the nearest neighbor
base or with a base farther away.

Several ;arguments suggest that covalent binding of
cis-Pt(NH3)2 - at the N/ position of guanine and fixation at 06
(either through a water bridge, a hydroxyl group or by direct
Pt-06 coordination) would be an attractive candidate for
this intermediate. The N7 position of guanine is apparently the
initial site of fixation for the cZs-DDP-DNA adduct whose struc-
ture has been determined. A second metastable bond between 06 and
the platinum moiety might reasonably delay the crosslinking reac-
tion of ¢is-DDP. Liberation of the N! proton in the N7-06 complex
has been previously suggested to account for the mutagenicity of
cis-DDP (9). Zwelling (this symposium) reports that thiourea
s1mu1taneous1y inhibits mutagenicity and the formation of cross-
links in mammalian cells. It may be that thiourea replaces the
Pt-00 linkage with a platinum-sulfur bond thereby depleting this
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metastable intermediate which is necessary for both mutagenicity
and crosslink formation.

Abbreviations. DDP = [Pt(NH3)2Cl2] ; dien = diethylenetriamine,

(NHZ-CH2-CH2)2NH ; en = ethylenediamine, (NH2-CHj)2 ; EtdBr =
ethidium bromide, 3-8-diamino-6-phenyl-5-ethylphenanthridinium
bromide ; rj = molar ratio Pt introduced/DNA nucleotide ; rp =
number of Pt covalently bound/DNA nucleotide ; T, = temperature
at which DNA is half denatured ; i.p. = intraperitoneal.
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Model for the Interaction of cis-Diamminedi-
chloroplatinum(II) with SimianVirus 40 DNA

WILLIAM M. SCOVELL, LEE R. KROOS!, and VINCENT J. CAPPONI

Bowling Green State University, Department of Chemistry,
Bowling Green, OH 43403

Physico-chemical and nuclease probes which are
sensitive to modifications of DNA clearly indicate
that both cis- and trans-PtCly(NH3)3 bind to (G+C)
rich regions of DNA, although they exhibit different
modes of binding. Both electrophoretic profiles of
PtCl,(NH3)y treated SV40 DNA and the extent of S1
nuclease digestions on the modified DNAs emphasize
that the isomers exert different effects on DNA
structure. However, the isomers are comparable in
inhibiting site specific cleavage by a particular
restriction enzyme, with the relative inhibition for
a series of five restriction endonucleases paralleling
the number and relative position of guanines in and
adjacent to the recognition site. These data suggest
that the Bgl 1 site, which is in the regulatory region
of the SV40 genome, is a hyper-reactive site to
PtCly(NH3)3 binding. This may be directly related to
the impairment of biological functions of SV40 virus
in infected cells by cis-DDP treatment.

Perhaps the two most prominent differences between cis- and
trans-DDPt are the (1) geometrically different structures and (2)
the therapeutic efficacy of cis-DDP as an anti-neoplastic agent,
while trans-DDP is inactive (1,2,3). The chemotherapeutic action
of cis-DDP is thought to result from a direct covalent binding to
DNA, which manifests selective inhibition of DNA synthesis, both
in vitro and in vivo (4,5,6). Notwithstanding that both isomers
may form a number and variety of different DNA or DNA-protein
crosslinked adducts, only one or more of the cis-DDP adducts is
responsible for the desired therapeutic effects. This signifi-
cant difference must be related, in part, to the different
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stereochemical bonding constraints inherent in the isomeric
structures. With this in mind, we have felt that it is essential
to compare the effect that both cis- and trans-DDP binding exerts
on DNA or chromatin structure and/or function. Although both
isomers are expected to bind preferentially to (G+C) rich regions
of DNA (7,8,2) and may bind monofunctionally or produce inter-
strand crosslinks (10,11), a mode of binding to DNA which is
stereochemically unique to cis-DDP involves an intrastrand cross-
link to adjacent guanines on native DNA or to other nucleotide
bases (G,A or C) in denatured regions. Stone et al (9) origi-
nally offered the former proposal and a number of recent findings
are consistent with it (12-16).

As with similar biological problems, a major dichotomy sur-
faces in defining a biological system in which one attempts to
relate the chemical interactions in the genome to the impairment
of biological function. Ideally this system would not only be of
sufficient simplicity to make this goal within reach, but on the
other hand, complex enough to be of relevance in human
(eukaryotic) cells.

We have therefore focused much of our efforts on comparing
the effect that cis- and trans-DDP exerts on SV40 DNA and the
SV40 minichromosome. In this communication, we shall summarize
recent findings from our laboratory which help to shape a working
model for discerning how cis- and trans-DDP binding may modify
the DNA structure and therefore disrupt the normal biological
functions of SV40 virus.

The SV40 Genome

As a result of an intensive effort in the last decade, the
oncogenic animal virus, simian virus 40 (SV40), is perhaps one
of the most widely used models for studies on the molecular mech-
anisms of gene expression and regulation in eukaryotic cells (17,
18,19). There is good reason for its popularity. The small DNA
genome, shown schematically in Figure 1, is entirely sequenced
(5,243 b.p.) (20,21,22) contains only five known genes (denoted t,
T, VP1, VP2, and VP3) and a regulatory region (shown stippled),
the locations of which have been precisely mapped (17,18, 19).
The location of cleavage sites (in map units) for the restriction
endonucleases Bgl 1, Kpn I, Hpa II, Eco RI and Bam HI, all of
which cut SV40 DNA at a single, unique site, are shown in the
circular SV40 map. The temporal order of viral gene expression
in a lytic infection is divided into the "early" and "late"
regions. Replication is initiated at the origin of replication
(Ori) at about 0.66 (23) and proceeds bidirectionally to ter-
minate at approximately 0.17. T antigen is synthesized early and
then its site specific binding to DNA at 0.66 is thought to be
involved in both control of further T antigen transcription and
the initiation of viral DNA synthesis (24), the latter of which
proceeds at the same time that the "late" genes are expressed.
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Figure 1. Schematic representation of SV40 genome indicating the locations of
principal features (19).
The genome is represented as a circle with the origin of replication (Ori) at the top (See !(ef. 63
for details about the origin of DNA replication). Restriction endonuclease cutting sites are
shown for Bgl 1, Kpn I, Hpa I, Eco RI, and Bam HI with Eco RI at 0/1.0. The genome is
divided into coding sequences for the early genes (large T, small t) and the late genes (VPI,
VP2, and VP3). Shaded arcs with arrowheads indicate coding positions of mRNA molecules with
arrowheads pointing in the 5' - 3’ direction. The stippled area contains the regulatory region
of the genome.
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Of particular note for our purposes, Kutinova et al (25)
have reported that in SV40 infected African green monkey kidney
cells, cis-DDP inhibits SV40 replication and the production of
the late proteins, while exhibiting no observable effect on T
antigen production.

Cis-DDP Unwinds SV40 DNA Twice As Effectively As Trans-DDP (15)

The binding of a variety of molecules, ions, or biomacromo-
lecules to DNA is known to change the local structure of DNA
(26,27,28). Gel electrophoresis provides a sensitive method to
monitor such alterations in tertiary structure in supercoiled
(c3s) DNA since the mobility of the DNA is proportional to the
absolute number of supercoils, || (29). Figure 2 shows
generally that binding to DNA may produce structural changes
which result in the unwinding of the DNA backbone. As increasing
amounts of molecules or ions bind to the DNA, the negative super-
coils are unwound until the intact relaxed form (ASK =0,% =0) is
produced. On further binding, the DNA usually unwinds further
to the positively supercoiled form.

Figure 3 outlines the experimental protocol for this aspect
of the study, together with that for the subsequent investigation
with restriction endonucleases. The time dependent effect of
trans-DDP binding on the electrophoretic mobility of supercoiled
and nicked SV40 DNA is shown in Figure 4a (15). Four obser-
vations are of primary interest. The trans-DDP binds to and
unwinds c3s DNA. At low levels of binding, there is little or no
decrease in the mobility of c3s DNa indicating very little effect
on unwinding of the DNA or altering its tertiary structure. A
decreased mobility is apparent at ca. 3 hours. The intact
relaxed form of DNA is observed at 24 hours, its mobility being
coincident with that of nicked DNA. Under these reaction con-
ditions, and at elevated (trans-DDP/DNA(N)) mole ratios 4 times
greater, there was no evidence that trans-DDP unwound the DNA
further to a positively supercoiled form.

The electrophoretic profile for the cis-DDP reaction under
identical conditions is compared in Figure 4b. Three aspects of
the profile reveal differences between the effect that cis- and
trans-DDP exert on the structure of SV40 DNA. The cis-DDP binds
to and unwinds the supercoiled DNA to the intact relaxed form in
ca. 6 hours, a factor of 4 times faster than the trans-DDP. At
24 hours, the mobility of the DNA has reversed and is now greater
than that of the intact relaxed form, indicative of formation of
the positively supercoiled form. As noted above, the electro-
phoretic pattern indicates that trans-DDP binding cannot unwind
the DNA to a similar extent. BAnalysis of the rate of DDP binding
to DNA as measured by the atomic absorption of bound Pt indicates
that cis-DDP binds to DNA slightly faster than trans-DDP. At the
point of the intact relaxed form, the (DDP/DNA(N)) mole ratios
for cis- and trans-DDP are 0.08 and 0.15, respectively. These
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Negatively ‘C“S DNA Relaxed C* DNA Positively C*S DNA

Figure 2. Schematic representation of the unwinding of negatively supercoiled

DNA caused by the binding of increasing amounts of drugs (dark circles). In the

unwinding process, the topological linking number («) remains invariant while the

number of supercoils (r) changes. The DNA is shaded also to denote different
degrees of superhelicity.
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INTERACTION OF CIS- AND TRANS-DDP WITH SV40 DNA

Effect of the Covalent Binding on:
1. Effective Unwinding of DNA

2. Cleavage by Restriction Endoaucleases

1.
(DDP + SV40 DNA) tx » Gel Electrophoresis
of DNA
(Figure 4 and 5)
2. tx, Spot Dialysis

(DDP-SV40 DNA)

tx, Restriction Endonuclease

v

Gel Electrophoresis of Linear DNA Fragments
(Figure 7)

Figure 3. Experimental protocols: Path 1 is used to compare the relative influence

of cis- and trans-DDP binding on unwinding c’s SV40 DNA (15). Path 2 is used

to determine the relative distribution of cis- and trans-DDP at specific sites in the
SV 40 genome (16).
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Figure 4. Electrophoretic profile of supercoiled (S) and nicked (N)
SV40 DNA incubated with trans-DDP (top) and cis-DDP (bottom)
both at [DDP/DNA(N)]incubatca = 1.0 for various times at 25 °C.
The outermost lanes contain control (C) SV40 DNA after incubation
for 0 min (left) and 24 h (right). Lanes 2-13 contain DNA reacted
with trans-DDP or cis-DDP for times (left to right) of 0, 3, 10, 20,
30, 50, and 85 min and 2, 3, 6, 12, and 24 h. (Reproduced with
permission from Ref. 15. Copyright 1982, Academic Press.)
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ratios indicate that the cis-DDP is twice as effective as

trans-DDP in unwinding the DNA to the intact relaxed form.

Possibly the most significant difference between the binding
characteristics of the two isomers is observed at very short
reaction times, which corresponds to very low levels of DDP
binding. We find that whereas the mobility of the trans-DDP
modified DNA exhibits very little decrease in mobility at t® 0
(i.e., mix DDP with DNA and freeze immediately), the cis-DDP
modified DNA, on the other hand, has a comparatively large
decrease in mobility. This latter effect is more clearly evident
in Figure 5 which compares the mobilities of the cis- and
trans-DDP modified DNAs for the first 30 minutes of reaction.
Although the cis-DDP binding reduces the DNA mobility at t®0,
the mobility of the trans-DDP modified DNA is not comparably
reduced until at least 30 minutes. Clearly the pronounced dif-
ference at low levels of binding, perhaps a factor of 50 or more
as expressed by the different mobilities, indicates that the cis-
and trans-DDP isomers exhibit different modes of binding, while
the overall electrophoretic profile for the reaction is con-
sistent with a difference persisting at all ry levels. Although
we are unable to quantitate the amount of DDP bound at these very
short reaction times, we estimate the (DDP/DNA(N)) mole ratio to
be probably ca. 5 x 104, which is equivalent to only a few DDP
bound to the SV40 genome.

These findings do not agree with those of Cohen et al (30)
who have reported that the binding of cis- or trans-DDP to pSMI
DNA produced essentially identical unwinding of the DNA. The
results presented here clearly demonstrate a number of well
defined differences in the manner in which these isomers alter
the tertiary structure and unwind SV40 DNA. Although further
work is required to resolve the factors responsible for the dif-
ferences in the two studies, we can report that results (not
shown) similar to those with SV40 DNA are observed using ¢x174RF
DNA.

Of the modes of binding which the cis-DDP may exhibit, the
monodentate binding would be expected to produce unwinding of the
DNA comparable to that of the trans-DDP. However, the
intrastrand crosslinking of cis-DDP to adjacent guanines, a mode
of binding stereochemically unique to the cis-DDP isomer, and
which could explain why cis-DDP unwinds the SV40 DNA twice as
effectively as does trans-DDP, should be regarded as a primary
candidate for producing this effect. While this cannot be
regarded as a unique interpretation of the data, a number of stu-
dies support it (12-16). Another binding mode which cannot be
rigorously excluded, the cis-DDP chelation at 0-6 and N-7 on
guanine, is a possibility, but there are no studies which we feel
currently substantiate it. The "cis-DDP pinching” of the DNA
backbone, as a result of forming the intrastrand crosslink to
adjacent guanines, may be expected to exert a pronounced
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Figure 5. Comparative electrophoretic profile of supercoiled (S) and
nicked (N) SV40 DNA incubated with cis- and trans-DDP both at
[DDP/DNA(N)]incubatea = 1.0 for short reaction times at 25 °C. The
outer lanes contain control (C) SV40 DNA at 0 min (left) and 30 min
(right). Lane 2 and even-numbered lanes contain trans-DDP modified
DNA, while lane 3 and odd-numbered lanes contain_similarly cis-
DDP modified DNA for reaction times of 0, 3, 7, 12, 20, and 30 min.
(Reproduced with permission from Ref. 15. Copyright 1982, Aca-
demic Press.)
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influence on unwinding the phosphodiester backbone and also in
producing locally denatured regions which would enhance the
effective unwinding process. Since the trans-DDP is expected to
exhibit primarily monodentate or monofunctional binding, it would
not be as effective in altering the DNA structure.

Cis-DDP Binding to DNA Stimulates Greater Levels of S1 Nuclease
Digestion Than Does Trans-DDP (31)

A number of endonucleases exhibit a specificity for
digesting single-stranded regions in DNA (32). The utility of
these nucleases, including S1 nuclease from Aspergillus oryzae
(33), stems from their capability to recognize and excise modifi-
cations of DNA which induce local single-stranded segments.
Although single base pair mismatches are not recognized (34,35),
perturbations in structure produced by pyrimidine dimers (36,37),
carcinogens (38,39), cis-DDP (40), other drugs (41,42) or the
inherent torsional strain in supercoiled DNAs (44) stimulate S1
digestion.

Figure 6 compares the effect of cis- and trans-DDP modified
calf thymus DNA in stimulating S1 nuclease digestion (31). These
data, together with results with other DNAs at lower ry, values,
consistently show that cis-DDP binding produces a greater level
of DNA digestion than does trans-DDP at the same r} values.

This is consistent with the proposal that cis-DDP intrastrand
crosslinks to guanines will "pinch" the DNA strand and result in
disruption of the complementary base pairing interaction. This
locally denatured region is then recognized and cut by S1
nuclease. Trans-DDP modification of DNA produces less recogni-
zable modifications to DNA structure, with the percent acid
soluble DNA produced being 3-5 times less than that for com-
parable levels of bound cis-DDP. Likewise, the data at ry, levels
greater than 0.05 indicate that the S1 digestion levels produced
on cis-DDP modified DNA are not obtained on trans-DDP modified
DNA until the ry, values are twice as great.

Both probes used to monitor structural changes in DDP-
modified DNA - (1) the mobility of c3s DNA in gel electrophoresis
and (2) S1 nuclease sensitivity - clearly and consistently indi-
cate differences in the mode of binding for the cis- and
trans-DDP isomers.

Relative Distribution of Cis- and Trans-DDP Binding in the SV40
Genome. (16)

Examination of SV40 DNA, which is 58% (A+T), reveals that
the most (G+C) rich region in the genome, which is locally
greater than 55% (G+C), is within the region responsible for the
regulation of gene expression (0.66 - 0.74 on the physical map)
(20,21). since DDP exhibits a binding preference for (G+C) rich
regions and cis-DDP disrupts viral replication and the production
of selected proteins, it was of interest to determine the rela-
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Figure 6. SI nuclease digestion of cis-DDP (O) and trans-DDP (/) modified
calf thymus DNA as a function of r,. (Reproduced with permission from Ref. 16.
Copyright 1982, Academic Press.)

Digestions were carried out on DNA samples that were reacted with various levels of DDP

samples for 10 h at 37 °C, spin dialyzed, and then digested for 35 min at 37 °C with 90 u/mL

of SI nuclease. The assay procedure of Vogt (64) was used with the percent acid solubility
determined by the As, reading and assuming a 41% hyperchromicity (31).
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tive distribution of bound DDP within or about specific locations
in the SV40 genome by monitoring the relative cleavage inhibition
of site specific restriction endonucleases, (R.E.). The analysis
assumes that DDP binding within or immediately adjacent to the
recognition site will modulate the sequence specific protein-DNA
interaction and thereby inhibit the subsequent cleavage of the
DNA.

The DNA is initially reacted with DDP, spot dialyzed and
then sufficient R.E. (Figure 3) is added to just completely
cleave an equivalent amount of ummodified DNA. Figure 7 shows
the electrophoretic pattern observed after reaction of the
modified DNA with Bgl 1, Bam HI, Hpa II, Kpn I and Eco RI,
respectively. Figure 1 identifies the location of the cleavage
site for each R.E. in SV40 DNA. The recognition sequences for
each R.E. plus a 10 base pair sequence on each side is shown in
Figure 8. A comparison of the band intensities in each lane of
the gel (Figure 7) shows that although the extents of inhibition
produced by DDP binding differ greatly for the five R.E.s, there
is little or no difference between the effect cis- and trans—DDP
b:.nding to DI DNA exerts on any one R.E. Similar results were
obtained a at incubated [DDP/DNA(N)] mole ratios of 0.2 and 0.05.
The relative band intensities indicate that the inhibition of
cleavage produced by either DDP isomer follows the order:

Bgl 1¥,Bam HI > Hpa II, Kpn I > Eco RI

Previous studies have led to predictions (7) and have shown
experimentally (7,8) that DDP binds preferentially to guanines
and therefore to (G+C) regions in DNA. Since support for this is
derived from both the determination of conditional formation
constants and kinetic measurements (7,44), it is expected that
this is the primary DNA modification responsible for the cleavage
inhibition. However, further studies by Stone et al with
poly(dG) .poly(dC) and poly(dG-dC) showed there was a striking
base sequence effect on the binding reaction (9). In fact, it
was this unusually strong cis-DDP binding in poly(dG).poly(dcC)
that stimulated the proposal that this isomer may form
intrastrand crosslinks to GpG units on the poly(dG) strand. This
mode of binding, of course, would be stereochemically impossible
for the trans-DDP to duplicate. In light of these arguments, and
after consideration of the nucleotide sequence within and adja-
cent to the R.E. recognition sequence, a number of additional
conclusions may be drawn with regard to the nature of DDP inhibi-
tion of endonuclease activity.

The observed order of cleavage inhibition for these R.E.s
does not parallel the % (G+C) content within the recognition
sequence as shown in Table I. The most obvious discrepancies are
with Hpa II and Bam HI. The Hpa II R.E. is only moderately inhi-
bited although the recognition sequence is 100% (G+C), while Bam
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Figure 7. Cleavage of cis- and trans-DDP modified SV40 DNA by restriction
endonucleases that cut at a single unique site. (Reproduced with permission from
Ref. 16. Copyright 1982, Academic Press.)

Lane 1 shows the mobility of nicked (N) and supercoiled (S) forms of SV40 DNA. Lanes
2-6 contain SV40 DNA cleaved with Bam HI, Eco RI, Bgl 1, Hpa II, and Kpn I, respectively.
These controls demonstrate complete cleavage to the linear (L) form. Lanes 7-11 contain
SV40 DNA [9.0 X 105 M DNA(N)] that was reacted with cis-DDP (1.8 X 10 M) for 3
h at 25 °C, spot dialyzed, and then cleaved with the restriction enzyme. The order is the
same as in the control series. Lanes 12-16 contain SV40 DNA reacted similarly with trans-DDP
followed by cleavage with restriction enzymes in the same order as controls.

grasses
L1 ESIEAS

ECO RI

HPA I

KPN |

Figure 8. Cleavage sites in SV40 DN A for restriction endonucleases.

The recognition sequence plus 10 base pairs on each side is shown for. Bam HI, Bgl 1, Eco RI,
Hpa 11, and Kpn I. The base pairs ial in the recognition seq are underlined with a
solid line. Note that the central five-base-pair sequence for Bgl 1 underlined with a broken
line is not an essential sequence (22). Sequences of two or more adj t guani re sh

stippled. The vertical lines within the recognition sequence designate the cutting sites (16).
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HI is greatly inhibited, yet with only a 67% (G+C) content in the
recognition sequence. We have therefore considered these sequen-
ces plus 5-10 base pairs on either side as important in this
sequence specific protein-DNA interaction. This seems reasonable
in that, although the influence of DDP binding on DNA structure
is not expected to be long range, its influence will most likely
extend well beyond its immediate site of binding. Therefore, DDP
binding to nucleotides immediately adjacent to the recognition
sequence or cleavage sites may modulate the extent of cleavage.
Focusing on these larger base pair segments, the cleavage inhibi-
tion produced by DDP binding to nucleotides parallels the number
and the relative position of the guanines in the sequence. We
find that adjacent guanines enhance the inhibition effect more so
than non-adjacent guanines, with the inhibition being signifi-
cantly greater if the number of adjacent guanines is more than
two. For example, Bam HI, which is inhibited comparably to Bgl 1,
has a sequence with fewer guanines (13 to 21), fewer adjacent
guanine clusters (3 to 7), but has one nucleotide tract of four
adjacent guanines, while the largest guanine tract occurring in
the Bgl 1 site is two. This latter effect appears responsible
for DDP binding producing a comparable inhibition of Bgl 1 and
Bam HI cleavage, although the % (G+C) contents in the nucleotide
sequences differ significantly. Base pairs in and about the
recognition sequences which have one or more adjacent guanines
are shown stippled in Figure 8. Our findings are consistent with
those of Kelman and Buchbinder (45) and Ushay et al (46) to the
extent that both previous reports find that cis-DDP binding to A
DNA and pBR322 DNA, respectively, inhibits Bam HI cleavage. In
both studies, however, no comparison of the cleavage inhibition
with trans-DDP was carried out.

TABLE I. Percentage of (G+C) Content in and Within 10 Base Pairs
of the Restriction Endonuclease Recognition Sequence

Restric- Location % (G+C) Content —
tion Endo on Map Recognition Recognition
nuclease Sequence Sequence + 10 b.p.
Bgl 1 «660 921 m
Bam HI - 143 67 50
Hpa II «726 100 74
Kpn I 716 67 50
Eco RI 1.0/0 33 42
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In addition, a similar examination with the R.E. Hind III (6
cleavage sites in SV40 DNA) shows differential cleavage inhibi-
tion at the six sites as a result of cis-and trans-DDP binding
(16). This analysis adds further support that the inclusion of
the 5-10 base pairs adjacent to the recognition sequence is
necessary to explain the inhibition effect. Our finding that
sequences of adjacent guanines in or immediately adjacent to the
recognition-sequence enhance the inhibition effect agrees with
Cohen et al (12) who found that cis-DDP binding on pSMI DNA pro-
duced preferential inhibition at only one of the four Pst I
sites, presumably because the modified site was the only one with
a (dG)4(dC)4 cluster adjacent to it. However, in contrast to
our findings that both DDP isomers produce comparable inhibition
on a restriction enzyme, for all six restriction enzymes studied,
Cohen et al (12) report that the preferential inhibition at one
of the four Pst I sites is unique to cis-DDP binding and is not
observed with trans-DDP.

The studies presented in this work highlight the fact that
different probes used to monitor DNA structure may exhibit very
different sensitivities to the modification of interest. For
example, both the electrophoretic mobility study with c3s sv40
DNA and the S1 nuclease digestion on DNA clearly bring out dif-
ferences in the cis- and trans-DDP modified DNA. Both these pro-
bes are sensitive to, and, in this case, reveal differences in
the mode of binding of the two isomers. However, we find that
for a particular restriction endonuclease, little or no differen-
ces are observed between the cleavage inhibition on the modified
DNAs. The endonucleases used in this study, therefore, appear to
be less sensitive to the mode of binding used and are influenced
predominantly by the local physical coverage of DDP at or adja-
cent to the recognition sequence. We have found this same effect
to occur with a more general nuclease, DNAase I, which digests
both cis- and trans-modified DNA with equal ease (47).

Segments of the Regqulatory Region of the SV40 Genome Are Hyper—
reactive Toward DDP Binding

The relative order of cleavage inhibition for the five
single cut restriction endonucleases studied suggests the regula-
tory region, and specifically the sequences in and about the Bgl
1 and perhaps the Bam HI recognition sequences, are hyper-
reactive sites to DDP binding in the genome. Further studies,
however, may reveal that these are but two of a number of such
sites. These two sequences correspond to the site at or near the
origin of replication and the general region at which DNA repli-
cation terminates, respectively (17,23,48). Beard et al. (49)
have recently reported that the ultimate carcinogen, N-acetoxy-
acetylaminofluorene (AAAF), which binds almost entirely to guani-
nes in DNA, reacts preferentially with the control region in
intracellular SV40 minichromosome. Our findings with DDP, taken
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together with that for AAAF, would suggest that agents which
bind preferentially to guanines may exhibit a preference for
binding in the regulatory region in SV40 DNA and the minichromo-
some. It is of particular importance to consider of what rele-
vance these findings on DNA are when extended to the minichromo-
some since this would be the actual cellular target of interest.
In this regard, a number of laboratories using electron
microscopy (50,51), digestions with nucleases (52-55), including
Bgl 1, have found that the region in or about the origin of
replication is topologically exposed, nucleosome free (56) and
encompasses sequences critical to gene expression and regulation
(17,19,57,58,59). This gapped region of about 400 bps extends
from about the Bgl 1 site to the Hpa II site and is apparent at
the top of Figure 9 which shows an electron micrograph of the
SV40 minichromosome. This structural characteristic of a frac-
tion of the minichromosomes may enhance the reactivity of this
site to exogenous small molecules, with the expectation being
that this would be especially true for many molecules exhibiting
a preference for (G+C) rich regions.

Since it has been shown here that DDP binding inhibits a
particular class of sequence specific protein-DNA interactions
and that the SV40 DNA cleavage by Bgl 1 is most inhibited, it
might be expected that other site specific protein-DNA interac-
tions in or about the origin of replication may be modulated by
DDP binding. Relevant to this point and possibly of some connec-
tion between the preferential binding affinity of DDP at the Bgl
1 recognition sequence and the reported influence of cis-DDP on
intracellular SV40 viral functions (25), it is intriguing to spe-
culate how cis-DDP binding may influence the binding of T-antigen
to its specific binding sites at or near the Bgl 1 recognition
sequence (60,61,62). As noted above, the site specific binding
of T antigen to DNA is involved in both the autoregulation of T
antigen transcription and is required for the initiation of viral
DNA synthesis (17,18,19). Tjian (60) has shown that the T anti-
gen related protein D2 binds specifically to three distinct and
closely spaced recognition sequences at and within 60-70.base
pairs of the Bgl 1 site. T-antigen binding site II, which is at
the Bgl 1 recognition sequence, is entirely contained within the
currently known boundaries of the origin of replication (23)e In
addition, methylation studies on the D2 protein-DNA complex
revealed that a majority of the guanines, many of which occur in
clusters of two or three in the three binding sites, are shielded
from methylation and therefore thought to be involved in criti-
cally important contracts in the regulatory interaction. The
results of Shalloway (62), who used E. coli Exonuclease III to
probe the T-antigen binding site, support Tjian's conclusions,
but also reveal additional binding sites in the same general
region vwhich include the 6 times reiterated sequence G3-4CGaPuj.
Collectively, these results emphasize the importance of this
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Figure 9. Electron micrograph of an SV40 minichromosome that shows a stretch

of the genome devoid of nucleosomes. This gap has been mapped from the Bgl 1

site 1o about 0.74 on the physical map. The nucleosomes appear as white circular

clusters along the circular DNA. (Reproduced with permission from Ref. 50. Copy-
right 1980, Massachusetts Institute of Technology.)
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(G+C) rich region of the genome and the importance and involve-
ment of close, well-defined contacts of the guanines in DNA in
regulatory interactions with T antigen. Therefore, any molecule
which disrupts or weakens this sequence specific T-antigen-DNA
interaction may be expected to have an influence on developmental
functions of the virus. Although the detailed nature of cis-DDP
and trans-DDP binding to this or other parts of the genome and
the influence that the isomers may exert on SV40 viral gene
expression is now speculative, there are a number of testable
predictions which should help to understand the most salient
features which relate DDP binding to the impairment of selected
biological functions.

Conclusions

1. Cis-DDP unwinds SV40 DNA twice as effectively as trans-DDP
(15).

2. Cis-DDP disrupts the structure of DNA to a greater degree
than does trans-DDP as measured by the greater stimulation
of S1 nuclease digestion on cis-DDP modified DNA (31).

3. These data indicate that of the modes of binding that the
cis- and trans-DDP exhibit, the cis-DDP exhibits a mode of
binding which is different than that for trans-DDP and is
responsible for the more effective unwinding of the DNA
backbone and for the greater disruption of DNA structure
resulting in S1 nuclease sensitivity. A bidentate mode of
binding by cis-DDP to form either (1) an intrastrand
crosslink to adjacent guanines or possibly (2) an N-7, 0-6
chelate complex with guanine may explain our observations.
Current evidence more strongly supports proposal (1).

4. The region of the Bgl 1 site on SV40 DNA is a hyper-reactive
site for both cis- and trans-DDP binding (16). This is within
the regulatory region of SV40 virus and may be one of the
primary lesions directly responsible for the impairment of
viral replication and transcription in SV40 infected African
green monkey kidney cells.

*Legend of Symbols: DDP, PtCly(NH3)p; c3s DNA, covalently,
closed, circular supercoiled DNA; b.p., base pairs; DNA(N), DNA
concentration expressed in molarity of nucleotides by using 1
0.D. = 50 4 g DNA/ml; rp, mole ratio of DDP bound to DNA
nucleotide; Pu, purine base; 4 , the number of supercoils in the
DNA; - the topological linking number for DNA.
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The stoichiometric reactions of nine oxy and deoxy
guanlne and/or cytosine contalnlng dinucleotides with
cis - [Pt(NH3)2(H20),] (NO3), (10-% - 5 x 10~* M) in water
‘give monomeric platinum dinucleotide chelates in every case.
The complexes have been isolated by HPLC and characterized
by 'H NMR and CD analyses. GpG, d-GpG and d-pGpG
give a single N7- N7 anti-anti complex. CpC and d-pCpC
give a single N3-N3 syn-anti complex. CpG and d-pCpG
g1ve a mixture of N3-N7 C anti-G anti and C syn-Gant:l.
isomers in equilibrium. GpC and d- - pGpC give two couples
of N7-N3 isomers: G syn-C anti, Gsyn-C s syn(in equi-
librium) and G anti-C anti, G G anti-C syn . The results
obtained point to a particular chelating aptitude of the
anti - anti GG sequence. Accordingly, the stoichiometric
reaction of the hexanucleotide d - TpGpGpCpCpA with the
platinum complex gives quantitatively the GN7-GN7 chelate.
These results are in favor of the hypothesis of platinum
intrastrand cross-linking of adjacent guanines in DNA.

The mechanism of the cytotoxic action of the cis - diammine -
d1chloroplat1num (II) complex (c1s-DDP) is still unknown but there
is much evidence indicating that DNA is the main target in a
variety of biological systems (1). Three hypotheses are being
considered that imply a bifunctional coordination of the cis -

PtII(NH;), moiety to DNA: interstrand cross-linking 2, 4),
intrastrand cross-linking (5, 6) and N(7) - 0(6) chelauon of a
guanine (7 8). The last two b1nd1ng modes could be a first step
followed by further cross-linking reactions (6,8). Intrastrand
cross-linking appears to be involved in the inactivating lesions
produced by cis-DDP in phage ADNA (9). Data obtained from
platinum coordination to nucleotides (10 11, 12) oligonucleotides
(13, 14, 15) and polynucleotldes 3, 6) suggest t that cross-linking
of two adJacent guanines could be a favored process. However,
platinum chelation by adjacent inosines seems to be a minor event

0097-6156/83/0209-0125$06.25/0
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for the interaction of cis-DDP with poly-I and poly-I . poly-C
(16). It has been shown ‘that cis-DDP , at low platlnum/nucleotide
ratios, selectively inhibits the activity of several restriction
endo - and exo - nucleases when their cutting sites are adjacent to
(dG)p - (dC),, sequences with n > 2 . This demonstrates the
sequence specificity of the binding of cis-DDP to DNA 17, 18,
19). GAG and GCG sequences also appear ar to be selectively
involved in base - pair substitution mutagenesis and this suggests
the possibility of platinum chelation by two guanines separated by
a third base (20).

The aim of our work was to investigate, from a chemical point
of view, the possibility of 1ntrastrand cross-linking of two
adjacent bases by the c1s-Pt I(NH;), moiety. The simplest models
to test this chelation are the dinucleotides. It is known that
platinum binding to DNA increases with the Z%(G+C) content (21,22)
and we have therefore investigated the following dinucleotides :
GpG, d-GpG, d-pGpG (14, 23); CpG, d-pCpG ; GpC, d - pGpC and
CpC, d-pCpC. Preliminary results have also been obtained with the
hexanucleotide d - TpGpGpCpCpA .

Expenimental

The dinucleotides were commercial (either ammonium salt or
free acid), the hexanucleotide was synthesized by Drs. J. Igolen
and T. Huynh-Dinh (Unité de Chimie Organique, Institut Pasteur,
Paris).

The stoichiometric reactions, 1:1 cis-[Pt(NH3)2(H20)2](N03)2/
oligonucleotide were run at 10-5M to 5 x 10~"*M concentration
(V2 mg of oligonucleotide) at pH v 5.5 and 37°C, in doubly
distilled water. In these conditions the diaquo and monoaquomono-
hydroxy species are predominant (pK; = 5.51, pK, = 7.37) and there
is no significant dimerisation of the latter (24). In each case
comparative reactions have been run with cis - [ Pt(NH3),Cl,] in the
same conditions. The reactions were monitored by UV and HPLC
and the reaction products were analysed by Sephadex chromatography
(14), high pressure gel permeation chromatography and HPLC on a
Waters C 18 U-Bondapak (reverse phase) column (14, 23).

The !H NMR spectra were recorded on a Cameca TSN 250
(250 MHz, Nicolet 1180 computer) or on a WM 400 Bruker (400 MHz,
Aspect 2000) spectrometer (14, 23). The concentrations of the
samples were 5 x 10=% to ~ 10-3M in D,0 . Chemical shifts are
referred to internal DSS (sodium 4,4 - dimethyl - 4 - silapentane -

1 - sulfonate) or TSP (sodium 3 - trimethylsilyl-2, 2, 3, 3 dy -

1 - propionate). The CD spectra were recorded on a Jobln Yvon
Mark III. The Ae(el, - €R, M-! . em~!) are given per nucleotide
residue. The molar extinction coefficients of the complexes were
determined from the ratio of the optical densities of the oligo-
nucleotide solution before and after incubation with the Pt(II)
complex, assuming that no concentration change had occurred. When a
mixture of complexes is formed, only a mean extinction coefficient
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is obtained by this procedure; this mean value has been used for
the different isomers separated by HPLC .

Analysis of the Reactions

The reactions run either with Eig-[Pt(Nﬁg)z(HZO)z](NOg)zor
cis - [Pt(NH3)2Cly ] gave the same complexes or mixtures of .
complexes. Those with the dichloro complex were slower, e.g. the
second order rate constant for the disappearance of GpC is about
ten times smaller for the dichloro (v 1 x 10° h~! M~!) than for
the diaquo reaction.

UV and HPLC monitoring of the reactions run with the diaquo
complex show that the presence of a free 5'- phosphate increases
the rate of disappearance of the dinucleotide (23). In some cases
this acceleration allowed us to detect the formation of an inter-
mediate by HPLC , that is more slowly converted to the final
complex(es). Such intermediates can also be seen for reactions run
at higher concentration (10-2M) but together with the formation of
new products (further investigations are in progress). For all the
dinucleotides studied: GpG, d - GpG, d - pGpG, CpG, d - pCpG, GpC,

d - pGpC, CpC, d - pCpC , there were no unreacted starting material
at the end of the stoichiometric reactions with

cis- [Pt(NH3)2(H20)2](NO3), . We still have to collect precise
comparative kinetic data for the different cases, however we can
say that the diguanosine phosphates give the fastest overall
reactions, whereas the dicytosine phosphates give the slowest. For
example, for CpC 2.5 x 10-*M, the final platinum chelate appears
after 6 hours and the reaction is complete after about one week,
while for CpG 1.5 x 10-*M the formation of the chelates is over
after 17 hours.

HPLC analysis of the products respectively exhibits one peak
for the GG dinucleotides, two peaks for the CG dinucleotides,
three peaks for the GC dinucleotides and one peak for the CC
dinucleotides. In each case these peaks represent at least 957 of
the overall product. Sephadex and gel permeation chromatographies
show that the complexes formed are monomeric. In the CG cases
the two complexes equilibrate after HPLC separation, as do the
two complexes corresponding to peaks 1 and 3 (elution order) in
the GC cases.

Assignment of the PLatinum Coorndination Sites

The possible coordination sites of the studied dinucleotides
are guanine N7(G-N7), guanine NI and cytosine N3 (C-N3) (25).
In our conditions (stoichiometry of the reaction and pH) G-NI
coordination is very unlikely (l11). For several 5' - GMP mono or
bis complexes, N7 coordination induces a characteristic
0.4-0.7 ppm downfield shift of the H8 in o position (26, 27,1D.
It is very likely that, in solution the cis-bis (nucleotide)
PtII complexes have the two purines in a head-to-tail arrangement
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(12, 28). Platinum coordination to C-N3 of Cyd and 5'-CMP
gives smaller downfield shifts of the H6 and H5 signals,
respectively 0.11-0.28 and 0.12-0.26 ppm (27, 29). In most
cases, for the platinum- nucleotide comglexes, one cannot observe,
at high magnetic fields, the expected !° Pt -!H coupling constants
because of a dominant. °° Pt chemical shift anisotropy relaxation
(30). - Platinum coordination is easily demonstrated by the dis-
appearance of the free dinucleotide characteristic N7 and/or N3
titration curves observed for the variation of the H8 and H5
chemical shifts as a function of pH (5'-GMP-N7 pKy = 2.4 ,
5'-CMP-N3 pK, = 4.3). For the free dinucleotides, the downfield
shifts obtained upon acidification down to pD2 are "~ 0.9 ppm for
G-H8 in GpG (23) GpC and CpG and respectively ~ 0.35 ppm
for C-H5 and ~ 0.25 ppm for C-H6 in GpC and CpG). For
all the platinum dinucleotide complexes containing a guanine, the
curves of the variation of the H8 chemical shifts versus pD
exhibit a titration of the NHI (pK, 8-8.7) that rules out a
platinum coordination to G- Nl. Another consequence of G- N7
coordination is usually an acceleration of the H8 deuterium
exchange with D20 at basic pD (11). Such an acceleration occurs
for the GG complexes (23) but is s not observed for several isamers
of the CG and GC complexes at 37°C, probably because of neigh-
boring effects. For all the platinum- dinucleotide complexes
studied, the assignment of the coordination sites leads to the
conclusion that they are platinum chelates, N7-N7 for the GG
series (14, 23), N3-N7 for the CG series, N7-N3 for the GC
series and N3-N3 for the CC series. The stoichiometric
reaction of [Pt(dien)Br] Br with CpG and GpC gives only the
G- N7 monocoordinated complex in each case.

Assignments of the Base Congigurations and Sugar Conformations

These assignments are made by 'H NMR according to well

‘documented analyses of nucleotides (31) and ollgonucleotldes

(32, 33, 34). The identification of the 5'-sugar is based on the
TP-"1H coupling observed for its 3'-proton. The relative
rigidity of the platinum dinucleotide chelates and the fact that we
have isolated most of the different isomers, facilitate the assign-
ment of the syn or anti configuration to the bases (syn and
anti respectively correspond to ¥ = 0 * 90° and X =180 + 90°
with X = 0(4") C(1') N(9) C(4) for purines and 0(4")C(1')N(1)C(2)
for pyrimidines (31)) and of the conformation type to the sugar
rings.

GpG, d - GpG and d - pGpG Platinum Complexes. Only one complex
is obtained for each dinucleotide. The comparative 'H NMR data are
collected in Table I . The anti-anti configuration has been
previously assigned to these three complexes (23) on the basis of
the following results: - a - The comparison of the 3'- and
5' -H8 deuterium exchange rates in D,0 (pD 10) with those of the
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H8 of cis-bis(Guo) and cis-bis(5'-GMP) platinum complexes,
and the comparison of the variation of the 3'-and 5'-H8 chemical
shifts vs.pD, show that both H8 protons of d-pGpG [Pt] experience
the proximity of the free 5' - phosphate. The 5'-G-H8 is more
slowly exchanged and much more sensitive to the 5' - phosphate
titration (35). - b - The absence of a significant increase of the
T, relaxation time of the two HI' protons of GpG [Pt] after the
complete deuterium exchange of the two H8 protons, excludes a
guanine syn configuration (36).

The absence of one HI'- H2' coupling constant for the
GpG [Pt] and d- pGpG [ Pt] complexes (as well as for IpI [Pt] and
ApA [Pt] (14)) has also been reported and taken as evidence for
an N- type conformation (31) of one furanose ring, supposed to be
the 5'- one from examination of the CPK models (23).

CpG and d - pCpG Platinum Complexes. In each case two isomers,
1 (~vI57) and 2 (v85%Z) in the HPLC® elution order, are obtained

that equilibrate after separation at room temperature. The 400 MHz
'H NMR spectrum of their mlxture is presented on Figure 1 for the
CpG case. The comparative ly NMR data of the oxy and deoxy
isomers are collected in Table II together with those of the G- N7
monocoordinated complex [Pt(dien)(CpG)] Br, . Like in the GG
series, there is an overall similarity between the CpG and the
d - pCpG complexes.

We assign the C anti- G anti configuration to isomers 1l and
the C syn-G anti configuration to the more abundant isomers 2
on the basis of the following results: - a - For the CpG [Pt]-2
isomer there is a nuclear Overhauser enhancement of about 107
between the C-H6 and C-HI' protons. The T; relaxation time
of these protons is 0.2s at 17°C and 250 MHz, while that of the
C-H6 and C-HI' of the CpG[Pt] - 1 isomer is 0.6s . - b - For
CpG[Pt] - 2 the C-HI' experlences a 0.4 ppm upfield shift,
compared to its chemical shift in CpG , that is accompanied by a
0.8 ppm downfield shift of the corresponding H3' . Such shifts
are not observed for CpG [Pt] - 1 . These data respectively
support C anti and C syn conf1gurat1ons for the 1 and 2
isomers (38-4I). - ¢ - For the d-pCpG[Pt] - 2 isomer, upfield
and downfield shifts of C-HI' and C-H3' are also observed.
- d - For the two d—pCpG [Pt] complexes only the C-H6 chemical
shift of the ] isomer is sensitive to the titration of the free
5' -phosphate (AS + 0.2 ppm with pH 1ncrease) (35). - e - For
both isomers, in the oxy series, there is no NOE between G-H8
and G-HI'. The T, relaxation times, at 17°C and 250 MHz, for
isomers 1 and 2 are respectively 0.6 and 0.5s for G- H8
and 0.6s for both G-HI'. This is evidence for a G- anti
configuration in both ] and 2 isomers. Examination of CPK
models suggests that the smaller downfield shifts of G-H8 in
the oxy and deoxy isomers ] , compared to those in isomers 2,
could be related to the ring current effect of the adjacent anti
cytosine.
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HDO
Gs C4v+ Gsv+ 5"
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A | ] L 1. I 1 1 . L
85 80 I [ 60 55 50 45 40

Figure 1. 'H-NMR spectrum (400 MHz) of the mixture of the CpG[Pt]-1 and -2
isomers (15:85). Isomer 1 data are underlined. Conditions: 103 M in D;O at 15 °C.
Chemical shifts are in ppm from TSP.
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For the |1 and 2 isomers of the oxy complex, the absence of
C-HI'H2' coupling shows that the 5'-ribose adopts an N - type
conformation (C3'- endo) while the 3'-ribose has a predominantly
S - type conformation (42). For the deoxy isomers the (Jf 7 + J! ")
values show that the 5' - and 3'-sugar conformations are respect-
ively predominantly of the N-and S- type (42).

GpC and d - pGpC Platinum Complexes. In each case a mixture of
isomers is obtained which can be separated into three fractions by
HPLC (numbered 1, 2, 3 in the elution order). Fractions 1 and 3
contain only one complex each, respectively 1 and 3 . These
complexes equilibrate after HPLC separation. This equilibration
is slow enough to allow independent spectroscopic investigations of
isomers ] and 3 after collection at low temperature. Fraction 2
contains two isomers 23 and 2b . For GpC , the GpC [Pt] - 2a
isomer represents about 95% of fraction 2 ('H NMR), and the three
main complexes GpC [Pt] - 1 , - 3 and - 2a are about in 1:1:1
ratios. For d-pGpC the four isomers d-pGpC [Pt] -1 , -3,-2a
and - 2b are in ca. 40:10:25:25 ratios. Their comparative
'H NMR data are collected in Table III, together with those of
the G-N7 monocoordinated complex [Pt(dien)(GpC)] Br, . Like in
the GG and CG series, there is an overall similarity between
the GpC and the d-pGpC complexes in spite of different
proportions of the isomers.

We assign the G syn-C anti and G syn-C syn configurations
to isomers 1 and 3 on the basis of the following results:

- a - For the cytosine of GpC [Pt] - 3 , one observes a positive
NOE ( > 10%Z) between C-H6 and C-HI', a 0.6 ppm upfield shift
of C-HI', and a 0.75 ppm downfield shift of C-H2' . These
features are not observed for GpC [Pt] - 1 and are characteristic
of a C syn configuration for the 3 isomer. - b - Similar
chemical shift data are obtained for the cytosines in the corres-
ponding complexes of the deoxy series. Moreover, while both H5
and H6 cytosine protons of d-pGpC [Pt] - 3 are insensitive to
the 5'- phosphate titration, the C-H5 of the 1 isomer exhibits
a small sensitivity in agreement with its C anti configuration.
- ¢-For GpC[Pt] - 1 a positive NOE is observed between
G-H8 and G-HI' that supports a G syn configuration. A small
NOE for the 3 isomer requires further confirmation. Moreover
none of the H8 of d-pGpC[Pt] - 1 and 3 is directly
sensitive to the 5'- phosphate titration, supporting a G syn
configuration for both isomers.

For the couple of isomers of fraction 2 , we assign the
G anti-C anti configuration to isomer 23 and the G anti-C syn
configuration to isomer 2b on the basis of the following data :

- a- For GpC[Pt] - 2a , there is no NOE between G-H8 and
G-Hl' and between C-H6 and C-HI' . This suggeSts a G anti
configuration and, together with the C-HI', - H2' and - H3'
chemical shifts, a C anti configuration. The latter should
contribute to the large downfield shift of C-H5 because in the

In Platinum, Gold, and Other Metal Chemotherapeutic Agents; Lippard, S.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



Publication Date: January 26, 1983 | doi: 10.1021/bk-1983-0209.ch006

6. CHOTTARD ET AL. Pt-Oligonucleotide Structures 135

complex this proton does not experience anymore the influence of
the guanine ring current. A similar shift is observed for the
C-H5 of d-pGpC[Pt] - 2a , enhanced by the prox1m1ty of the
5'- phosphate. In the deoxy ser1es, the 2a/2b assignment is based
on the similarity between the lH NMR data of the oxy and deoxy
- 2a complexes. - b - For d-pGpC [Pt] - 2a and - 2b the
G-HS8 protons are sensitive to the 5'-phosphate titration
(A6 v 0.2 - 0.3 ppm) and this supports an anti configuration of the
guanines. Moreover the C-H5 of 2a is the only other proton to
be sensitive to this titration (AS ~ 0.15 ppm) and this confirms
the C anti configuration of this isomer. The CPK models show
that among all the possible configurations of d-pGpC[Pt] ,
G anti -C anti is the only one that can bring the C-H5 in the
vicinity of the free 5'- phosphate. - ¢ - The complete configura-
tion assignment to the 2b isomers is more difficult because of
the few data available for the oxy complex and because of signal
overlapplng between the sugar protons of the non separable 2a and
2b deoxy isomers. For d-pGpC[Pt] - 2b , the upfleld shift of
C-H6 is in favor of a C syn conflguratlon, but is not accompanied
by the expected upfield shift of C-HI', however one sees a
strongly deshielded H3' (5.07 ppm). We assign the G anti-C syn
configuration to the GpC [Pt] - and d-pGpC [Pt] - 2b isomers,
because of the previous assignments to the 1 , 3 and 2a isomers.
In the GpC [Pt] -1, -3 and - 2a isomers, the 5'-riboses
adopt an N- type conformation (C3' - endo) characteristic of the
platinum chelation. To the 3' - riboses corresponds an equilibrium
between type S- and type N- conformers (42). The 3'-riboses can
be considered as ~ 40% 2E for 1 and 3 , and v 60% 2E for
2a in the simplified 2E s % descrlptlon (32). It is note-
worthy that even the d-pGpC [Pt] - 1 and - 3 isomers present
an N- type conformation of the 5'-sugar Ty 2,+ Jyy on = 7 Hz) which
is usually less favored in the deoxy series (41, 42).

CpC and d - pCpC Platinum Complexes. Only one complex is
obtained from each dinucleotide. Their comparative 'H NMR data
are collected in Table IV. Each complex contains both a syn and an
anti cytosine, the former being characterized by the upfield shifts

of the related HI' and H6 . From the sugar protons assignment,

based on the 5' - cytosine- H3' coupling with the bridging phos-
phorus atom, the upfield shifted Hl' is a 5'-C-HI' . Therefore
the syn cytosine is identified as Cp in CpC [Pt] and pCp in
d-pCpC [Pt] . For the oxy complex there is no NOE between
pC-HI' and - H6 , however the effect between the corresponding
Cp protons is not significant enough to confirm the syn configura-
tion of the 5'-cytosine. For the d-pCpC [Pt] complex only the
3' -cytosine - H6 and - H5 protons are sensitive to the

5' - phosphate titration (A8 respectively + 0.17 and 0.08) in
agreement with a pC- anti configuration. From these data we
tentatively assign the 5'-C syn-3'-C anti configuration to
both CpC [Pt] and d-pCpC [Pt] complexes .
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In CpC [Pt] both the 5'- and 3'- riboses adopt an N- type
conformation. For the deoxy complex the N- type predominates for
the 5'- sugar and-the S-type for the 3'- sugar.

CD analyses o4 the Dinucleotide Complexes

The CD spectra of the three diguanosine phosphate complexes
have been reported recently (23) and present a common character-
istic feature. At neutral and acidic pHs there is a broad posi-
tive band in the 275-290 nm region instead of the negative band
that is always present for the free and protonated dinucleotides.
This change appears characteristic of the stacking of the anti
guanines within the N7-N7 chelates. The observed spectra are
different from those reported for solutions of GpG plus Zn2%+
and Cu?* (45) and from those of the cis~- bis(nucleotide)complexes,
[Pt(tn) (5'- GMP);]2~ and [Pt(tn)(5'- dGMP)g]z- (46), which
possess a head-to-tail arrangement of the purines (12 28) . For the
CG- and GC- platinum complexes, the CD spectra of the different

syn anti isomers are reported on Figure 2 , together with those of

the corresponding free dinucleotides. The spectra of the dinucleo-
tides all show a positive composite band with a maximum around
270-280 nm and a negative composite band with a minimum around

230 nm. Upon platinum chelation an enhancement of the CD spectra

is noticeable for the CG complexes whereas it is accompanied by a
striking signal inversion for the GC complexes. The separated syn
and anti isomers do show distinct CD spectra and these character-
istic spectra give an excellent confirmation of the correspondance
between the different oxy and deoxy isomers, for the CG and GC
series, revealed by their 'H NMR spectra. The CD spectra of the
CC - complexes are shown on Figure 3. Platinum chelation leads to a
red shift and an enhancement of the CD spectra.

Preliminary Results concerning d - TpGpGpCpCpA (d - TGGCCA)

The stoichiometric reaction between d- TGGCCA and
cis - [Pt(NH3),(H20)2 ] (NO3),(5 x 10-5M) in H,0 , at pH 5.3 and
37 C, gives only one complex as revealed by HPLC- and by the
'H NMR spectrum of the crude reaction product (Figure 4). The
g NMR spectra of the low field base protons of the hexanucleotide,
at 70°C and pD 5.5 , and of its platinum complex, at 67°C and
pD 5.4 , are presented on Figure 4 (at lower temperatures one
observes signal broadening). The 7.94 and 7.85 ppm signals of
d- TGGCCA are assigned to the guanine H8 resonances, since these
are known to occur at higher fields than those of adenine (47).
The 8.40 ppm resonance is assigned to the adenine - H8 , in agree-
ment with that of a 3'- terminal adenine ( presence of a 5'- phos-
phate bridge) (47). The other straightforward assignments are
reported on Figure 4 . Platinum coordination leads to downfield
shifts of the thymide - H6 , of one cytosine - H6 and of the two
guanine - H8 protons. Acidification of the platinum complex, from

In Platinum, Gold, and Other Metal Chemotherapeutic Agents; Lippard, S.;
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250 x nm 300
Figure 2a. Circular dichroism spectra
of CpG[Pt] (—, ca. 10* M, pH 6.4) and
CpG (-* -, ca. 10* M, pH 6.3) in NaCl
(0.05 M).

1 1
250 Anm 300
Figure 2c. Circular dichroism spectra
of GC-platinum complexes (ca. 10t M)
in NaCl (0.05 M). Key: ——, GpC[Pt]-1
at pH 5.5; *+*, GpC[Pt]-2a at pH 6.1;
—, GpC[Pt]-3 at pH 6.7; and — » —, GpC
at pH 6.8.
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250 X nm 300
Figure 2b. Circular dichroism spectra
of CG-platinum complexes (ca. 10 M)
in NaCl (0.05 M). Key: * -+, d(pCpG)-
[Pt]-1 at pH 5.6; —, d(pCpG)[Pt]-2 at
pH 6.5; and —'—6 g(pCpG)[Pt] at pH

2

50 300 R
Figure 2d. Circular dichroism spectra
of GC—platinum complexes (ca. 10* M)
in NaCl (0.05 M). Key: ——, d(pGpC)-
[Pt]-1 at pH 4.8; ***, d(pGpC)[Pt]-2a
+ 2b) at pH 6.8; —, d(pGpC)[Pt]-3 at
pH 6.2; and -+ -, d(pGpC) at pH 6.6.
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10 T T ] T T

1 1 L 1
250  nm 300 250 A nm 300
Figure 3a. Circular dichroism spectra Figure 3b. Circular dichroism spectra
of CC-platinum complexes (10* M) in of CC-platinum complexes (104 M) in
NaCl (0.05 M). Key: —, CpC[Pt] at pH ~ NaCl (0.05 M). Key: —, d(pCpC)[Pt] at
6;—+—, CpC at pH 6.2; and *++, CpC  pH 5; -+, d(pCpC) at pH 6; and = » -,

at pH 1.6. d(pCpC) at pH 1.5.
8.23 758
17
083 8.21 4 |
842 79 l
L
d-TGGCCA [Pi] \\ ll }\ | \\
67°c NI | \
\ Hzl \ T
¢ \ He
I\ \\ A
[ \ €c
l \\\ H6
\
[ GG
Al H8
Figure4. 'H-NMR spectra(400 MH?z) of hs
the low-field base protons of (TGGCCA )
and crude d(TGGCCA)[Pt]. Conditions
of (TGGCCA: 2 X 10° M in D,O, pD
5.5, 70 °C. Conditions of d(TGGCCA) WM
[Pt]: 2 X 10° M in D,0, 1 M KCI, pp d-TGGCCA
5.4, 67 °C. Chemical shifts in ppm from 70c l l
TSP. The purine H8 protons of d- 0 \
(TGGCCA) have been partially exchanged “ 7.94 g~77 40
for deuterium by previous heating of the 821 185 .14
D;O0 solution.
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pPD 7.6 to pD 3 , at 17°C, first reveals the protonation of the

two cytosines (C - H6 doublets AS + 0.3 and + 0.4 ppm) followed
by the downfield shift of one of the 8.21-8.23 resonances. In this
PH range, the latter shift (A§ + 0.36 ppm) can only be assigned to
the H2 proton of the unbound adenine. As thymine cannot be a
ligand in our conditions, these data establish G- N7 coordination.
The influence of this coordination on the T-H6 and one of the
C-H6 protons suggests a GG- chelation. The G-H8 downfield
shifts are in agreement with such a chelation when compared with
those of the diguanosine phosphate complexes.

Discussion

Our results show that, within oxy or deoxy dinucleotides,
adjacent guanines, cytosines or guanine and cytosine always stoi-
chiometrically chelate the cis-PtII(NH;), moiety upon reaction
with cis- [Pt(NH3),(H;0), ] (NO3), or cis- [ Pt(NH3),Cl,] . GpG,
d-GpG and d-pGpG give a single N7-N7 anti-anti complex.
CpC and d-pCpC give a single N3-N3 syn-anti complex. CpG
and d-pCpG give a mixture of N3-N7 C anti - G anti (1) and
C syn-G anti (2) isomers. GpC and d-pGpC give a mixture of
two N7-N3 couples of isomers G syn-C anti (1), G syn-C syn
(3) and G anti-C anti (2a) , G anti-C syn (2b). Precise
comparative kinetic data have to be recorded but the formation of
the platinum chelates is the fastest with the diguanosine phosphates
and the slowest with the dicytosine phosphates.

When CpG or GpC are reacted with [Pt(dien)Br] Br only
the G-N7 monocoordinated complexes are formed and no other
complex could be detected by HPLC monitoring of the reaction.
This is in agreement with the known binding kinetic selectivity in
favor of guanine- N7 (48). For the couples of CG or GC equi-
librating complexes, the isomerisation only affects the cytosine
configuration. Examination of the CPK models suggests that this
isomerisation requires a dissociation of the cytosine - N3 - Pt bond.
We have not yet been able to trap the "open" intermediate. However
a dissociation - recombination process affecting only the cytosine -
platinum bond might be related to the larger stability constants
recently reported for PdII(dien) binding to G-N7 than to
C-N3 (49).

For all the dinucleotides studied, independently of the nature
of the bases, platinum chelation induces an N- type conformation
for the 5'- sugar, while the 3'-sugar adopts a predominantly S -type
conformation (42, 32). A more detailed analysis of the sugar
conformations is undertaken.

There is a striking difference between the CD spectra of the
CG- and GC- complexes. While upon platinum chelation, the
overall features of the CD are retained in the CG series, a
signal inversion occurs in the GC series. Moreover this inversion
is present for the different isomers which have been isolated
(1, 3, 2a for GpC[Pt], 1, 3, 2a + 2b for d-pGpC [Pt] ) so
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that we can rule out that it is characteristic of a guanine with a
syn configuration (Isomers 1l and 3 have a G syn-, isomers 2a
and 2b a G anti- configuration). This similarity shows also
that within a series a change of configuration from anti to syn
around one glycosidic bond does not invert the CD . Accordingly
the CD of the GpC [Pt] - ] syn-anti isomer is not s1gn1f1c-
antly different from that of the GpC [Pt] - 3 syn-syn isomer.
By close inspection of the whole series of spectra of the platinum
complexes, it appears that for the oxy and deoxy series the CD
of the GC[Pt] - 3 syn-syn isomer is almost the mirror image of
that of the CG [Pt] - 2 syn-anti isomer. The use of CPK models
shows that in the case of “CpG , the C s syn- G anti chelation of
the platinum can be done with a slight modification of the sugar -
phosphate backbone conformation, whereas for GpC the G syn-
C syn chelation implies an important perturbation leading to a
zigzag conformation of the backbone (50, 51). For the CG series,
the CPK models also point to a backbone perturbation for the
C anti-G anti chelation of platinum. However the CD of the
d- pCpG [PE] - 1 isomer is of the regular type with a positive
maximum at 279 nm. So that it appears that a change of the sugar
phosphate backbone conformation does not necessarily invert the
CD . We tentatively conclude A that the sequence is primarily
responsible for the CD inversion observed in the GC [Pt] series
AL  that the zigzag helical structure leads to a reinforcement of
‘the negatlve long wavelength CD band characteristic of the
GC [Pt] series. Our conclusions are in agreement with the results
showing that the CD of synthetic double stranded RNAs is
primarily sequence dependent (52), if we consider the conforma-
tional restrictions brought by platinum chelation. They agree also
with calculations on poly-I showing that a long wavelength negative
CD band is not necessarily related to a particular helix sense (53).
When compared to the reactions of the other dinucleotides
studied the faster coordination of the diguanosine phosphates, to
give a single N7-N7 anti - anti platlnum complex, points to a
particular chelating aptitude of the anti-anti GG sequence. A
preferred GG chelation has recently been renorted for d - CCGG
(15) and our preliminary results with d- TGGCCA clearly demons-
trate the sequence specificity of platinum binding. These results
are in agreement with those obtained from the restriction enzyme
studies of platinated DNAs (17, 18, 19) and support the hypothesis
of platinum intrastrand cross-11nk1ng of adjacent guanines.
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Abbreviations used

In dinucleoside monophosphates and oligonucleotides, A, C, G,
T respectively represent adenosine, cytidine, guanosine and thymi-
dine. p to the left of a nucleoside symbol indicates a 5'- phos-
phate and to the right, it indicates a 3'- phosphate. In GpG the
5'- H8 1is the H8 proton of the 5'- guanine (Gp). The dinucleo-
side monophosphates GpG, d - GpG, etc... will be occasionally
referred to as dinucleotides. Guo = guanosine, Cyd = cytidine,
5'- GMP = 5'- guanosine monophosphate, 5'- CMP = 5'- cytosine mono-
phosphate. HPLC = high - pressure liquid chromatography; NMR =
nuclear magnetic resonance, s = singlet, d = doublet, t = triplet,
q = quartet, m = multiplet, NOE = nuclear Overhauser effect, CD =
circular dichroism. tn = trimethylene diamine, dien = diethylene-
triamine. CPK models = Corey - Pauling - Koltun atomic models.
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Platinum(IT) Complex Formation with Uracil
and Thymine

BERNHARD LIPPERT

Tgchnische Universitit Miinchen, Anorganisch-Chemisches Institut,
Lichtenbergstrasse 4, 8046 Garching, Federal Republic of Germany

Replacement of an amide proton in pyrimidine<~2,4-
diones by less electron-attracting Pt(II) electro-
phile causes an increase in electron density at
the exocyclic oxygens, and allows easy formation
of N,0-bridged complexes with additional metal
1ons, or proton binding at the oxygen(s), With
cis-Pt(NH,) Lo (L= monoanion of 1-methyluracil or
—methyltgym1ne) a number of dimeric and hetero-
nuclear complexes of Pt,M, Pt,,M, and Pt, ,M stoi-
chiometries have been isolateg and stud1ed using
crystallographic and spectroscopic methods.
With unsubstituted uracil and thymine the situa=
tion is complicated due to the existence of two
tautomers of the monoanions. Pt binding occurs
through the N donors and via exocyclic oxygens.
In aqueous solution a slow mutual interconversion
of the various complexes takes place.

The interest in the interaction between metal ions and
nucleic acids in general (1,2) and the finding on the antitumor
activity of complexes formed between aquated E&EfPt(NH ).cl
and pyrimidine-2,4-dione ligands such as uracil and thymlne
in particular (3 4) have led to a considerable activity in this
area of bioinorganic chemistry. With these ligands representing
typical multisite ligands, frequently no straightforward inter-
pretation of spectroscopic results is possible. As will subse-
quently be shown, the combination of different spectroscopic
techniques and the use of X-ray crystallography permits a
reasonable, although still incomplete, understanding of the co-
ordinating behavior of cis-Pt(NH )Z(II)’ enPt(II), and
Pt(NH3)3(II) with these ligands.
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Pt(II) Complexes of Unsubstituted Uracil and Thymine

The tautomerism of the monoanions of unsubstituted uracil
with its N1 and N3 deprotonated forms is well established Q?fp
(Figure 1). With thymine, the crystal structure of the N1 depro-
tonated tautomer has been performed (10), and IR and Raman spec-
troscopic evidence has been presented for the existence of the
second tautomer in the solid state as well (11) The high degree
of charge delocalization in both tautomers, deduced from theo-
retical calculations (12), suggests that metal binding could
conceivably take place at a number of sites and combinations of
these, leading to a variety of products. The situation is further
complicated by the fact that once a metal is attached to the
heterocyclic ring, the complex may be involved in acid-base
equilibria, thus leading to dianionic or neutral ligands. With
the metal binding site being an endocyclic nitrogen, any neutral
ligand in a complex necessarily occurs in a rare tautomeric form
(Figure 2). Moreover, binding of more than just one metal to a
single uracil or thymine ligand is possible.

It may be a combination of these reasons why there appears
to be some uncertainty concerning metal binding sites of these
ligands in studies not supported by crystal structures 3- 18)
Although the existence of tautomer complexes of uracil and thy—
mine had been taken into consideration (19), until recently,
only in a single case, with uracil complexes of triammineplati-
num(II), it has clearly been demonstrated by Kidani and Inagaki
(20).

" Among the limited number of crystallographically confirmed
binding sites of metal ions with the monoanions of unsubstituted
uracil (21,22,23) and thymine (21,24,25,26) one observes a strik-
ing predomlnance of N1 coordlnatlon Only in one case, with Cd
binding to uracil, N3 binding is documented (23).

Two more binding possibilities - via one of the exocyclic
oxygens (27,28) or with replacement of the proton at C5 (29,30)
will not be considered here, since they occur with the neutral
ligands and do not involve the N1,N3 tautomer equilibrium of the
monoanionic ligands, respectively.

Methods of Differentiation. Apart from X-ray crystallo-
graphy that had been applied in a few cases with N1 platinated
uracil and thymine compounds (21,25,26), spectroscopic methods
were used to determine the sites of platinum coordination In
sequence of their usefulness these were:

UV spectroscopy. It proved to be applicable in cases with
isolated tautomer complexes of uracil (20) and thymlne (31), but
is of very limited usefulness in mixtures of various tautomer
and/or bridged complexes.

IR spectroscopy.The double bond stretching region in all
cases permits a differentiation of N1 and N3 tautomer complexes
of the thymine (31) and uracil monoanion complexes. Typlca11¥,
N1 coordination gives rise to an intense band around 1640 cm
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0
_ e 'f‘é}lij Figure 1. Two tautomeric forms of
. uracil (R = H) and thymine (R = CHj)
H monoanions.

0 0 OH 0
Pt Pt ® Pt e Pt_e
js | N3 +H N3 | 13
0N oy 0w HO™ N
e H H H

Figure 2. Relevant acid-base equilibria of a N3 platinated uracil. Analogous
equilibria exist for N1-platinated uracil as well (32).
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with shoulders both on the lower and higher frequency side,
whereas N3 coogqination is recognized by a characg?ristic band
around 1550 cm ' with a second one around 1650 cm , which fre~
quently is split. These differences result from the differences
in charge distribution in both ligands and the inability of the
metal electrophile to restore conditions as with the proton
attached. The situation with the uracil tautomer complexes of
Eiﬁfpt(NH3) (I1), cis-Pt(NH,) (HU)C1-(H20) (HU= monoanion of
uracil; x= T for HU-N1; x= 2 %or HU-N3) exgectedly is rather
similar to the situation with the triammineplatinum(II) com-
plexes described by Kidani and Inagaki (20), with intense bands
around 1660sh, 1635vs, 1575sh, 1420s (HU-N1), and 1670s, 1625s,
1540vs, 1415s (HU-N3). However, the two chloro complexes are
obtained quite differently from the corresponding (NH3) com~
pounds (32,33). On the other hand, with mixtures of tau%omer
complexes or mixed tautomer complexes such as cis-Pt(NH,)
(TH-N1) (TH-N3) (TH= thymine monoanion) these characteristic
bands are superimposed, and the interpretation of the infrared
spectra is less straightforward (31).

Raman spectroscopy. The fundementals of planar hetero-
cyclic rings having C_ molecular symmetry are distributed into
in-plane (A') and out=of-plane (A") vibrations. Both symmetry
species are IR and Raman active, but only in-plane vibrations
usually are intense in the Raman. As has been shown,. these modes
are quite suitable for a differentiation of tautomers (9,11),
tautomer complexes (34) or even mixtures of these (32). With
pyrimidine derivatives, the most intense Raman bands usually are
those of rigg-stretching (1200-1300 cm ) and ring-breathing
(ca. 800 cm ) vibrations, with the latter being particularly
sensitive to changes in metal coordination sites and to the
charge of the ligand. Due to the high intensities of these Raman
bands, in many cases mixtures of complexes with different metal
binding sites can be analyzed and semi-quantitative estimations
of the?r concentrations can be done (32).

H NMR spectroscopy. Despite the disadvantage of a slow
time scale which, in contrast to vibrational spectroscopy does
not permit a direct observation of individual tautomers (at
least not of tautomers with amide, iminol structures), NMR spec-
troscopy proved to be a powerful technique for the investigation
of kinetically inert metal complexes of tautomers. Its useful-
ness is based on the following arguments:

(a) Chemical shift. N1 and N3 platinated uracil exhibts markedly
different shifts for its H6 and H5 resonances, for example ca.
7.7. and 5.7 ppm, respectively for the HU-N1 complexes (D,O,

pD 8- 1.5), but ca. 7.4 and 5.7 ppm for the HU-N3 complexés
(D,0, pD 7- 3) (32). Similarly, the corresponding thymine com-
plexes have their H6 resonances in Me,SO-d, around 7.3 ppm
(TH-N1) and 7.0 ppm (TH-N3) (31). (b)“A particularly useful195
property of Pt complexes is the nuclear spin of 1/2 of the Pt
isotope (natural abundance 33.8 %), which gives rise to satel-
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lites of H resonances if coupling occurs. For examp%e, TH-N1
complexes show satellites of the H6 resonance with “J= 36- 40 Hz,
wher?as no coupling is observed with N3 platinum binding (31).
The H NMR spectra of the uracil tautomer complexes represent
textbook examples on the effect of bond separation between two
§toms having 2 nuclear spin on tge magnitude of coupling with

J= 38.8 Hz, J= 15-4.3 Hz, and ~J# O Hz (Figure 3). Taking
these differences into consideration, it is possible to assign
binding sites on this basis. It should be noted, however, that

a number of factors, in particular cheT§§a1 §hift anisotropy
relaxation may prevent observation of Pt- H coupling (35).
(c) Under acidic pH conditions uracil complexes with N1 platinum
binding readily undergo isotopic exchange at the C5 position in
D,0, thus simplifying the '¥ NMR spectrum (triplet of relative
intensities 1:4:1 for H6, H5 resonance disappeared) (32). In
contrast, uracil complexes with N3 platinum binding do not show
this phenomenon in this pH range. Interestingly, N3 platinated
uridine does undergo isotopic exchange at C5, but under alkaline
conditions (36). (d) Another remarkable difference between N1
and N3 platinated uracil and thymine in their response to acid
treatment. While the Pt-N1 bond is very stable, the Pt-N3 bond
is readily cleaved on addition of acid and slight warming, and
the neutral ligand is expelled from the complex (31,32). This
mechanism can befollowed nicely with both NMR and Raman spec-
troscopy.

Isolation of Tautomer Complexes.Until recently, there has
been little or no rationale behind the selective synthesis of
uracil and thymine tautomer complexes. With a better understand-
ing of the factors that influence metal binding sites - e.g.
solvent, solubility, pH (with water being the solvent), reaction
time, and hydrogen bonding properties of adjacent ligands (31) -
it now is possible to predict with a higher degree of certainty
the formation of a certain tautomer complex. For example, in
DMF,cis-Pt(NH,),(HU-N1)Cl is formed preferentially due to its
low solubility 1In this solvent, whereas under moderately acidic
conditions in water,giEfPt(NH3) (HU-N3)C1.2H,0 is formed and no
N1 product (33). Formation of tﬁe uracil taugomer complexes of
triammineplatinum(II) in water in a 1:1 ratio (20) appears to be
the exception rather than the rule, and should be attributed
mainly to the similar solubilities of both products, which
prevents early precipitation of one species.

Preparative High Pressure Liquid Chromatography, HPLC,
proved to be a good technique for separating tautomer complexes.
For example, all three possible bis(thyminato) complexes of
cis-Pt(II), cis-Pt(NH,),(TH-N1),, cis-Pt(NH,),(TH-N1) (TH-N3),
and cis-Pt(NH,) (TH—Na) have been isolated (gl).

Linkage Isomerization. Complexes of cis-Pt(II) and
enPt(II) containing a single uracil (32) or thymine (31) ligand
and an aquo ligand, show a remarkable tendency to undergo con-
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NH4

5 no. 4 JefS He

Figure 3. 'H-NMR spectra of [(NH;)sPt(HU-N1)]* (0.15 M, D,O, and pD 1-8)
and [(NH,)sPt((HU-N3)]* (0.1 M, DO, and pD 1) in the H5,H6 region. (Repro-
duced from Ref. 32. Copyright 1981, American Chemical Society.)
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densation reactions with the pyrimidine ligand acting as a
bridge. As a result, cleavage of the original platinum-ligand
bond takes place, and formation of complexes with the metal
linked to another donor atom. This phenomenon is also observed
with coordinatively iaturated complexes such as cis-Pt(NH )ZLZ’
enPtL. and Pt(NH,),L (L= TH or UH) in the presence of aquo=
platinum(II) compléxes and can be demonstrated particularly well
with mixtures of the respective2§1 and N3 complexes of

Pt(NH,) ., (HU)" and Pt(NH3) (HZO) / as shown in Figures 4 and 5:
after a"while the proton ﬁMR spectra of both mixtures are vir-
tually identical with at least three discernible species present.
Signal A represents the HU-N1 complex, signal C the HU-N3
complex, and signal B a dimer which most likely is the N]9§3
bridged complex. In both spectra only H6 singlets (with Pt
satellites in the case of HU-N1) are observed due to isotopic
exchange at C5. Since it only proceeds via the N1 complex, yet
also is observed for the mixture of the HU-N3/Pt(H20) compounds,
an additional argument in favour of the interconversion of
binding sites is posed.

1 The very complicated Raman and, after partial decomposition
H NMR spectra (32) of "Platinum Pyrimidine Blues" (3,4) and
"Patinum Pyrimidine Tans" (37) are not easy to interpret. Never-
theless two important conclusions can be drawn from NMR and
Raman spectra: first, they consist of a mixture of complexes
with different binding sites of platinum and differing oli-
gomeric size. Second, in slightly to moderately acidic medium
an interconversion of binding sites of the Pt electrophile
occurs, as can be seen from the time dependence of the spectro-
skopic changes when the pH of the medium is altered (32).

Pt(II) Complexes of Ni-Methylated Uracil and Thymine.

With the N1 position for metal binding blocked, the co-
ordination properties of uracil and thymine are reduced
(Figure 6). In the course of our systematic studies of possible
reaction products between cis-Pt(II) and model nucleobases, the
2:1 complexes of 1-MeT (monoanion of 1-methylthymine, 1-MeTH)
and 1-MeU (monoanion of 1-methyluracil, 1-MeUH) have been pre-
pared.

The crystal structure of cis-Pt(NH,) (1-MeU) ‘4H20 has
been determined (§§). The molecule has approximate%y C, molecu-
lar symmetry with the two heterocyclic ligands arrange in
head-tail fashion, similar to the respective complexes of
1-methylcytosine (39), various guanine derivatives (40) and also
®-hydroxopyridine ?El).

Platinum binding to N3 of the uracil and thymine ligands
facilitates binding of additional metals or of a proton through
the exocyclic oxygens, and is a consequence of an increase in
electron density at these sites due to the replacement of the
proton at N3 by Pt. Using this property for synthetic purposes,
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Figure 4. 'H-NMR spectra of a mixture
of [(NH;);Pt(HU-N1)]* (0.1 M) and
[(NH,)sPt(D;0)]?* (0.2 M) in D4O in the
HS5,H6 region. Key to conditions: a,
after 3 h at 40 °C and pD 2.6; b, after 43
h at 40 °C and pD 1.8; and c, after 10 d
at 40 °C and pD 1.7. Because of isotopic
exchange at C5, no H5 resonances are
observed in b and c. (Reproduced from
Ref. 32. Copyright 1981, American
Chemical Society.)
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Figure 5. 'H-NMR spectra of a mixture
of [(NH,);P((HU-N3)]* (0.1 M) and
[(NH;);Pt(D;0)]* (0.2 M) in D,O. Key
to conditions: a, after 6 h at 40 °C and
pD 2.3; b, after 4 d at 40 °C and pD 2.0;
and c, after 7 d at 40 °C and pD 1.9.
(Reproduced from Ref. 32. Copyright
1981, American Chemical Society.)

Figure 6. The structure of 1-methylura-
cil (R = H) and 1-methylthymine (R =
C.

s).
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it is possible to obtain a range of interesting compounds from
the 2:1 complex of 1-MeU and 1-MeT, as is outlined in the scheme
shown in Figure 7.

Mono (1-MeT) and Mono(1-MeU)Complexes. Addition of acid to
a solution of cis-Pt(NH,) L, (L= 1-MeT or 1-MeU) yields cryst-
alline products of compdsition cis-[Pt(NH,),L(LH)]X*(H,0) (42).
In these compounds one of the two ligands™iS present in its neu-
tral form and, with N3 being the site of metal coordination,
consequently occurs in a rare iminol tautomeric structure. The
acidic proton has a pK. ® 2 in the case of the 1-MeT compound.
As with the N3 platinaged unsubstituted uracil and thymine, the
Pt-N3(LH) bond is easily cleaved on brief warming and results in
a selective removal of the LH ligand from the complex:

cis-[Pe(VH,) LLD]X A cis-Pr(¥H),LX + LH

Naturally, the LH ligand expelled from the complex originally
has the rare tautomeric structure. With water being the solvent,
the interconversion into the normal diketo tautomer is an in-
stantaneous one, but with an aprotic solvent it is feasible
that an iminol tautomer may have a measurable life-span. One
may further speculate that a metal catalyzed tautomerization of
thymine or uracil under biological conditions could take place
via such a mechanism (42).

With X= C1 , EiEfPt(NH3) LCl is obtained in good yield.
cis-[Pt(NH,) L(HZO)]Yl prepagea by reaction of the chloro com-
plex-with gg@ (Y= NO3 , C10, ), is a suitable starting material
for a number of products.

Condensation Products. In a condensation reaction, the
aquo complex dimerizes to give the respective head-tail Pt di-
mers with N3,04 bridged uracil (thymine) among other products.
The obtained dimers are identical with those prepared in a
different way and studied by Lock, Rosenberg and coworkers (43,
44), as evident from elemental analysis, density measurements
and determination of the cell constants. With 1-MeT as ligand,
in addition we isolated an interesting second modification of
the head-tail dimer, which has a rather different crystal struc-
ture from the known one (43). This second modification crystall-
izes in stacks of dimers which are linked by strong hydrogen
bonds between the NH, groups and the non-coordinating exocyclic
oxygen of adjacent dimers, leading to inter-dimer separations of
about 3.9 & (45).

Mixed Nucleobase Complexes. The preparation of possible
crosslinking products of cis-Pt(II) with the anionic 1-MeU or
1-MeT as one base, and neutral cytosine, guanine or adenine as
second nucleobase proceeds without formation of undesired side
products only if the anionic ligand is attached to Pt first. On
the other hand, reaction of cis-Pt(II) with uracil or thymine in
1:1 ratio results in formation of the complicated platinum blues

In Platinum, Gold, and Other Metal Chemotherapeutic Agents; Lippard, S.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



157

Py(II) Complex Formation with Uracil and Thymine

LIPPERT

7.

ﬂ|mmmmwv AHHvamu

uoTjepIXo

aniq wnuijerd .

v, 7 85
¢ 1'3d

f

ONH+

1

w<.qum

saxa1dwod
1E9TONUOIIIY

st d

Cyq :Crq 1€

.z e3d°134%

YIWIA QVEAH-QVIH

p

Lt ad)-sw +

(L2W-T 40 NPW-T = T) *T*(*HN 1 d-St0 v1A 2]qi5s220D spunodwiod fo dwayds uonowRy L 2n81q

s3onpoad
Amovqumum uOTIBPIXO
(a2urp mo+._, saxa1dwod ﬂ
1183-pEIY ~ 9seqoafonu 12WIp
woij uoIle 1awyp ao-n paxIwW 11B31-pEAY
-13Jue13331P) 4 4 (4 (AR A 4
wqumeammo L B13d(H0)3dT°® x134°® bg B TEE
z z pue _HO G 0+
03d%e-s10
1o3d ojut +Ao H)T13d"®
uo131s0dwod3p 198v- ,—,+w<+
o | (10 =X) 1oTa’e
- :q.ﬁ¢
ax+AmavqumN«
SAXITAWOD-T-ONOK
3
(ID"D =R $(DBV, ‘(DU =K 1

JA€3d pue R3d :sa1oads
paz1aaideaeyd K11eo1ydeadoreasiid

SAXATAWOD ¥VATONNOJILIH

W +

+Uu

e1% (*un)aa-s1o

L00U2'6020-E86T-0/TZ0T"0T :10p | £86T ‘92 Arenuer :2%Q UoedI|dNd

In Platinum, Gold, and Other Metal Chemotherapeutic Agents; Lippard, S.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



Publication Date: January 26, 1983 | doi: 10.1021/bk-1983-0209.ch007

158 METAL CHEMOTHERAPEUTIC AGENTS

(3,4,37,46). The above outlined synthesis of 1:1 complexes of
1-MeU and 1-MeT enables formation of L containing mixed nucleo-
base complexes according to

cis-[Pe(vH,),L8,0]" + ¥ — cis-[praw,),1v]"

With L= 1-MeT, the complexes with Y= 1-methylcytosine, 9-ethyl-
guanine and 9-methyladenine have been prepared and studied “n,
and similar complexes with L= 1-MeU are presently being studied
(48). In another step the remaining L ligand can be removed from
the compound via acid treatment and a new nucleobase Z intro-
duced, thus giving eventually cis-Pt(NH )2¥Z complexes. As an
example of such nucleobase complexes, the” H NMR spectrum of
cis7Pt(NH,), (1-MeT) (9-EtG)] C10, in Me,SO-d. is shown in Figure
83 Pt coupling of the H8 resonance of the guanine ligand
(J 23.3 Hz) indicates N7 platinum binding, and the chemical
shifts of H8 and NH, resonances are also consistent with related
complexes with N7 p%atination of 9-ethylguanine (49). +
Reaction with Base. Titration of cis-[Pt(NH,) L(HZO)}
with one equivalent of base gives cis-Pt(NH.) L(OH). %i ration
with 0.5 equivalents yields a dimeric compléx“of composition
[(NH,) PtL(OH)LPt(NH3)2] with a bridging OH group and terminal
L ligands:

2 cis-[Pe (W) ,L(1,0)] * + o™ [(NH,),PEL(OH)LPE (NH,),] " + H,0
In an analogous way a u-OH dimer with L= {-methylcytosine has
been obtained (charge of the complex +3). From the pK_ of the
aquo ligand in gigf[Pt(NH3)2L(H 0)] " (ca 6- 6.5) it i§ evident
that the dimer can exist at neu%ral pH, and 'H NMR spectroscopy
confirms that it is the major component in water of pH 7. Form-
ation of this dimer with a single hydroxo bridge leads to an
attractive hypothesis of how adjacent bases in DNA might be
linked by a cis-Pt(OH)Pt moiety either in an inter- or intra-
strand fashion. In contrast, a trans-Pt(OH)Pt unit could
accomplish interstrand crosslinking only (Figure 9). It had
previously been argued against the existence of closely ad-
jacent Pt centers in DNA treated with cis-Pt(II) on the basis
of an Extended X-Ray Absorption Fine Structure Spectroscopy
study (EXAFS) (50). However, only Pt-Pt distances shorter than
3.2 A could be ruled out whereas in the present situation, from
comparison with cyclic hydroxo bridged complexes of composition
cis- (NH3) Pt(OH)]z (n= 2, 3) (51), Pt-Pt separations of about
3.5 migh% be expected. It is evident that a Pt dimer with a
single OH bridge can accomodate binding of adjacent bases much
better than a monomer can and that this way of crosslinking is
by no means restricted to the pyrimidine beases. The rather un-
expected existence of hydroxo complexes of cis-Pt(II), not only
in the solid state but also over a wide pH range in solution
(52,53), certainly makes the idea of this type of crosslinking
feasible.
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Figure 8. 'H-NMR spectrum of cis-[(NHj)s(1-MeT)(9-E1G)]CIO, in MesSO-ds.
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Heteronuclear Complexes. Like protonation of cis-Pt
(NH,),L,, binding of heterometals or of a second Pt (vide infra)
occurs readily. Guay and Beauchamp have reported similar findings
with Ag (54) and CH,Hg (55) coordinated to N3 of 1-MeT. Among
the isolated heteronuclear complexes of cis-Pt(NH,) L, two
types of complexes have been established using X-tfay Crystallo-
graphy: complexes of Pt,M and Pt,,M stoichiometries.

For example, in Eigf[(ﬁﬂ ) Pt(1-MeU)ZCu(H20)2]
804-4.5H 0 Qgﬁ), Pt is coordinated by two NH, groups and two N3
donor atoms of the 1-MeU ligands, Cu(II) by Ewo aquo ligands and
two 04 donors of the heterocyclic rings. Both Pt and Cu have
roughly square planar, coordination spheres with the metals
slightly out of these planes and directed towards each other,
giving Pt-Cu separations of 2.765 %. Formation of the head-head
Pt,Cu dimer out of the head-tail cis-Pt(NH,),L, compound indi-
cates that rotation of one of the two ligands In the starting
compounds has preceded formation of the heteronuclear Pt,Cu
compound and may be considered a hint that 04 is more basic than
02. Nevertheless the possibility of N3,02 bridging should not be
excluded.

Two crystallographically confirmed examples of hetero-
nuclear complexesngg Pt,,M stoichiometry exist, cis—[(NH3)
PEL,ML,Pt(NH,),] " °X_ “ith M= Ag (56) and Mn (57) and L3 {-MeT
as bridging ?

igand (Figures 10 and 11). In both cases the two
Pt atoms have square planar coordination, bonded to two NH
groups and two N3 atoms of the 1-MeT ligands, and the hetefo-
metal M is coordinated by four oxygens of 1-MeT, most likely 04.
(An unambiquous differentiation from 02 is not possible due to
the crystallographic peculiarity of 1-MeT with its pseudo-
twofold axis through N3 and C6.) The main difference between
the two compounds is in the coordination sphere of the hetero-
metal: while Ag has a distorted tetrahedral coordination geo-
metry, Mn has a square planar one. IR and Raman spectra of the
compounds suggest that only in the Pt,,Mn compound the Mn-0
interaction has a marked covalent character, whereas the Ag-0
interaction appears to be essentially ionic, since only in the
case ,of the Pt,, Mn compound the heterocyclic modes of the
1-MeT ligands are strongly perturbed compared with the bis
(1-MeT)platinum complex. This conclusion is in agreement with
the differences in M-0 distances as well.

If one compares the distances between the respective
coordinating and non-coordinating oxygens in the two compounds,
e.g. Pt,,Ag: 014-024, 3.118 X; 034-044, 3.366 X; 012-022,

3.352 X; 032-042, 3.376 K, one finds that they are rather
similar, The same is true with the Pt_Mn compound, although the
distances are considerably shorter, a§ expected. If one thinks
of binding of another heterometal M' to the available 02 atoms
of Ptz,ML4 this implies, that the coordination sphere of M' must
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Figure 10. Molecular cation of [(NH,).Pt(1-MeT ), Ag(1-MeT),P(NH),JNOs; »-
5H,0. (Reproduced with permission from Ref. 56.)
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Figure 11. Molecular cation of [(NH;):Pt(1-MeT);Mn(1-MeT),Pt(NH;),]Cl, *-
10H,0. (Reproduced with permission from Ref. 57.)
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be identical with that of the metal M. This is, for example, con-
firmed with the Pt,,Ag complex described below, where the square
planar coordination geometry of the Pt bound to 04 forces Ag to
take the unusual square planar coordination as well.

Head-Head Platinum Dimer. Preparation and Reactivity.
Reaction of cis-Pt(NH,),L, with one equivalent of the "'diaquo"
species of Cisplatin gives in high yield the platinum dimer with
head-head arranged L ligands:

cis-Pt(NH,),L, + ﬁ-[?t(NH:;)Z(HZO)Z] 2+ ”e
cis- [Pt (NH,) ,L,Pt (NH,) ]

With L= 1-MeT the structure of the head-head dimer has been

determined (58). Pt coordination occurs through N3 and (most

likely) 04. The compound bears some similarity with one half of

the A ~-pyridone dimer-of-dimers described by Hollis and Lippard

(41) which is the precursor of the tetrameric ®-pyridone blue

described by Barton et al. (59), but the intermolecular Pt-Pt

separation in the 1-MeT compound (5.62 %) is almost twice as

long as with the X-pyridone dimer-of-dimers (3.13 ).

In an attempt to attach yet another metal to the
available second exgcyclic oxygen of L, the 1-MeU head-head dimer
was reacted with Ag , and a compound of composition [(NH3)8Pt4
(1-MeU)4Ag](N0 )5 has been isolated (60). The pentanuclear
complex is compoSed of two head-head dimers, each with Pt bonded
to N3 and 04, and the two dimers are linked by Ag through the
available 02 atoms (Figure 13). Ag has square planar coordination
and is situated on the inversion centre of the cation, having
Ag-0 distances of 2.34- 2.45 A. Adjacent pentanuclear cations
are related by an inversion center, thus leading to stacks of Pt
units interrupted by Ag (Figure 14). The intermolecular distance
between neighboring Pt atoms is 3.25 & only, and the Pt dimers
are oriented in a way identical with that of the Pt(II) dimer-of-
dimers of A-pyridone and that of the partially oxidized spezies.

The crystal structure of this Pt,,Ag complex offers a
rationale as to how formation of a partialiy oxidized Pt complex
could concejvably take place. If one assumes that in a redox
reaction Ag oxidizes a Pt, unit and is reduced to Ago, then the
oxidation state of Pt is increased from +2 to +2.25, as in the
o-pyridone blue. Indeed, slight warming of the Pt4,Ag compound
in water gives a crystalline blue product of composition
[(Nu,) Pt4(1-MeU)4](NO )<+5H,0 (60). Despite the lack of a
crysgaflographic confitmation due to insufficient crystal size,
all the other evidence - elemental analysis, reductive titration,
EPR spectrum - suggests that it is the analogue of the X -pyridone
blue. This assumption is further supported by an alternative
synthesis of the 1-methyluracil blue through HNO, oxidation of
the head-head dimer analogous to a method of Hol?is and Lippard
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Figure 12. Molecular cation of the head—head dimer cis-[(NH,),Pt(1-MeT),Pt-
(NH,);J(NOs),. (Reproduced with permission from Ref. 58.)
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Figure 14. Arrangement of adjacent cations of the Pt,Ag compound. _Only two
halves of pentanuclear units are shown. (Reproduceq from Ref. 60. Copyright 1982,
American Chemical Society.)

In Platinum, Gold, and Other Metal Chemotherapeutic Agents; Lippard, S.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



Publication Date: January 26, 1983 | doi: 10.1021/bk-1983-0209.ch007

168 METAL CHEMOTHERAPEUTIC AGENTS

to obtain the tt-pyridone blue, and by the fact that the 1-MeU
blue, like the X-pyridone blue (61), can be further oxidized to
yellow-orange, diamagnetic, 1-MeU bridged complexes which most
likely are the analogues of the Pt(III) dimers obtained by
Hollis and Lippard (61).
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»Pt- and "N-NMR Studies of Antitumor
Complexes

ISMAIL M. ISMAIL and PETER J. SADLER

Birkbeck College, Department of Chemistry, University of London,
Malet Street, London WC1E 7THX England

lgsPt and 15N NMR studies at 4.7 and 9.4 T are used

to characterise new Pt(II) and Pt(IV) anti-tumour
drugs, to study the interaction of inosine (I) and
51_adenosine monophosphate (AMP) with cisplatin, and
release of amines induced by binding to methionine
sulphur of peptides and proteins. Drug characteri-
sation is aided by the predictability of 195Pt
shifts and 199pt - 1N coupling constants. Broaden-
ing through scalar coupling to 14N can sometimes be
overcome by raising the temperature. Contributions
to 195pt relaxation from chemical shift anisotropy,
not only make it difficult to observe signals from
Pt bound to macromolecules, but cap alig lead t?S
broadening of 195p¢ satellites of H, "°C, and N
resonances. N7-06 chelation was not detected for I
bound to g;grPt(15NH3)Clz at acidic pH levels, but
may occur for the diaquo complex. Several previously
undetected I and AMP species are reported. Finally,
facile release of both NH3 and a chelated diamine
(ethylenediamine) was observed on reaction with
N-Ac-Met, Gly-Met and RNase A in solution near
neutral pH and it is suggested that such reactions
may play an important part in the mechanism of
action of Pt anti-tumour drugs.
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In this paper we study three problems:

(i) the characterisation of Pt(II) and Pt(IV) anti-tumour drugs in
solution by !°SPt NMR,

(ii) the interaction of two nucleic acid bases inosine (I) and
adenosine 5!-monophosphate (AMP) with 15N-labelled cis-Pt (NHs)2Cl,
and cis-Pt(NHs)2(H20)22" by !°N and !°°Pt NMR, and

(iii) t the release of amines from cis—Pt(NHs)Clz and Pt(en)Cl; on
binding to methionine-containing peptides and proteins, using
primarily SN NMR.

Multinuclear NMR is potentially a very powerful technique for
defining fully the coordination sphere of platinum anti-tumour
drugs in solution and upon interaction with biomolecules. The
properties of some useful nuclei are listed in Table I. In our
studies we seek information about the oxidation state of platinum
usually Pt(II) or Pt(IV),

Table I

Properties of some NMR nuclei useful in the study of
Pt anti-tumour drugs

Isotope I Abund (%) Freq.(MHz) n.0.e. Recept.
b ¥ 99.98 200 - 1.0
13 ¥ 1.11 50.29 +3.0 1.8x10~"
15y L 0.37 20.27 -3.9 3.9x10~°
35¢c1 3/2 75.53 39.19 - 3.6x10-°
195p¢ 5 33.8 42.82 +3.3 3.4x107°

the number and types of coordinated ligands, their stereochemical
arrangements, and dynamic processes including the rates of ligand
substitution. Pt-induced ligand activations (e.g. lowered pK_'s)
are sometimes also detectable. All of these features appear to
contribute to the biological activity of platinum complexes as
exemplified by the following: cis but not trans Pt(II) diamine
complexes are active anti-tumour drugs @ PtCl,2~ and PtCle2~
are potent allergens (2), whereas Pt(en)s® wh is a neurotoxin (3).
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!H NMR has the advantage of high sensitivity, and Pt binding
can often be detected via spin-spin couplings to ligand nuclei up
to 4 bonds away from Pt. These couplings can provide stereochem-
ical information (4). However, '°5Pt satellites of g, 13¢ and

15N resonances can be very broad and difficult to assign at high
fields (5,6) where sensitivity is greatest for work on biomolecules.

35¢c1 NMR is useful for studying C1~ release (7), but signals for
Pt-bound chloride are too broad to observe.

We were attracted to °5pt NMR by its large, ?redictable chem-
ical shift range of ca. 15,000 ppm.(8). - 15N one-bond
coupling constants are particularly sensitlve to the nature of
the trans ligand (9,10,11,12). Sometimes 195p¢ coupling to quad-
rupolar T“N is resolvable but, in general, we have resorted to
enrichment of Pt diamines with !5N. This has the advantage of
making direct observation of !5N NMR signals possible. Most of
the work described here has only become possible in the last few
years with the routine availability of high field (4.7 - 9.4 T)
Fourier transform spectrometers with large sample tubes (10 - 15
mm diameter).

Experimental

195pt and !°N NMR spectra were recorded on Varian XL 200
(4.7 T), Bruker WM200 (4.7 T) or Bruker WH400 (9.4 T) spectrometers
in 10 or 15 mm diameter tubes. H,0 was used as solvent, with 5-
10% D20 added or D,0 in a concentric tube for lock. This avoided
significant deuteration of amine ligands. References were 1 M
NazPtCle in D,0 for '°°Pt, and 2.4 M !SNH,C1 in 1 M HC1 for !°N.
Most 15N spectra were obtained from overnight accumulations using
30°-60° pulses, 3.6s pulse repetition rates and a data point
resolution of 0.6 Hz/point. In view of possible negative n.O.e.'s
several spectra were checked against a phase reference. The high
frequency - positive shift sign convention is used.

195pt Chemical Shift Range

Most Pt complexes have low-lying excited electronic states,
and '°%Pt NMR shifts are dominated by the paramagnetic term in
Ramsey's equation (8). The Pt(IV) halides alone span some 12,500
ppm (8):

PtFe2~ PtCle2” PtBre2~ PtI¢2™
§/ppm 7326 0 -1870 -5121

The calculated shift of Pt(0) is -10,427 ppm (8), and removal of
electrons to give Pt(II) leads to deshielding and high-frequency
shifts. Pt(IV) resonances tend to be furthest to high frequency
(Llow field), but there is considerable overlap.
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Ligand exchange reactions of Pt(II) and (even more so) Pt(IV)
are usually slow enough on the NMR timescale for separate reson-
ances to be observable for each distinct Pt complex in solution.
Interesting exceptions are Pt(II) aquo-hydroxo complexes which
titrate as a single, averaged resonance (13), and exchange of
amine with trans-Pt(ethene) (amine)Cl, which is rapid in CDC1ls(1l4).
The latter may be relevant to the behavior of anti-tumour drugs in
membranes.

Substitution shifts usually show regular, incremental patterns
(15). For substitution of Br~ into PtCl,°” and PtCle“~, the shift
increments (A§) vary with substitution step, n, according to (16):

-AS(IT)
-A§(1IV)

203 + 23.5n ppm
275 + 11.7n ppm

Even cis-trans and mer-fac isomers are usually well-separated in
the spectrum: 10 ppm for the isomers of PtClzBrzz’, 208 ppm for
Pt (NHs) 2 (H20) 22, and 310 ppm for Pt(NO,),Clp2~ (12). Substitut-
ion shifts are smallest for substitutions trans to ligands with
high trans influénces. Thus, in Pt(IV) nitrite complexes, a Br~
for C1™ substitution is ca. 50 ppm larger when trans to Cl~
compared to trans to NO;~ (12). The term "trans influence" is used
to denote the dependence of NMR (ground-state) parameters on the
nature of the trans ligand. This is distinct from the "trans
effect" which is related to bond labilization as measured by
ligand substitution rates.

At very high fields (> 4.7 T), °5C1/%7C1 and 7°Br/®!Br isotop-
omers are resolvable (17) and, in principle, the number of halide
ions bound. to Pt can be deduced from the isotopomer splitting
pattern. In practice, the shifts (0.167 ppm for Cl, 0.028 ppm for
Br) are too small in comparison with the temperature dependence of
195pt shifts (0.3-1 ppm per °C rise in temp.) and natural line-
widths of many complexes. Temperature gradients across samples
are particularly marked when large sample tubes and g decoupling
are used.

Representative 195pt shifts for anti-tumour and related com-
plexes are given in Table II. Figure 1 illustrates the regular
pattern of NHs - H,0 substitution shifts in Pt(II) complexes. A
similar graph is obtained for the NH; - Cl~ system, giving the
following incremental shifts:

AS(NH3; by OH;) = + 590 ppm
AS(NHs by C17) = + 270 ppm

The sensitivity of !°5Pt NMR shifts to small changes in the types
of bound ligands is very useful for the characterisation of new
drugs. For example, the coordination of bis-carboxylates is often
not convincingly detectable by 'H or }3C NMR, but Table II shows

that replacement of two H;0 ligands by cyclobutanedicarboxylate
gives a low frequency shift of 133 ppm (18).
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PHININH), (H,0), _,

195p¢ Chemical shift 195p¢ 15N Coupling
8 /ppm; ° 1JIHz-
4 NH3
/ wol O~ cis Trans to
03
- 2000 7 \o M0
cis i
1 P
® trans J o~
300 trans O\o NH
- 1000
A E— T
NHy NH3

Figurg 1. Plots of the variation in 5Pt chemical shift (left) and 1%°Pt—15N one-bond

coupling constants with the number of NH, ligands in the complexes [P{(NH).-

(H30),-x]* (right). The values for trlgn;-Pé(NH,),(H,O)gz’ are those reported in
ef. 12,
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195pt - !N, !5N Couplings

One bond '°5Pt - !SN coupling constants depend on the s
character of the Pt orbitals used in bonding to N, and are
expected to be smaller for a N ligand trans to a ligand which has
a large trans influence since this tends to weaken the trans bond
(9,10,11). The remarkable regularity of couplings in Pt(II)NHs/
H20 complexes is shown in Figure 1, where it can be seen that
small cis effects also occur.

For cis-Pt(NHs), complexes, the order of trans influences
based on 1J is:

ligand : H,0. <CO;  <OH™ <C1~ <NHs <S-Met
13/Hz 390’ 360 340 310 285 265

The ratio of Pt(II) : Pt(IV) !25pt - 15N couplings would be
expected to be 1.5, based on a hybridization change from dsp? to
d?sp® (9). From our limited data, Table II, it is apparent that
cis effects from the additional axial ligands in Pt(IV) play a
role. Many of the Pt(IV) couplings are higher than predicted,
givin% ratios of ca. 1.2.

15N and "N couplings to !°5Pt are related by their gyro-
magnetic ratios:

13(19%pe-15N) /23 (}°5%Pt - 1%N) = 2.711/1.932 = 1.40
However directly bonded ligand '*N nuclei often cause severe
broadening of !?5Pt resonances and hence couplings are unresolved.
This leads us to a consideration of some important relaxation

mechanisms for !°5Pt.

195p¢ Relaxation

Scalar Relaxation of the Second Kind. The linewidths of
Pt resonances from complexes with ''N ligands are determined
by the quadrupolar relaxation rate of !“N, (qu)'1 where

(Tigd ™= (Tag)™! = 37221 + 3) x*(1 + /30D,
1017 (21-1)

At high temperatures (T,,)”! decreases as the motional correlatim
time T, decreases. Prov%ded that field gradients are small,
(usually the case for coordinated primary amines), then T, may
become long enough to allow resolution of !°5pt - 1*N couplings.
This is illustrated in Figure 2. Similarly, [cis-Pt(NHs)z(H20).12+
gives a broad resonance at 300 K, but at 343 K couplings are
resolved (6). Conversely, at low temperatures, or in large mole-
cules, effective decoupling of !“N from !°%pt may occur.
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YR L
190 Hz
e
»N=Pt=cI
N
< OH
CHIP
Figure 2. {'H}-'Pt-NMR spectra (43
MH?z) of cis,cis,trans-Pt(isopropylamine),-
Cly(OH), in D,O at 333 K (top)
and 298 K (bottom) showing resolution
of 195Pt—14N coupling at high temperature.
The shift is temperature dependent. (Re- _ . , ,
produced with permission from Ref. 6.) S/ippm 900 880 860
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Chemical Shift Anisotropy (CSA). CSA relaxation increases
with the square of the applied field (Bo2), nuclear screening
anisotropy (Ac2?), and with molecular weight and lowering of the
temperature (T, increases):

6/7 [Ta(Pt)1-1(CsA)
(2/15) ype? Bo? A0? T,

[T, (Pt).1=!(CSA)

This has restricted many of our !N studies of Pt(II) complexes to
intermediate fields (e.g. 4.7 T). Pt(IV) complexes are less ani-
sotropic and the effect is less marked. It is probable that CSA
relaxation is partly responsible for our failure to observe !°°Pt
signals directly from Pt bound to macromolecules. CSA relaxation
of '95Pt can also lead to the disappearance of !°5Pt satellites
from 'H, '3C or !SN spectra. These are normally used as indicat-
ions of binding sites. '’°Pt couplings appear in the spectra of
coupled ligand nuclei as 1l:4:1 multiplets only if relaxation times
are the same in Pt(I=0) and !°5Pt species. Indications that
differences could exist were noted in !H NMR studies by Erickson
et al (4) on 1,2-diaminoethane complexes, and Lallemand et al (5)
for nucleoside complexes. We have recently shown (6) for trans-
Pt (ethene) (2-carboxy-pyridine)Cl, that the broadening of 'H
satellites at high field arises from '°°Pt relaxation via the CSA
mechanism. The effect on the satellite linewidths is pro?ortional
to the spin-lattice relaxation rate of '°°Pt, [2nT,(Pt)]™', and
therefore to Bo? as shown above.

Spin-rotation. This relaxation mechanism is important for
small complexes and unlike the others, increases with temperature.
It appears to be dominant for PtCl,2~ and PtCle2™ (19).

15N Chemical Shift Range

15N NMR shifts of amines bonded to Pt(II) appear to be deter-
mined largely by the nature of the trans ligand. We find the
following approximate ranges for ligands tramns to 15NH,:

§/ppm -40 to -50 ; -50 to -70 ; =80 to -90
ligand : S (Met, DMSO) NH;, Cl1~ H20, CO;™

It is notable that this order parallels trans influences in a

similar manner to J(}°5Pt-!5N). Motschi and Pregosin (11a) have

?reviously noted a strong correlation between §(!°N) and 'J(!°°Pt-
5N) for a range of Pt(II) Schiff's base complexes.

Alei et al (20) clearly demonstrated that changes in 15y
shifts and °°Pt-T°N couplings can be used to follow reactions of
!15N-enriched cis-diamine Pt(II) diaquo complexes with l-methyl-
imidazole (also enriched). The shift ranges for ethylenediamine
complexes are similar to those above for NHs except that all peaks
are shifted to high frequency by about 30 ppm.
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Hydroxide-bridged Dimers and Trimers

An elegant use of !°5Pt NMR has been in kinetic studies of the
oligomerization of Pt(II) diamines around neutral pH. !°5Pt
spectra of !5N-enriched [g;grPt(NHs)z(HzO)(OH)]+ show well
resolved resonances for monomer, dimer and trimer (hydroxide-
bridged) species (2la). From these studies the half-life for dis-
appearance of the monomer at pH 7 was calculated to be about 7
min. This system has also been studied by Boreham et al (22).

Gill and Rosenberg have recently reported (21b) a similar
195p¢ studz for unenriched 1,2-diaminocyclohexane complexes.
Although %N scalar coupling broadens the resonances, T, is now
short enough to enable rapid pulse rates to be used without
saturation. Spectra with good signal-to-noise ratios were acqu-
ired from 50 mM solutions in just a few minutes. The shift of the
dimer is about 436 ppm to high frequency of the diaquo monomer.
This is probably due to the short Pt - Pt cgntact (3.1 &) since
the resonance for the trimer (Pt - Pt, 3.7 A) is shifted back to
within 141 ppm of the diaquo complex. The stronger trans influ-
ence of bridgin% OH™ compared to Hz0 is reflected in a 40 Hz
decrease in "J( 95Pt-15N), Table II. Terminal OH™ ligands appar-
ently have comparable trans influences to NHs (22).

Interaction of cis-Pt(NHs),2' with Nucleic Acid Bases

Using a combination of !°5Pt and !SN NMR, we have recently
shown (23) that cis-Pt(NHs),(H,0),%" and its ethylenediamine (en)
analogue react rapidly with acetamide to give a product in which
the C=0 group is bound to Pt through O with H,0 displacement. A
2 ppm shift of the !°N NH3 or en resonance to high frequency was
observed in addition to a 47 ppm !°°Pt shift (23). We therefore
sought to use similar methods to detect possible N7-06 chelation
with nucleic acid bases, the subject of much speculation.

For our initial studies, we chose inosine (I) and adenosine
monophosphate (AMP), Figure 3. Only the former has the possibil-
ity of N7-06 chelation. We chose to work at low pH's of ca. 2
where all the literature evidence seemed to point to N7 as the
only binding site on both I and AMP (24,25). Acidic solutions
also avoid an¥ competing oligomerization reactions through OH™
bridging. A !°SPt NMR spectrum of a 1:1 mixture of I and
cis-Pt(*°NH;)2Cl, which had reacted for 7 days at pH 2.3 in the
dark is shown in Figure 4. The long reaction time was chosen
merely to ensure the attainment of equilibrium. Unreacted complex
(triplet, J = 312 Hz) as well as two sets of signals with shifts
near those expected for PtN;(H.0) (-2330 ppm) and PtN, (-2440 ppm)
species are seen. The broadening of these suggests coordination
of I via “N. Curiously there appear to be two different
PtNs (H20) complexes possibly due to coordination of both N7 and NI
The shift of the proposed 1:2 complex compares well with the pro-

duct of a similar reaction we have carried out with 2 equivalents
of GMP.
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o NH,
HNY S NZN-N
Sy on’ SN -
N 0. {H20H 0. {H20POH Figure 3. Molecular structures of ino-
8—3 sine (left) and adenosine 5’-monophos-
OHOH HOH phate (right). At acidic pH values, the
Inosine AMP only Pt binding site expected is N7.
NS o NS N1 N1S N
K e & el & \,Pt\
HaN'S CI HyN'S i HyNIS  TN1é
312 Hz
1 1 1 1 -
-2000 -2100 -2300 S/ppm -24L00 -2500

Figure 4. {IH}-1Pt-NMR spectrum (43 MHz) of a 1:1 solution of cis-Pt-

(**NH,),Cl, and inosine (50 mM in H,0/10% D;0). Some of the Pt complex was

present in suspension at the start of the reaction but almost all of it had dissolved
after 7 d at 40 °C when this spectrum was recorded (pH 2.3).
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A {'H} - !5N NMR spectrum of the same inosine solution is
shown in Figure 5. There is no observable signal in the 80-90
ppm range (not shown). This is the region expected for NH; trans
to C=0 if chelation occurs. The resonance of 64.7 ppm (J=312 Hz)
confirms the presence of unreacted cis-Pt(NH3)2Clz. All the res-
onances in the 61-69 ppm region are assigned to NH; ligands trans
to N or C1-. There seems to be at least 7 resolved peaks, 5 of
which have visible satellites. Resonance 5 has a coupling most
appropriate to a PtN, complex (288 Hz) the other couplings lie
between 304 and 335 Hz. No liberation of NH4+ is observed. 1If
(cis-Pt(NHs)2 (N7-I)C11+ and [cis-Pt(NHs),(N7-I,1%* were the only
products, only three resonances would be expected. The presence
of four additional peaks suggests either that there are additional
binding sites (N1 or N3, not 0), or that species with different
base orientations or H-bonding interactions involving NH; are be-
ing detected. The sharpness of the satellite peaks suggests that
all species are of low molecular weight.

Chu and Tobias (24) were unable to detect N7-06 chelation for
inosine by Raman spectroscopy, and suggested that a special stabil-
ity was associated with cis-Pt(NH3),(I), perhaps through stacking
of coordinated inosines. Their work on acidic solutions of
cis-Pt(NHs) 2 (H,0),2* suggested that only N7- coordinated 1:1 and
1:2 complexes were formed. Our !SN spectra of similar solutions
are shown in Figure 6 where inosine is compared to AMP. Peaks are
now present in the 85-95 ppm range as expected for SNH; trans to
Hz0. If we ignore n.O.e. effects on intensities (although there
is little justification for this) then there is a similar amount
of unreacted diaquo complex in both cases. This is curious in
view of the second binding site available on AMP, although Pt has
to displace a proton (pK, of N1 ca. 4). Indeed, although peaks 1
and 3 are common to both spectra, peak 5 is unique to the AMP
reaction and maybe due to the NH; trans to H,0 in [Pt(NHs).
(N1-AMP) (H20) 1>*.  Again in the 60-70 ppm region there are more
resonances than can be simply accounted for by N7 coordination
alone for I, unless H-bonding, base-orientation or inter-molecular
assocation are also involved.

We predicted that closure of the N7-06 chelate ring would
lead to a ca. 2 ppm shift of the trans NH; to high frequency.
Possible canlidates are resonances 1 (ring open) and 2 (closed)
for I (Figure 6). Resonance 2 is absent for the AMP system as
would be expected.

15N NMR is therefore a powerful method for studying the inter-
action between nucleic acid bases and platinum drugs in solution.
When combined with !°5Pt and 'H NMR, more details of the inter-
actions in solution should be revealed. Further work along these
lines is in progress.
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Pt-1NH3 RESONANCES
- 60 - 65 -70 ppm -15

no —»
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f—

1): 288-335 Hz

15 NyCh

Figure 5. {H}-"*N-NMR spectrum (20.3 MHz) of the same 1:1 solution of cis-
Pt(*’NHs);Cly and inosine used in Figure 4. Main peaks and their %Pt satellites
are numbered.
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Figure 6. {'H}-'>N-NMR spectra (40.6 MHz) of 0.32 M cis-P{(**NH;)s(H,0)s*

in the presence of 0.5 molar equivalents of AMP (top, pH 2.2) and inosine (bottom,

pH 1.9) 1 d after mixing. Resonances from ca. —65 to —75 ppm and —85 to —95

ppm are assigned to >’ NH; ligands trans to N or Cl and O, respectively. A resonance
due to unreacted Pt complex appears in both spectra at —89 ppm.
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Drug Binding to Methionine in Peptides and Proteins: Release of
Coordinated Amines

Our interest in Pt binding to methionine residues of proteins
was first aroused by the observations of crystallographers (26)
that PtCl,?~ and cis-Pt(NHs)2Cl, bind specifically to the Met S
atoms in protein crystals, sometimes with secondary binding to
His if the pH is high enough (pH 6-7). However, the resolution in
electron density maps of proteins is rarely high enough to allow
complete definition of the coordination sphere of Pt. This lead
Dickerson to propose that on binding to cytochrome c, PtCl,2~
becomes 6-coordinate: a Pt(IV)Cl,(SMet)L adduct (26). Chemically
this seemed very unlikely, as discussed by Petsko et al (27), and
we sought to use a combination of !°°Pt NMR shifts and !°N coup-
lings to define the binding sites.

All our attempts to observe !°5Pt NMR signals from either
PtCl,?~ or cis-Pt(!5NHs),Cl, bound to reduced cytochrome c or ribo-
nuclease A (RNase) have so far failed. These platinum complexes
are known to bind to the sulphur atoms of exposed methionines
(residues 65 and 29 of Cyt c and RNase respectively) as shown by
our previous 'H NMR studies on RNase (28) and those of Boswell et
al on Cyt c (29) and x-ray crystallography. We assume therefore
that the resonances are broadened beyond detection via chemical
shift anisotropy relaxation. The restriction of Pt mobility on
the protein will lead to a large increase in T. (see CSA equation
above). The anisotropy term would also be expected to increase.
Scalar coupling to 14N will also contribute to the increase in
linewidths if nitrogen binding sites are involved.

To make sure that our search of the '°5Pt chemical shift
range was concentrated in the correct regions, we studied a number
of model reactions. Displacement of one Cl~ by S of Met leads toa
high field shift of ca. 1000 ppm, whereas introduction of further
S to give PtN,S., PtNS; and PtS, gives further incremental shifts
of 600, 300 and O ppm respectively. The most interesting feature
of the !N NMR spectrum of a solution containing cis-Pt(NH;3).Cl,
and N-acetyl-L-Met (1:2) pH 2.2, after 3.5 hr reaction at 298 K,
is the large peak for NH,". All the other peaks are explicable
by S coordination: cis-Pt(NHs)2(S-NAcMet)Cl and cis-Pt(NHs)
(S-NAcMet)Cl1,.

Reactions of cis-Pt(NH5).Cl, with RNase A at pH 6.5 also lead
to the release of coordinated NH;, Figure 7. Unlike the N-Ac-Met
system above, no signals are observed for 15NHs trans to S. It
seems that NH,* production induced by the high trans influence
of S is a general reaction and, in particular, does not require
a low pH. Once S displaces Cl~, NHs; release appears to be more
favourable with the protein, although in analogous reactions of
cis-Pt (NH3) 2 (H20) 22t added to RNase A at pH 6, intermediates with
NHs; trans to S are detectable.

Our report seems to be the first direct demonstration of NHj
release on reaction of Pt 'drugs with peptides and proteins,
although Volstein et al (30,31) have isolated analogous products
from reaction of methionine itself (which can chelate via S and
NH.;) with g—Pt(NHs)zCIzo

In Platinum, Gold, and Other Metal Chemotherapeutic Agents; Lippard, S.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1983.



Publication Date: January 26, 1983 | doi: 10.1021/bk-1983-0209.ch008

186 METAL CHEMOTHERAPEUTIC AGENTS

0 ppm ' -40 ' -80
W S «-NH3,Cl

NH;

Figure 7. {'H }-’:”N-NMR spectrum (40.6 MHz) of a 6 mM solution of RNase A
that had reacted with 5 molar equivalents of cis-Pt(*>NH,);Cl, for 8 d (final pH 6.5).
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\This raises the question of whether the differing biological
activities of cis and trans Pt(II) diamines could be related to
S-induced amine release. This would be a kind of biological
Kurnakov test! Kurnakov distinguished (32) between cis and
trans-Pt (NHs3).Cl, by their reactions with thiourea: the cis
isomer gives a yellow tetrakisthiourea species, whereas no NHs
is released from the trans complex giving the white product,
[trans—Pt(NHg)z(thiourea)z] 2+ However, for this to be an import-
ant biological event, it would need to apply to chelated diamine
complexes also, and this seemed less likely. Indeed, Romeo et al
reported (33) that significant amounts of the ring-opened form of
[Pt(en) (DMSO)CL]* are present in solution only at high H (molar)
and C1~ concentrations, based on uv-visible spectra.

Thus we were somewhat surprised to find that reations of
cis-Pt(en)Cl; with both N-acetyl-L-methionine (as a model system)
and with RNase A lead to significant release of free ethylene-
diamine, Figures 8 and 9. The greater difficulty in displacing
en relative to NH; is reflected in the presence of peaks for
trans to S in the spectrum. A curious feature in Figure 9 is the
additional peak ca. 3 ppm to low field of enH,2t. Only further
experiments will determine whether this is monodentate (dangling-
arm) en, or perhaps en bound to the protein.

Finally, we describe a model reaction which suggests that some
binding sites in proteins could lead to very efficient amine re-
lease. Reaction of one equivalent of the dipeptide Gly-L-Met
with cis-Pt(NH;).Cl; at pH 5.5 leads to a very efficient release
of NHs. This is attributable to the tridentate binding of the
peptide via S, deprotonated NH, and NH; groups: a mode of coordin-
ation found by Freeman and Golomb (34) in the crystal structure
of Pt(Gly-L-Met)Cl with deprotonation of NH even at pH 2.5. This
raises the question as to whether binding of Pt to Met residues
of proteins can be followed by binding to N~ (deprotonated NH) of
the neighbouring peptide linkage, although it seems likely that
this reaction needs to be driven by additional NH, coordination.
It is pertinent to note that the SCHs 14y NMR shift of Fe?t cyto-
chrome ¢ on reaction with Pt complexes differs markedly from that
observed in a model system of N-Ac-Met where coordination is to
S only (29).

Biological Significance of Amine Release. Our suggestion
that amine release may be an important in vivo event for Pt anti-
tumour drugs was not supported by animal studies, until recently.
The early work of Talyor et al (35) appeared to establish that
195p¢ and !*C-labelled Pt(en)Cl, were metabolised similarly in
rats. However this study, which was based on a single 24h time
point, has recently been extended. Robins and Leach now find
(36), using '°!Pt and '*C-labelled Pt(en)Cl, and cis-Pt(NHs)2Cla,
that dissociation of ligand from Pt occurs as soon as 1 hr after
administration to mice bearing ADJ/PC6 plasma cell tumours.
Proliferating tissues of the gut and tumour take up 1%C into DNA
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Figure 8. {'H}-"*N-NMR spectrum (20.3 MHz) of a 0.1 M solution of P{(**N-
en)Cl, containing two molar equivalents of N-acetyl-L-methionine at pH 2.8_and
reaction time of 1 wk, although equilibrium may be reached earlier than this.

' S | N, CI |
ppm 20 0 -20 -40 -60 -80
? ensz' " s
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Figure 9. {'H)}-"*N-NMR spectrum (40.6 MHz) of Pt(**N-en)Cl, after reaction
with RNase A (6 mM) in a 5:1 molar ratio for 7 d (3 d at 37 °C and 4 d at 20 °C
in darkness). Initially much of the Pt complex was present as a suspension. Peaks
for unreacted complex appear in the spectrum. The phases of peaks were checked
against a phase reference. The loss of n.O.e. on the signals from the proposed
Pt(en)Cl(S—Met—Protein) species is consistent with a lowered mobility (longer =)
for these N nuclei. Relaxation via mechanisms other than dipolar coupling to 'H
may also be occurring.
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from day 4 in parallel with the rise in synthetic activity, but
this is not paralleled by an uptake of 191pt,  Levels of !°!Pt

in the gut and tumour from cis-Pt(NHs).Cl, are much greater than
those from PtenCl., perhaps a reflection of the ease of release
of NH; compared to en. We therefore conclude that studies of the
mechanism of action of Pt anti-tumour complexes should include
consideration of the consequences of protein as well as nucleotide
binding. The active metabolites may well be different from those
currently considered. A controlled transfer of Pt from proteins
to DNA could occur, and it is pertinent to note that methionine
is thought to play a key role in the initiation of protein syn-
thesis. The fate of released amines also requires further atten-
tion. Taken together, these new approaches may lead to a better
understanding of structure-activity relationships.
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Conformational Properties of Purine and

Pyrimidine Complexes of cis-Platinum
Implications for Platinum(II)-DNA Crosslinking Modes

THOMAS J. KISTENMACHER and JOHN D. ORBELL
The Johns Hopkins University, Department of Chemistry, Baltimore, MD 21218

LUIGI G. MARZILLI
Emory University, Department of Chemistry, Atlanta, GA 30322

The stereochemical properties of a variety of cis
complexes of Pt(II) containing purine or pyrimidine
ligands are examined. The critical intramolecular
conformational parameters [the interbase dihedral
angle and the base/coordination plane dihedral
angles] are systematically studied and trends sought.
Where intramolecular interactions are determinative
of the adopted molecular conformation, the nature of
the steric demands imposed by increasing numbers of
exocyclic functional groups contiguous to the Pt
binding site are clearly of major import.

Within the past several years, there has been literally an
explosion of chemical and biochemical studies (1) directed toward
elucidating the mode of action of platinum(II) anti-tumor drugs,
typified by cis-Pt(NH3)7Cl, (2). It is perhaps not inappropriate
to suggest, however, that while significant progress has been
made, the mode (or modes) of action of such Pt(II) reagents at
the molecular level remains elusive. A leading hypothesis is
that the primary molecular targets for active Pt(II) complexes
are the nucleobases of cellular DNA. In the event that DNA is
the "active" macromolecular target, several experimental results
can be cited (3-6) which implicate metal-base binding at regions
rich in guanosine-cytidine (G-C) residues as both prevalent and
possibly of mechanistic importance.

The various results accumulated thus far have led to
numerous proposals for ways in which Pt(II) agents may bind to
the nucleobases of DNA so as to cause mutagenesis (by inducing
base-mispairing) or cell death (by introducing one or more
"defects" which cancer cells may find difficult or impossible to
repair). Both the cis and trans isomers of a reagent such as
Pt(NH3) oCl, are mutagenic, and to some extent carcinogenic, but
only the cis isomer has significant anti-tumor activity (1). One
of the requirements for anti-tumor activity in these systems,

0097-6156/83/0209-0191$06.00/0
© 1983 American Chemical Society
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then, centers about the availability of two adjacent sites at the
Pt(II) center. The possibility has naturally arisen that each of
these sites is utilized to form a covalent bond to a nucleobase -
leading to the formation of an interstrand or an intrastrand
metal-mediated cross-link.

One chemical approach toward achieving resolution of the
mode of action of cis-Pt(II) complexes at the molecular level has
been to synthesize various model complexes of the general formu-
lation cis-A,PtB,, where A is NH3 or Ap is a bidentate chelate
such as ethylenediamine (en) or trimethylenediamine (tn) and the
B ligands are nucleobases, nucleosides or nucleotides. The prin-
cipal advantage of this approach is that these complexes are
usually isolable (often in crystalline form) and readily studied
both in solution and the solid state by a variety of spectro-
scopic techniques (e.g., NMR, IR, RAMAN, ORD/CD, and X-ray
scattering - both EXAFS and single crystal). The major disadvan-
tage of these model systems lies in deducing to what degree
correlations that arise from such systematic studies can be
carried over with fidelity to a Pt(II)-DNA complex.

In this report, we briefly summarize some of the major cor-
relations, emphasizing molecular conformational properties, for
cis-A)PtBy complexes which have become available through single-
crystal X-ray diffraction studies. An attempt is also made to
suggest which of these deductions are most likely to be worthy of
consideration as possible elements of any detailed description of
an "in vivo" Pt(II)-DNA complex and its possible role in anti-
tumor activity.

Nucleobase Binding Sites

In any systematic analysis of the binding of a metal to the
nucleobases of DNA, a careful scrutiny of the variety of endo-
cyclic nitrogen atom sites available or potentially available at
physiological pH is of central importance. In this section, we
enumerate for each nucleobase the various metal binding sites,
paying particular attention to the number and the nature of the
exocyclic functional groups near to these sites. To this end, we
present in Figure 1 illustrations of four commonly employed
nucleobases (9-methylguanine, 9-methyladenine, l-methylcytosine
and the thymine monoanion). Also presented in Figure 1 are in-
plane electrostatic potential energy maps for these bases. These
maps are ready visualizations of the availability of the lone
pair density for each base and the possible role of electro-
statics in any particular metal binding mode.

Guanosine. Near pH 7, the N(7) site (Figure 1) on a guanine
base has an available pair of electrons and is known to bind
metals (notably Pt(II) and Pd(II)) to produce stable complexes
(7, 8, 9). The presence of the nearby 0(6) carbonyl oxygen atom
has led to a continuing speculation (10-13) that this exocyclic
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9-MeG 1-MeC

Thy~

Figure 1. Molecular topology, atomic numbering, and in-plane molecular electro-

static potential energy maps for a, 9-methylguanine (9-MeG); b, 9-methyladenine

(9-MeA); ¢, 1-methyicytosine (1-MeC); and d, the N1-deprotonated thymine mono-

anion (Thy’). Contour levels for the electrostatic potential energy maps are given in
kcal/mol as in Ref. 21 and 26.
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oxygen atom may play an important role in M-N(7)-bound guanosine
systems (e.g., the possible presence under certain conditions of
a M-N(7),0(6) chelation binding mode).

The N(1) site on guanosine (Figure 1) is protonated at pH 7.
It is known, however, that both alkylation (14) and Pt(II) bind-
ing (14, 15, 16) at N(7) can reduce the pKa of the N(1)-H proton
by ca. 2 log units, leading to significant N(1) deprotonation at
pH 7. As for the case of N(7) metal binding, the possible role
of 0(6) for metal attack at N(1) has been considered (17-22).
(It is worthwhile to note that there is one example in the liter-
ature of a Cu(II) complex which exhibits a direct M-0(6) binding
mode (23) and recent spectroscopic evidence which suggests 0(6)
binding by N(1)-deprotonated guanine derivatives in solution
(22)). A point of particular interest to us here, however, is
that the deprotonated N(1) site of guanosine is expected to be a
strong nucleophile. In addition, we note that this site is
flanked by an exocyclic amino group as well as an exocyclic oxo
group (Figure 1). (For the less common nucleoside inosine, the
exocyclic amino group at C(2) is missing, and the deprotonated
N(1) binding site has only the adjacent oxo group nearby).

Adenosine. Unlike guanosine, both the N(7) and N(1) base
binding sites of adenosine have lone pair density available for
metal binding at pH 7 (Figure 1). These two sites are, for N(9)-
substituted 6-aminopurines, of about equal metal binding strength
(9, 24), and there is reason to speculate (25, 26) that the
availability of these two metal binding sites leads to multiple
metal binding and polymer formation in metal-adenosine systems.

The major stereochemical difference in the environments
about the N(7) and N(1) sites of adenosine is that, for the lat-
ter site, the exocyclic amino group is adjacent to the site of
potential metal attack, while for M-N(7) binding this amino group
lies off a B-carbon atom (Figure 1).

Cytidine. Near neutral pH, only the N(3) site on a cytosine
base has lone pair density available for metal binding (Figure
1). We wish to emphasize that the N(3) site on a cytosine base
is directly analogous to the N(1)-deprotonated site on guanosine,
in that both have an exocyclic amino and an exocyclic oxo group
on their respect<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>