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Why Does Cisplatin Reach Guanine-N7 with Competing S-Donor Ligands
Available in the Cell?
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. Introduction

It is beyond doubt that the story of cisplatin, in its
development as a very successful antitumor drug, has
been a success story. The huge number of patients
that have been completely cured after cisplatin
treatment of cancer! speaks as such. Given the fact
that the precise mechanism remains elusive, cisplatin
and its several analogues have provided a fertile
ground for exciting (bio)chemistry. This paper will
deal with a special aspect of platinum chemistry,
namely, its reactivity with a group of ligands that is
not present in the drug but nevertheless must play
a key role in the process of drug distribution in the
body, in the mechanism of metabolism of the Pt-
antitumor compounds, in the therapeutic effect, and
in the serious toxic side effects of cisplatin

A Kkey question, intriguing for many chemists, has
been why Pt antitumor compounds do not end up
bound at S-donor ligands. An overview of Pt—S
interactions relevant for the mechanism of action of
cisplatin and related Pt-antitumor drugs is pre-
sented. Although it is nowadays generally accepted
that DNA platination is the ultimate event in the
mechanism of action of platinum anticancer drugs,
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the precise mechanism has remained elusive. Despite
these uncertainties, the fact that the major adduct
formed after attack of cisplatin on the DNA is the
intrastrand cross-link between N7 atoms of two
adjacent guanine (G) residues is undisputed.
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Figure 1. Structures of selected potential rescue and
protecting agents.

However, basic coordination chemistry knowledge
would not predict this behavior. On its route to the
ultimate destination, platinum complexes do also
interact with many other biomolecules, especially
those containing methionine and cysteine residues.

In fact already in the blood, where the Pt drug is
administered by injection or infusion, several S-donor
ligands are available for kinetic and thermodynamic
competition. Consequently, the so-called “rescue
agents” or “protecting agents” have been developed
to overcome or reduce binding to such groups, thereby
diminishing the toxic side effects. Such agents may
in fact revert Pt—protein binding and in this way
result in a reduction in, e.g., the kidney toxicity.
Biomolecules such as methionine and glutathione
(reduced GSH; oxidized G—S—S-G) do interact with
cisplatin and analogues and so compete with nucleo-
base binding (see e.g., ref 10).

Recent results have shown that eventually the Pt-
binding to guanine-N7, but not to adenine-N7, is
thermodynamically favored (see e.g., ref 10). On the
basis of this knowledge, a new strategy toward new
cisplatin derivatives has been proposed. In fact, both
controlled delivery and activation of the drugs toward
DNA binding are now coming within reach.

Cisplatin and its closely related analogue carbo-
platin (see structures 1 and 2) have two important
shortcomings, namely, (1) Toxicity, which is thought
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to be related to protein binding of the Pt compounds?
and might be controlled by administration of protect-
ing agents (so-called rescue agents; usually sulfur-
containing ligands) that protect against serious dam-
age. A selection of more or less well-known examples
of such protecting (rescue) agents is given in Figure
1. Due to limited understanding in this field, none
of these reagents are, as yet, routinely used in patient
treatment. However, a quite promising protecting
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agent for use with cisplatin appears to be WR-2721,
which is already registered in a number of European
countries.® Other recently used agents include mesna
(BNP-7787; [-S—CH,—CH,—S03],), diethyldithio-
carbamate (ddtc), and thiosulfate (sts).* Their chem-
istry will be evaluated in section 111 of this review.
The compound carboplatin (2) is less toxic but
requires higher doses.

(2) An even more important challenge is to over-
come the development of resistance of certain tumors
to the first- and second-generation drugs.® This has
resulted in the development of new generations of
mononuclear, dinuclear, and even trinuclear plati-
num compounds, lacking cross-resistance with cis-
platin and/or carboplatin. Most recently, a variety of
such drugs, some of which are very promising, have
become available and urgently require study; they
are discussed in another review in this issue.®

From the newly applied drugs, in fact the com-
pound JM-216 (cis,trans,cis-PtCly(OAc),(NH3z)(CsHas-
NHy>) (3)) is very special because it can be given orally
(although patients often have to be hospitalized due
to the toxic side effects). In the gastrointestinal tract

OAc o
NH:';Tt _Cl CI—Pt— NUz %
kel :
Cort1iNF26pc NHz o o
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this drug is metabolized into several active com-
pounds, probably after being reduced to Pt(ll).
Whether S-donor ligands have a key role in this
reduction process or whether other agents such as
ascorbate play a role is likely but not yet determined.

The rather recently introduced” compound cis-
[PtCIy(NHs)(2-picoline)] (4), initially named JM-473
but more recently renamed as AMD-473 and ZD0473,
as described by Giandomenico and Wong,® needs to
be mentioned as it has clearly been shown that it
reduces the reactivity toward ligands, including
cellular glutathione.®

Although the mechanism of action of cisplatin and
its derivatives is in a sense elusive and only partly
understood, overwhelming evidence strongly suggests
that DNA is the ultimate target in cells,®'° where Pt
binds primarily (but not only) to two adjacent guanine-
N7 sites. Many questions, however, remain as a
subject of research in the coming decade. Another
review in this issue will deal with the biological
events AFTER the DNA binding.*! For the present
review, two separate but related questions will be a
central issue: (a) How does the platinum species
reach the DNA in the cellular nucleus, (b) How do
the several Pt compounds react with protecting
agents.

Transport of cisplatin and other Pt species through
the cell membranes and possible intermediate bind-
ing to proteins both remain largely unknown.? In
addition, the deplatination reactions of DNA and
possible migration of Pt units along the DNA chain?3
are still poorly understood. The process leading to cell
killing and the proposed role of apoptosis in these
events do require more study.'* In fact, a simple
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question will be addressed, i.e., “how can platinum
reach the DNA”, after administration of the drug,
after or despite its reactions with rescue (protecting)
agents, after its transport through the cell mem-
brane, and after its possible binding to proteins and
peptides as intermediate species.

To date, several of the details of the structure of a
relatively small number of cisplatin DNA adducts are
known01:.1315-17 and several major new challenges
originate from the study of the other in vivo binding
processes. The other chemical reactions that occur
in vivo, namely, those with proteins and peptides in
the blood and in the cell, and those with the protect-
ing agents is at an early stage of understanding and
has been studied at the molecular level only during
the last 5 years.

In a fundamental approach one has to consider four
types of reactive species, all competing for cisplatin,
namely, (i) the rescue (or protection) agents, (ii) the
cell membrane ligands, (iii) the peptides and proteins,
and (iv) the cellular DNA. Fortunately, information
on these aspects of in vivo platinum chemistry have
become available.’?18-21 Therefore, the present review
will deal with the interaction of (new, active, but also
some relevant inactive) platinum compounds (in
model fluids; in vitro and in vivo) with cellular
components (membrane components, DNA, peptides)
and additives (protective agents).

Il. Cisplatin as an Antitumor Agent: The Ultimate
Target Is DNA

For a proper introduction to the nonexpert reader,
a few early accepted key elements in the mechanism
for cisplatin are will be summarized here (details are
found in refs 9, 10, 22).

After hydrolysis and transport, the binding to DNA
is assumed to take place for most platinum com-
pounds of the parent type. Structure—activity rela-
tionships for Pt compounds have evolved, and it
appears that the cis geometry of amines (symmetric,
asymmetric, chelating or not) and the presence of at
least one N—H group are necessary.'%?2 Newer
platinum complexes have been developed which in a
few cases deviate significantly from the classical ones.
This development has resulted in the—more general—
view that (all) Pt complexes of a certain size and
shape, with a certain polarity, capable of (weak,
moderate, or strong) binding to biomolecules may
show anticancer activity.

For cisplatin and related species, a specific binding
at neighboring guanine bases is found in all cases
and is especially frequent at guanine-N7 positions;
also, the Pt compounds of the newer types seem to
demonstrate this preferred binding at G—N7 sites.
For cisplatin and a few related species, binding at
two neighboring guanines intrastrand chelation takes
place, resulting in a specific distortion of DNA,
changing its interactions with proteins (see for details
the Lippard review!?).

Some of the newer Pt compounds contain (tissue-
specific) carrier molecules as ligands for achieving
higher drug concentrations or to have slower release
in (or at the surface of) certain tumor tissues. In other
cases they are attached to other chemotherapeutic

Chemical Reviews, 1999, Vol. 99, No. 9 2501

agents, such as intercalators as coligands, to obtain,
e.g., a possible synergistic effect.® Others contain
more than one platinum atom connected by a bridge,
and even some trans-Pt compounds have been found
to be active. For full details the reader is referred to
the review of Wong and Giandomenico.®

Although in theory many biological molecules could
be a target for platinum compounds, basic coordina-
tion chemistry knowledge would predict that S-donor
ligands present in tissues and, in particular, in
proteins would rapidly bind and generate the most
stable platinum complexes. Binding to the lone pairs
of nitrogen atoms is known to be strong in the
absence of S ligands. Consequently, these types of
binding would involve amino acid side chains from
cysteine, methionine, and histidine. In fact, the
solvent-exposed N7 atoms of adenine and guanine in
double-stranded DNA would be predicted to be good
binding sites for platinum. In addition to these N7
targets, which react with half-lives of a few hours,
the N3 of cytidine and N1 of adenine would be
accessible in single-stranded DNA.

Although not expected beforehand from chelate-
forming principles, a macrochelate Pt(G—N7)(G—N7)
with a 17-membered chelate ring can be formed, as
verified by NMR and X-ray diffraction sometime
ago.’® More recently, double-stranded DNA struc-
tures have been determined also (X-ray, NMR) and
the DNA has been found to be distorted and kinked
at the Pt-binding site, although the degree of bending
may vary depending upon the sequence.!317.23.24

The well-known HSAB theory (now a text-book
principle) predicting a very strong (and also rapid)
interaction of Pt ions with S-donor ligands in fact
would hardly leave any reactivity for the N-donor
ligands such as adenine and guanosine, with so many
S-donors around in vivo! Nevertheless, and fortu-
nately, the Pt-antitumor drugs finally end up at N7
atoms of guanine. Why and how this process may
happen under in vivo conditions will be addressed
below.

Upon administration (injection or infusion), the
drug circulates in the blood, primarily as the chloride
(for cisplatin, 1), or as another rather inert form (such
as the biscarboxylate in carboplatin (2)), or the
oxalate in oxaliplatin (5). Upon circulation in the
blood, reactions with proteins and other (rescue,
protecting) agents can also take place. Upon passing
through cell walls (which is either an active or a
passive process??), intracellular reactions with pep-
tides and proteins, present in large amounts, may
take place. In a final step, presumably, the transfer
to the nucleic acids will take place. Given the above-
mentioned strong (kinetic) preference of Pt com-
pounds to react with class-B donor atoms (such as
those from thiolates and thioethers), binding to
nucleic acid bases (apparently a thermodynamic end
product) must at least occur partially via labile
intermediates.

In recent years, competition studies for Pt—amine
compounds with S-donor ligands and nucleobases,
such as in S-guanosyl-L-homocysteine, and carried
out in our laboratory®~2! as well as others have
shown that easy transfer from a thioether S ligand
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occurs only to a guanine-N7 site and not from
thiolates or to A—N7 sites. So, for S-guanosyl-L-
homocysteine and for the nucleopeptides Met—TpG
and Met—TpGpG, migration takes place to a guanine-
N7 site. This observation, as will be detailed below,
has indeed provided the first clear evidence that
S-donor ligands, including those of protecting agents,
may be involved as reaction intermediates.'8~2!

lll. Reactions of Platinum Complexes with
Protecting Agents

A. Introduction

In section | of this review the concentration-
dependent toxicity was mentioned to be an important
shortcoming of cisplatin. In fact, this phenomenon
had—some 20 year ago—almost been a reason for
terminating its clinical application. In fact, toxicity
has been associated with competitive protein binding
of platinum compounds, and side effects of high-dose
cisplatin treatment include nephrotoxicity, ototoxic-
ity, hematological toxicity, neuropathology, and sei-
zures.?> Nephrotoxicity has perhaps been the major
problem in cisplatin treatment, and as a matter of
fact, cisplatin could only develop to one of the most
widely used anticancer agents after a protocol had
been developed to reduce the severe nephrotoxicity,
including pre- and post-hydration and mannitol-
induced diuresis.?®?” Nephrotoxicity can also be
reduced by application of the cisplatin analogue
carboplatin,?® although even for this compound toxic-
ity remains a problem. In practice, the clinical use
of carboplatin is limited by myelosuppression.?® There-
fore, despite much effort to reduce the above-
mentioned toxic side effects, a major limitation of the
clinical use of platinum complexes?6:27:2930 remained
and several compounds considered as so-called “res-
cue agents” or “protective agents” have been devel-
oped for use in co-administration with the aim to
modulate the above side effects of platinum therapy.

Using a known similarity in histopathology of the
kidney after Hg(ll) and Pt(ll) exposure in the rat,
Borch and Pleasants®! did suggest several years ago
that a similar mechanism might play a role in the
nephrotoxicity of these metals. In these cases, inac-
tivation of enzymes is known to occur by the coordi-
nation of Hg(ll) and Pt(ll) to the thiol residues of
proteins. Support for this mechanism is the fact that
the total number of protein-bound thiol groups in the
kidneys is strongly reduced after cis-Pt administra-
tion, especially in the mitochondrial fraction.3>33
Early evidence for such a mechanism was provided
by Aull et al.3* who investigated the inhibition of the
enzyme thymidylate synthetase by trans- and cis-Pt
in vitro. This study clearly proved that both platinum
isomers do bind to thiol groups of the protein; it was
also shown that this interaction could be prevented,
but not reversed, by the addition of 2-mercaptoetha-
nol. The enzyme adenosine triphosphatase, which is
critical for kidney function, has been proposed as the
site of action for nephrotoxicity;® however, the high
concentrations necessary for this inhibition are un-
likely to be reached in vivo.
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The known affinity of sulfur for platinum com-
plexes has resulted into investigation of so-called
“protecting agents” to ameliorate the side effects of
platinum therapy, without reducing its antitumor
activity too much. Such nucleophilic sulfur com-
pounds include sodium thiosulfate (STS), sodium
diethyldithiocarbamate (Naddtc), glutathione (GSH),
S-2-(3-(aminopropyl)amino)ethylphosphorothioic acid
(amifostine, WR-2721, Ethyol), methionine, cysteine,
N-acetylcysteine, penicillamine, thiourea, biotin,
sulfathiazole, sodium 2-mercaptoethanesulfonate
(mesna), and its oxidized S—S-bridged dimer (di)-
mesna (BNP-7787). The protective effect of these
compounds is either due to prevention or reversal of
Pt—S adducts in proteins. A few promising com-
pounds (see Figure 1 for several of their structures)
will be discussed below in section 111.B and 111.C.

B. Some Commonly Used Protecting Agents

The well-known inorganic salt sodium thiosulfate
(STS) is known to provide protection from nephro-
toxicity when administered in a period between 1 h
prior to and 0.5 h after cisplatin injection.3®37 It has
been shown that protein-bound cisplatin cannot be
released by STS,3840 although STS is able to break
the Pt—thioether bond in methionine model sys-
tems.*! A likely explanation for the protecting effect
of STS is known to be related to its high concentra-
tion in the kidney, where it has been proven to react
rapidly with cisplatin, consequently inactivating the
drug locally.®® No routine clinical use of this drug is
known as yet.

The salt sodium diethyldithiocarbamate (Naddtc)
is effective in reducing several kinds of nephrotox-
icity, as well as bone marrow toxicity, and when
administered 1—4 h after cisplatin, it does not
interfere with the antitumor properties of cis-Pt.#>43
This behavior is in agreement with observations that
Naddtc could reverse only the selected Pt—DNA
cross-links, cis-Pt—adenosine 1:1 and 1:2 adducts and
the cis-Pt-guanosine 1:1 complex, but NOT (Pt—GG)
chelates.*®* Naddtc is capable of reversing the Pt—
methionine bond but incapable of reversing the Pt—
cysteine bond.**** For a long time thiourea®® and
Naddtc have been the only protecting agents that
result in protection against nephrotoxicity when
administered after cisplatin treatment, at a time
when most of the reactive platinum species have
already entered the cells or excreted through the
urinary tract. It appears that Naddtc acts as a real
rescue agent, i.e., not only by prevention of protein
inactivation, but also by repairing of cisplatin-
induced damage by dissociating Pt—protein adducts.
This hypothesis is supported by the findings that the
enzymes fumarase,® y-glutamyltransferase,*** and
az-macroglobulin®® are inactivated by cisplatin and
can be reactivated by Naddtc. One study describes
effective protection from kidney damage when Nad-
dtc is administered 12 h before the cisplatin treat-
ment.*” Unfortunately, and despite promising results
from animal models, Naddtc has not been very
successful in the clinic, which may be partly due to
its toxicity*® to the central nervous system.

The third agent to be discussed is mesna. It is a
reactive and rapidly excreted thiol, it is commonly
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administered orally or intravenously as a uroprotec-
tive agent in the ifosfamide treatment,*® and its
potential to reduce cisplatin-induced nephrotoxicity
has also been studied. Results of early studies have
not unambiguously illustrated its use in reducing
nephrotoxicity in animal systems; premature inac-
tivation in the blood stream of cisplatin by mesna has
been suggested as a possible cause.®® More recently,
research has been devoted to the disulfide (di)mesna
(BNP-7787), which is administered as a prodrug for
mesna. The BNP-7787 appeared to have a very low
toxicity®! and undergoes an energy-dependent facili-
tated intracellular transport in the renal and intes-
tinal epithelial cells.>? One molecule of BNP-7787 is
believed to be reduced enzymatically in the epithelial
cells to two molecules of mesna by glutathione
reductase;?%3 this then locally inactivates cisplatin
without reducing the antitumor activity.5*% The
application of BNP-7787 as a protective agent is
under investigation in a Phase-I clinical trial.®

A special case to be mentioned here is glutathione
(GSH); it is present in varying concentrations (0.5—
10 mM) in cells and has numerous cellular functions,
including the detoxification of chemotherapeutic
agents; therefore, it may play a role in modulating
cisplatin cell sensitivity.?>5” Recently, GSH was also
shown to protect against cisplatin-induced toxicity in
animal models. GSH has been administered before
cisplatin,® but in another study GSH injections were
used prior to and after cisplatin.>® A clinical phase-I
study of GSH with cisplatin has shown that toxicity
is significantly reduced in the case of ovarian cancer
treatment with cisplatin.®® No significant effects on
the antitumor efficiency were observed, but the renal
toxicity was significantly reduced.

C. Amifostine

Currently a most promising and also recently most
frequently studied protective agent is the phospho-
rylated aminothiol amifostine, WR-2721, also called
Ethyol. Some if its studies will be summarized in
more detail below. Amifostine has recently been
registered in several European countries®®62 and
was originally developed as a radioprotective agent
by the U.S. Army. The amifostine was shown to
protect normal tissues from the cytotoxic effects of
therapeutic radiation, as well as chemotherapy with
preservation of the effect on the of the drug on the
tumor. Clinical trials (including phase-I11 trials) have
shown significant decreases in renal, hematologic,
and neurologic toxicity without effecting the response
rates to cisplatin treatment® and reduced duration
of thrombocytopenia and hospitalization without
interfering with the antitumor activity of carboplatin
treatment in phase-1 and -1l clinical trials.*

Over the years, several efforts have been under-
taken to understand the mechanism by which WR-
2721 reduces nephrotoxicity. It is now generally
accepted®* that WR-2721 acts as a prodrug that is
transformed into the active species WR-1065 after
dephosphorylation by the membrane protein alkaline
phosphatase (see Figure 2 for some reaction schemes).

Upon hydrolysis, the formed free thiol species WR-
1065 (uncharged) is most likely to be the species
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Figure 2. Generally accepted dephosphorylaton of WR-
2721.
taken up by the cell and it passes the membrane by
passive diffusion.®® In fact, the selective uptake of
WR-1065 in normal cells might be related to known
lower levels of alkaline phosphatase of tumor cells.%
The neutral pH of normal cells compared with the
slightly acidic pH of tumors might in some way
further favor selective activation.t” One should real-
ize that WR-1065 can also be oxidized further to form
its disulfide or even mixed disulfides of WR-1065 with
endogenous thiols of peptides and proteins. Such
disulfides have been suggested to serve as an ex-
changeable pool of WR-1065.2 Experiments using
model systems have indicated that WR-1065 substi-
tutes the Pt—methionine bond much slower than the
more nucleophilic modulating agents STS and Nad-
dtc;%8 however, it is a very potent inhibitor of DNA
platination.®® This would suggest that WR-1065
protects through direct interaction with cisplatin and
in this way prevents toxicity. Pharmacokinetics of
WR-2721 and its metabolites have been investigated
in order to optimize the administration protocol. WR-
2721 is rapidly cleared from the blood (half-life of 0.8
h), due to the fast conversion into WR-1065. The WR-
1065 is cleared from the plasma with a half-life of a
few hours, which has been explained by the fast
uptake in tissue and to the formation of disulfides
that can be detected for a period of over 24 h.3

As WR-2721 is generally also well tolerated by
patients,”® it is a promising modulating agent to
ameliorate the side effects of platinum therapy; it not
only allows a better patient tolerance of current
regimes, but also potentially allows improved anti-
tumor efficacy through possible dose escalation. Thus,
the prodrug WR-2721 might be quite close to applica-
tion, and a standard protocol will soon be available.
In a recent study, WR-2721 was initially adminis-
tered 15 min before administration of the platinum
complex and dramatically reduced the side effects.
Two more subsequent infusions were then given? at
2 and 4 h after administration. As yet all studies have
been conducted on a limited number of patients, and
in particular, randomized clinical trials need to be
expanded in order to establish the use of amifostine
in worldwide standard cisplatin chemotherapy. Nev-
ertheless, it should be realized that the promising
outcome of the above-mentioned clinical studies is
hopeful. A recent study has even shown that in mice
the antitumor effect of carboplatin is clearly en-
hanced by use of the co-drug amifostine.5?

IV. Intermediate Binding Sites for Pt Compounds
before Reaching DNA

A. Relevance of Pt-S Binding

In all earlier literature the interactions of platinum
species with sulfur-containing biomolecules have
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primarily been associated with negative phenomena,
such as the development of resistance and the above-
discussed toxicity;”* increasing levels of GSH and/or
GSH-transferase might be involved in this process.™
However, the possible positive effects such as the
beneficial effects of Pt—sulfur interaction on the
antitumor activity of platinum compounds in pre-
venting side effects and optimal transport will be
presented here. The above-mentioned generally known
high affinity of platinum compounds for sulfur atoms
and the great abundance of sulfur-containing bio-
molecules in the cytosol and nucleus of the cell have
generated the question whether Pt—sulfur interac-
tions perhaps could serve as a drug reservoir for
platination at DNA,?? thus affording an additional
pathway toward platination of DNA. In such a
process, two reaction paths are possible, i.e., either
the spontaneous release of platinum from the sulfur
followed by a subsequent reaction with a DNA
fragment or the direct nucleophilic displacement of
platinum from sulfur by the guanine-N7 group. A few
selected model studies used to assess the viability of
this idea are briefly discussed below. Competition has
been studied intramolecularly in systems where the
competing sulfur atom and the nitrogen donor are
present in the same molecule. Also, studies toward
intermolecular competition will be reviewed. Al-
though Pt—sulfur interactions are kinetically pre-
ferred, the binding of Pt with guanine-N7 is often
thermodynamically favored, as will be made clear
below from both types of studies.

Of course, ideally all such studies should be done
with cisplatin; however, simplification is often needed.
In fact, a very suitable compound appears to be [Pt-
(dien)CI]CI (dien = 1, 5-diamino-3-azapentane; 6).

+

HoN
cl
Cl—Pt=NH CI—Pt—NH,
H2N HoN
6 7

This model compound is readily available, forms
relatively stable complexes with S-donor ligands, has
only one substitution step, and is not complicated by
(easily occurring) subsequent reactions caused by the
trans-labilizing effects of S-donor ligands.

B. Intramolecular Competition Studies

A relatively simple case for the study of possible
intermediate binding would be a molecule containing
both S- and N-donor atoms, easily and if possible
equally accessible. Thus, a relatively easily available
ligand S-adenosyl-L-homocysteine (SAH, see Figure
3) with two functionalities was selected by Lempers
et al.”? The intramolecular competition between a
sulfur-containing amino acid moiety and the nitrogen
atom of a nucleobase, however, showed no coordina-
tion, neither to the adenine N1 nor to the N7 atom.
Instead, a pH-dependent migration of the platinum
atom from the sulfur atom to the amine group of the
cysteine moiety was observed and vice versa.”? In a
1:1 reaction at pH < 7, SAH was platinated only at
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Figure 3. Schematic structures of SAH and SGH.

the sulfur atom to form [Pt(dien)(SAH-S)]?t (ti, =
75 min for 5 mM concentrations). At pH > 7, this
product spontaneously isomerizes rapidly (ti, = 10
min) to [Pt(dien)(SAH-N)]" in which platinum is
coordinated to the amine of the cysteine group.
Furthermore, this pH-dependent migration was shown
to be reversible at pH < 5 (ty; = 2 h). When SAH
was reacted with 2 equiv of [Pt(dien)CI]CI, the
dinuclear complex [{Pt(dien)},(SAH-S,N)]*" was
formed in which both the sulfur atom and the amine
contain Pt.”? Although lability was shown, migration
did not occur.

A much more suitable model system for intramo-
lecular competition appeared to be the molecule
S-guanosyl-L-homocysteine (SGH, see Figure 3). This
molecule had to be synthesized independently, but
the outcome appeared to be rewarding.'® The SGH
was reacted with [Pt(dien)CI]CI to allow a direct,
intramolecular comparison of the reactivity of the
sulfur atom with N7 of the more reactive guanine
(compared to adenine). Indeed, the species [Pt(dien)-
(SGH-S)]?* does form rapidly upon reaction of SGH
with 1 equiv of [Pt(dien)CI]Cl at 2 < pH < 6.5 (typ =
2 h, 319 K), but, as expected, in this case the complex
was found to isomerize slowly into [Pt(dien)(SGH-
N7)]?* with coordination at N7 of guanine (ty, = 10
h, 310 K). Addition of a second equivalent of [Pt-
(dien)CI]CI yielded [{Pt(dien)}»(SGH-S,N7)]*". For-
mation and interconversion of these complexes is
schematically depicted in Scheme 1. These reactions
do occur in the range 2 < pH < 6.5; at pH values
above 7, the dehydronated amino group is also able
to coordinate to platinum, resulting in additional
complexes with NH, coordination. With that study'®
it was it fact shown for the first time that the N7
donor atom can indeed intramolecularly replace the
sulfur atom in a platinum—sulfur adduct, thereby

Scheme 1. Formation of Several Pt(dien)?"
Complexes with SGH at pH Values of 6.5 or Below

. 2+ . .
SGH —PUdien)_  |py(dien)(SGH-S))2* 7gration _ |pt(dien)(SGH-N7)]2*

2<pH<6.5
% l Pt(dien)>”
[{Pt(dien)},(SGH-S,N7)]*"
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Figure 4. Schematic structure of the nucleopeptide Met-
d(TpGpG).

supporting the hypothesis that protein-bound Pt
species could potentially act as a drug reservoir.

To allow studies at somewhat higher pH, the free
amino end group had to be avoided, and therefore,
in a large synthtic project two nucleopeptide model
species were designed and prepared, i.e., Met—
d(TpG)~ and Met—d(TpGpG)?~ as the next generation
(see Figure 4 for a structure’). These two synthetic
species contain a methionine linked via its amino
function to the 5' end of a nucleotide moiety. This
carbamate linkage prevents coordination at the amino
function, making these nucleopeptide models suitable
for pH-independent competition studies. As an ad-
ditional advantage, the thioether sulfur donor now
mimics the methionine residues of proteins more
closely. Further, the phosphodiester backbone has a
closer resemblance to natural DNA than SGH and
SAH, giving the model compounds a negative charge
and even allowing possible additional hydrogen-
bonding interactions with the DNA backbone.

In studies related to the above-described ones,
reactions of Met—d(TpG)~ with the platinum com-
plexes [Pt(dien)CI]CI, but also with the cisplatin
analogue Pt(en)Cl, (en = ethane-1,2-diamine, 7),
were investigated at pH 7 and 310 K and monitored
with both *H and *C NMR.?° The chemical shifts and
the relative intensities of the H8 signal of guanine
and the SCHj signals are easily used to deduce
information on the course of these reactions. In
Scheme 2 the formation of products of the reaction
of Met—d(TpG)~ with monofunctional [Pt(dien)CI]CI
and bifunctional Pt(en)ClI; is depicted. Also, in this
case a rather rapid and initial coordination of Pt to
the thioether function is observed, and the formation
of the complex [Pt(dien){ Met-d(TpG)}-S]* was found
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to be complete within 2 h. After quite long incubation
times, this S-coordinated complex slowly isomerizes,
and after 6 days no Pt—S adducts could be detected;
in that case, all platinum was found to be coordinated
to the N7 of guanine, resulting in the complex [Pt-
(dien){Met-d(TpG)}-N7]*. Repeating this reaction
with 2 equiv of [Pt(dien)CI]ClI yields the product [{ Pt-
(dien)}{ Met-d(TpG)}-N7,S]3*, in which both the
thioether and the N7 site of the ligand are platinated.
Platination of the sulfur was found to be complete
within 2 h, but platination of N7 proceeds much
slower and was found to be completed only after 15
h, clearly illustrating the kinetic preference of plati-
num for the sulfur-donor atom over the N7 of the
purine base.

Given the clean experiments with Pt(dien), it was
decided to react the nucleopeptide Met-d(TpG)~ with
the bifunctional compound Pt(en)Cl,. In this case a
slightly different reactivity was observed. It was
found that coordination of the platinum to the sulfur
is slower than for [Pt(dien)CI]CI and appeared to be
complete within 10 h (ty» = 100 min). In this case
the platination of the N7 of the guanine was detected
at the same rate. The nearly simultaneous decrease
of signals corresponding to the free Met(SCHj3 and
G(H8) in the *H NMR spectrum indicates that the
platination of the thioether must be the rate-
determining step, followed by a fast chelation step
yielding a macrochelate between the sulfur and the
N7 of the guanine moiety, [Pt(en){Met-d(TpG)}-
N7,S]". The so-formed chelate is stable, and no
displacement of the S-bond thioether by N7 was
observed, even in the presence of unreacted nucleo-
peptide.”® The fact that the reaction with Pt(en)?*
results in the formation of a stable S,N7 chelate, even
in the presence of free N7, might seem in contradic-
tion with the Pt(dien)?* results; however, the obser-
vation is in agreement with various reports that S,N7
chelates are quite stable.”™

In a further extension of this study it was decided
to investigate the competition between the sulfur
atom and the highly reactive GpG sequence in
DNA.™ For this purpose, the nucleopeptide model
Met-d(TpGpG) was used. Thus, reacting dianionic
Met-d(TpGpG)?~ with [Pt(dien)CI]CI"® initially yields
platination at the sulfur atom with a similar rate as
that observed for Met-d(TpG), resulting in [Pt(dien)-
{Met-d(TpGpG)}-S]. In a next step, the platinum
coordination was changed toward the N7’'s of both
guanines, resulting in the formation of the mono-
functional complexes [Pt(dien){ Met-d(TpGpG)}-N7-
(5'G)] and [Pt(dien){ Met-d(TpGpG)-N7(3'G)]. Upon
addition of an extra equivalent of Pt(dien)?*, the final
product was found to be the complex [{Pt(dien)},-
{Met-d(TpGpG)-N7(5'G),N7(3'G)]?", in which both

Scheme 2. Product Formation and Platinum Migration in the Reactions of Met-d(TpG) with Pt(dien)?" and

with Pt(en)?*

Met-d(TpG)'_Pﬁﬂ@f; [Pt(dien)XMet-d(TpG)-S}]* _migration _ (py(dien){Met-d(TpG)-N7}]"

l Pt(cn)2+

[Pt(en){Met-d(TpG)-S,N7}]*

Pi(dien)*”

Pt(dien)2+

[{Pt(dien)},{Met-d(TpG)-S,N7}1>*
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Scheme 3. Product Formation and Ligand
Migrations in the Reaction of Met-d(TpGpG) with
Pt(dien)2+

Met-d(TpGpG)?”

+ Py(dien)**

[Pt(dien){Met-d(TpGpG)-S}]

/Pl migrati(m\

[Pt(dien){Met-d(TpGpG)-N7(5'G))]  [Pt(dien){Met-d(TpGpG)-N7(3'G)}]

\ + Pt(dien)z/

[{Pt(dien)},{Met-d(TpGpG)-N7(5'G),N7(3'G)}%*

guanines had been platinated (see Scheme 3); how-
ever, a small preference for the 3'G was found.’®
Investigations of the reactions between Pt(en)?" and
Met-d(TpGpG) are still ongoing.

C. Intermolecular Competition Reactions

Although intramolecular migrations are easy to
study under in vitro conditions, intermolecular reac-
tions are much more likely in vivo. All of the above-
discussed intramolecular competition studies were
performed on models containing both the thioether
function and the N7 in the same molecule, thus in
relatively close proximity. In the subsequent stage
of research, intermolecular competition studies were
felt necessary. For this case either methionine or
methylated gluthathione (GSMe) (8) as the sulfur-
containing model was used, whereas guanosine 5'-
monophosphate (5'-GMP, 9) and guanosyl (3'-5')-
guanosine (dGpG, 10) have been applied as N7-
containing models for DNA.

S—CH;

o) o} o}
H\/“\
N
0 N OH
H
NH3 o}

S-methyl glutathione, 8
(0]
N 6
5'-GMP, 9 </7:\H}\1NH
\ 3)\
N N~ "NH

H
OH OH

Research from the Sadler laboratories” concen-
trated on a competition reaction experiment between
[Pt(dien)CI]CI, L-methionine, and 5'-GMP. It was
observed that in the first 40 h of the reaction the
methionine was platinated to yield [Pt(dien)(Met-
S)]?*, whereas little of the 5-GMP had reacted.
However, in the final stages of the reaction this
complex disappears as the platinum binds to 5'-GMP,
resulting in the formation of the complex [Pt(dien)-
(5'-GMP, N7)]?* and free methionine being released.
The Kinetics of the displacement reaction were stud-
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ied, and the half-life of the reaction was determined
to be 167 h at 310 K. The calculated H* and S* values
for this displacement reaction are indicative of a
substitution mechanism at platinum via an associa-
tive mechanism in the so-called five-coordinate tran-
sition state. In a related study, the complex [Pt(dien)-
(Met-S)]*" was also reacted with adenosine 5'-
monophosphate (5'-AMP), thymine 5'-monophosphate
(5'-TMP), and cytosine 5'-monophosphate (5'-CMP).
In this case, no reaction was observed within 12.6 h.
Also, the nitrogen of the imidazole was shown not to
displace platinum in the reaction between [Pt(dien)-
(Met-S)]?" and histidine.”’2 However, recently in-
tramolecular migration from a S(thioether) to N(im-
idazole) has been observed by Sheldrick in the
dipeptide histidylmethionine.”®

Earlier’ a similar study was reported about the
platination of 5'-GMP by the Pt—S adduct [Pt(dien)-
(GSMe-S)]?*. This study employed the thioether-
containing tripeptide GSMe (8) and confirmed the
intermolecular displacement of the thioether in a
Pt—S adduct by 5'-GMP. The kinetics of this reaction
were investigated, and the intermolecular rearrange-
ment reaction of Pt(dien)?* to 5'-GMP proceeds slowly
at 293 K (ty = 179 h). At 308 K, the reaction
proceeds faster (ti; = 31 h). Interestingly, the ar-
rangement was observed only with guanine and not
with adenine. Furthermore, the displacement of
sulfur in the Pt—S adduct was only observed for the
thioether-containing GSMe; when the reaction was
performed with glutathione (GSH, 11), no displace-
ment by the N7 was observed.

All the above findings confirm the possibility that
platinum—sulfur adducts may serve as a drug res-
ervoir; however, the existence of such a reservoir
appears to be limited to Pt—thioether type adducts,
and transfer to N7 might be limited to guanines.

Of course, the subtle difference between the several
Pt complexes on one hand and the several S-donor
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ligands on the other hand do not allow general
explanations and certainly not predictions. Clearly,
more intermolecular competition studies are needed.
It appears that reactions of the bifunctional Pt(en)?*
are a good basis for further studies.'® Sadler et al.®
used the complex [Pt(en)(MeCO—Met-S)CI]NO; and
reacted it with 5-GMP and dGpG. In the initial
stages of these reactions, an intermediate chelate
complex [Pt(en){ MeCO—Met-S,N)] is observed, which
reacts via a ring-opening reaction with 5'-GMP and
dGpG to form the monofunctional mixed-ligand com-
plexes [Pt(en){ MeCO-Met-S}{5'-GMP-N7}]" and [Pt-
(en){ MeCO-Met-S}H{ dGpG-N7} ], respectively; in these
cases the chloride is replaced by the N7 site of the
guanine.

The so-formed monofunctional adducts appear to
be very stable, but very slow substitution of the
(MeCO-Met) is observed when the monofunctional 5'-
GMP adduct [Pt(en){ MeCO-Met-S}{5'-GMP-N7}]* is
left to react with another molecule of 5'-GMP to form
the bis complex [Pt(en)(5'-GMP-N7),]>". Displace-
ment of ([Pt(en){ MeCO-Met-S}) was also found to be
slow for the monofunctional adducts of dGpG, [Pt-
(en){ MeCO-Met-S}{dGpG-N7}]", in which either the
3'G or the 5'G was platinated. The stability of these
monofunctional adducts indicate that GpG chelate
formation is not a driving force for this displacement
reaction.’® The bis complex [Pt(en)(MeCO-Met-S),]-
[NOg], was also prepared, and the S-bound MeCO is
more rapidly displaced from this complex by either
5'-GMP or dGpG, giving rise to the formation of the
stable related monofunctional adduct. The relevant
reactions of the complexes [Pt(en)(MeCO-Met-S)ClI]-
NO3 and [Pt(en)(MeCO-Met-S),][NOs], with 5'-GMP
are schematically given in Scheme 4.

Scheme 4. Reaction Scheme for
[Pt(en)(MeCO-Met-S)CIINO; and
[Pt(en)(MeCO-Met-S),][NOs], with 5'-GMP
(Adapted from Ref 19)
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As will be clear from these data, our knowledge of
the interaction between platinum complexes and
sulfur-containing peptides and the competition be-
tween S- and N-donor atoms remains limited and
much more information is likely to develop from
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studies in related fields. To be mentioned here is at
least the work of Siebert and Sheldrick.”® They
investigated the pH-dependent competition between
N,S and N,N' chelation in the reaction of [Pt(en)-
(H20),]?" with methionine containing di- and tripep-
tides. It was made clear that in met—Hgly and met—
gly—Haly, peptides in which the methionine is located
at the aminoterminus, the «?N(amino),S(thioether)
chelation mode dominates at pH < 8.6 whereas the
«’N(amino),N’'(amide) dominates at higher pH. For
the peptides gly—Hmet and gly—met—Hgly the
«?N'(amide),S(thioether) chelate is observed while at
high pH (>7.4) the «?N(amino),N'(amide) chelate
dominates for these peptides as for the peptides with
the N-terminal methionine. For the tripeptide gly—
gly—Hmet, only one major product is observed: the
«?’N'"(amide),S(thioether) chelate. That product is
stable at pH < 10.6, and no «2N(amino),N'(amide)
chelate was observed. This study? illustrates the
importance of N,S chelates and their sequence- and
pH-dependent conversion to N,N' chelates for the
reaction of platinum complexes with methionine-
containing biomolecules. It appears that studies on
this type of peptides provide important kinetic evi-
dence for such migrations of platinum species.

D. Future and Relevance of Studies in
Competition Reactions

The exciting question, not yet answered, deals with
why thiols react so different compared with thio-
ethers, at least with respect to platinum. Evidently
the neutral thioether has a very high affinity for the
square planar Pt(ll) ion, although its thermodynamic
stability might not be very high, as the bond can be
reverted and changed to guanine-N7, which is formed
more slowly. Nevertheless, the Pt—N7(guanine) bond
appears to have a higher thermodynamic stability (in
comparison to adenine), and this may be caused by
the additional H-bonding interactions; such H bonds
are absent in corresponding adenine-N7 species.10:??

Thiols present in vivo evidently do not reduce or
stop the antitumor activity, but the origin is not yet
understood. Also in this case a key role for the
thioether binding may be in operation when it is
assumed that the rapid thioether binding protects the
Pt species from the attack by thiols or at least slows
down the reactions of it.

Although it is known that Pt—methionine species
are not antitumor active, methionine does play an
important role in the metabolism of cisplatin. The
bischelate [Pt(Met-S,N);] has been isolated from the
urine of patients treated with cisplatin several years
ago,’® but intermolecular competition studies have
unambiguously shown that formation of a bifunc-
tional G—N7,G—N7 adduct for the cisplatin analogue
Pt(en)CI,8 can occur.

It appears that now competion studies between
thiols/thioethers and intact double-helical DNA are
required to find out whether the ultimate formation
of the Pt—GG chelate is a driving force that can
overcome or control the Pt—S interactions. But in
such studies attention should also be given to physi-
ological conditions, as other metals in the cell are
likely to play a (co)role in the disruption of Pt—S



2508 Chemical Reviews, 1999, Vol. 99, No. 9

bonds. Addition of transition metals such as Zn?* or
Cu?* can cleave even the Pt—S bond in thiolated
terpyridine—platinum complexes at neutral pH,®! as
was recently reported.

V. Summary, Final Remarks, and Outlook

The previous sections of the review have shown a
subtle balance between Pt—S and Pt—N binding in
biological systems. This balance clearly is the answer
to the question raised in the title of this review.
However, there is much more to be learned from the
data presently available. A better understanding of
this Kinetic and thermodynamic balance will soon
allow the possibility of application in administration
of Pt drugs and at a later stage even in drug design
based on this knowledge. As discussed above, a
critical process is the delivery of the Pt species at the
DNA, where it must stay long enough to play its
biological roles of preventing cell division and surviv-
ing DNA repair. After injection/infusion (or oral
absorbance) of the drug on route to the DNA, the Pt
species has to survive many attacks of S-donor
ligands. In certain cases, as shown in section 111, such
an S-donor ligand can also be beneficial in preventing
certain toxic side effects. Control of the reactivity of
S-donor ligands is crucial, and this may be applied
in the design of new types of drugs.

Some potential new options are presented now.
First of all, one can consider new drugs that do not
contain S-donor ligands. Such compounds do react,
in vivo, slowly (i.e., much slower than cisplatin) with
competing S-donor ligands. Compounds of this type
might be, e.g., the earlier mentioned compound cis-
[PtCI(NHz)(2-picoline)], AMD-473.88283 |n another
process, targeting of the drugs, e.g., with intercalators
to improve binding to DNA, might result in less loss
by S-donor binding.?* In a different approach, one
could design new drugs that do contain S-donor
ligands of optimal kinetic and thermodynamic stabil-
ity, as discussed above.®~87 Finally, one could think
of totally new Pt(IV) compounds that need to be
activated via reduction but now using cellular thiol
compounds.”8 Also, the new species trans-PtCl,-
(NH3)L (L = NHgs,quinoline) reported by Farrell
where a guanine to methionine reaction has been
considered for nonclassical Pt species is mentioned
here.®

From what is known so far, steric effects as well
as electronic factors should play a role in mastering
the reactivity of square planar platinum complexes.
The presence of bulky, planar amine ligands in cis-
or trans-[Pt(anion),] complexes and their orientation
with respect to the coordination plane, as well as
their substituents, can reduce the rates of DNA
binding or thio binding compared to aliphatic am-
mine and amine complexes. Substituents close to the
amine or imine coordination site should be expected
to reduce axial substitution reactions at Pt.® Given
the fact that there is little doubt that DNA platina-
tion is the most important event in the mechanism
of action of platinum anticancer drugs, research
devoted to the process of (rapid) formation of the
major adduct (GG) as an intrastrand cross-link
between N7 atoms of two adjacent guanine (G)
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residues is likely to gain importance.

Several studies over the past decades have made
it clear that the undesired side effects of platinum
compounds do have an exciting molecular basis. This
research has stimulated new activities dealing with
Pt compounds and S-donor protecting agents and
especially the study of the reactions of these com-
pounds in combination with other cellular compo-
nents and their rather complicated cell-membrane
transport. In fact, the results summarized and dis-
cussed in this review should have made it clear that
even though we have learned a lot on new reactions
in which S-donor ligands are involved, many chal-
lenges do remain for future research and many
guestions are as yet unanswered. To serve readers
and future generations of researchers, some of the
important and newly raised questions are given here.
(1) Could other physiologically relevant metal ions,
such as Zn and Mn, interfere with the processes of
platination and deplatination of proteins and nucleic
acids? (2) Could protecting agents have direct chemi-
cal interactions with platinum compounds (such as
the drugs cisplatin and carboplatin; transplatin)? (3)
Which interaction products of protecting agents and
cisplatin are formed in vivo (structure, kinetics)? (4)
Assuming that interactions between cisplatin and
rescue agents do indeed occur, can these be influ-
enced by reaction conditions: pH, time, isomer (cis/
trans), co-ligands, other ligands, buffer influence? (5)
To what degree do Pt—rescue-agent interactions (and
the resulting products) interfere with the binding of
the Pt compounds in cells (especially with nucleic
acids and/or proteins)? (6) To what degree, if at all,
could protecting agents and sulfur-containing pep-
tides cause in vivo deplatination of DNA and pro-
teins? Do such interaction products still have an
antitumor activity on their own, and may this knowl-
edge be used to the development of new drugs?

There is little doubt that detailed answers to such
questions will require a highly original and innova-
tive approach and also input, not only from chemists,
but also from the medicinal, biological, and toxico-
logical field.
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