Glutathione readily replaces the thioether on platinum in the
reaction with [Pt(dien)(GSMe)]** (GSMe = S-methylated
glutathione); a model study for cisplatin—protein interactions
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As models for cis-[PtC1,(NHj;),] (cisplatin)—protein interactions, the reactions of [Pt(dien)Cl]™ with the tripeptides
GSMe (S-methylated glutathione) and GSH (glutathione, y-glutamylcysteinylglycine) have been studied. The
substitution reaction of the platinum—methionine model adduct [Pt(dien)(GSMe)** with GSH has been investigated
using 'H and Pt NMR. It was found that GSH substitutes GSMe in [Pt(dien)(GSMe)]**, readily forming
[{Pt(dien)},GS]**. At pD > 7.0 the intermediate [Pt(dien)(GS)]" was observed. Kinetic and thermodynamic
parameters of this reaction were determined at pD 3.2: k=1.1 x 10 M 's! ¢,,=24.7h, AH*=1.5+£0.3kJ
mol ', AS*=5+1JK "mol ' at298 K;and k=28.5x 10*M's™*,£,=097h, AH*=1.5% 0.3 kJ mol ™,
AS*=4+1JK 'mol'at 316 K. At alkaline pH the substitution reaction occurs within 5 min, illustrating the
dramatic influence of the pH on this reaction. These parameters are discussed in relation to the competition
between GSMe and the N7 atom of guanosine monophosphate. The intermolecular substitution of GSMe by
GSH is much faster than the substitution by guanine N7, even under acidic conditions. This platinum—thioether to
—thiolate substitution can play a significant role in the cellular processing of platinum-protein adducts, and is an
important mechanism in the circumvention of cisplatin induced toxicity by thiol-containing protective agents.

Introduction

The detailed pathway in which the anticancer drug cisplatin
cis-[PtCl,(NH;),] reaches DNA, its ultimate target in the
cell, remains unknown. The therapeutic effects of platinum
complexes are related to co-ordination of platinum to, pref-
erentially, the N7 positions of the guanines in DNA. This
co-ordination to two neighboring guanines causes a distortion
of the double helix, which, in turn, is thought to trigger cell
death by binding of DNA recognizing proteins like the HMG
(High Mobility Group) proteins.'* DNA, however, is not the
sole cellular component that platinum complexes may co-
ordinate to inside the cell. Proteins and peptides containing the
amino acids methionine or cysteine are known readily to react
with platinum through their sulfur donor atoms. Complexes
with methionine have been detected in the urine of patients
treated with cisplatin* and carboplatin,® cis-diammine(cyclo-
butane-1,1-dicarboxylato)platinum(ir). Platinum-sulfur inter-
actions have traditionally been associated with undesired
phenomena such as resistance® and toxicity (e.g. nephrotoxic-
ity).” However, these Pt-S interactions may also be used to our
profit. Co-administrating thiol-containing molecules (so-called
protective agents) in cisplatin therapy® alleviates the toxicity of
platinum antitumor drugs.

There has been much interest in studying the interaction of
platinum complexes with sulfur-containing proteins and pep-
tides, in order to clarify their role in platinum metabolism.?
In an early study the reactivities of [Pt(dien)CI]* towards
glutathione, y-glutamylcysteinylglycine (GSH), S-methyl-
glutathione (GSMe) and guanosine 5'-monophosphate
(5'-GMP) were determined.” For reactions of platinum(ir)
compounds with the sulfur atom a direct substitution of the
chloride ligand without prior aquation was proposed as a
mechanism. More recently these studies have focussed on the
possibility for platinum-sulfur adducts to serve as intermedi-
ates towards DNA platination.*' In these studies 5'-GMP and
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Fig. 1 Possible reaction pathways for cisplatin in the cell.

GSMe'* as models for methionine-containing proteins; GSH '3
was used to model cysteine-containing proteins. The N7 atom
of guanine was shown to be able to substitute the sulfur
atom in a platinum-thioether adduct using Pt(dien)** model
compounds. This indirect DNA platination, via a sulfur inter-
mediate, was shown to be limited to thioethers as platinum—
thiolate adducts were shown to be unreactive towards the N7
atom of guanine."

The kinetics and thermodynamic parameters of this substi-
tution reaction using 5'-GMP and [Pt(dien)(GSMe)]** have
been determined in detail.’®* Recent work showed that indirect
platination via platinum-thioethers is also possible for large
oligonucleotides.”* The rates of these reactions (f,,=147 h
for d(ATATGCATAT), 84 h for d(ATTACCGGTAAT), and
21 h for A(ATCCTATTTTTTTTAGGAT)), however, suggest
that DNA platination via platinum—thioether intermediates
will probably not contribute significantly to the mechanism of
action of cisplatin. The possible pathways for cisplatin inside
the cell are illustrated in Fig. 1.

The present paper deals with the substitution of a thioether
by a thiolate in the reaction of [Pt(dien)(GSMe)** with GSH.
This reaction is strongly pH dependent and the exact rates have
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been determined at pD 3.2 and compared with the kinetic and
thermodynamic parameters determined!® for the reaction of
[Pt(dien)(GSMe)I** with 5'-GMP. The relevance of reactions
of this type is discussed in relation to the mechanism of action
of cisplatin. In addition the role of Pt-SCHj; to Pt-S substitu-
tion in the mechanism of action of thiol-containing rescue
agents will be discussed.
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Results and discussion
Preparation of [Pt(dien)(GSMe)]**

The reaction of GSMe with one equivalent of [Pt(dien)CI]Cl
led to the formation of [Pt(dien)(GSMe)]**. This complex has
been well characterized and the co-ordination at the sulfur
atom is observed without detectable side products.® In the 'H
NMR spectrum the Pt-co-ordinated S-CH; group resonates at
0 2.59, no methyl signal corresponding to the non-platinated
GSMe (at & 2.12) being detected. In the Pt NMR spec-
trum [Pt(dien)(GSMe)]** gives rise to a signal at § —3357, no
peak corresponding to unchanged [Pt(dien)CI]* resonating at
0 —2727 being detected.

Reaction of [Pt(dien)(GSMe)]** with GSH

The reaction of [Pt(dien)(GSMe)** with GSH (one equivalent)
involved a rapid displacement in which the thioether of the
platinum bound GSMe was replaced by the thiolate of
glutathione. This competition in platinum co-ordination
between GSH and GSMe was studied under acidic (pD 3.2),
neutral (pD 7.0), and basic conditions (pD 8.5). Reactions were
monitored at 289, 304, 310 and 318 K for each pD value. The
stable end product was found to be [{Pt(dien)},GS]** for all
conditions used. The initial substitution reaction, and the sub-
sequent rearrangement reactions leading to [{Pt(dien)},GS]**,
are shown in Scheme 1. The main product has been well

GSH + [Pt(dien)(GSMe)[** [Pt(dien)(GS)]* (1)

—GSMe, —H*

2 [Pt(dien)(GS)]* T [{Pt(dien)},GS]** )

[P(dien)(GS)]* + [Pt(dien)(GSMe)l*" —

[{Pt(dien)},GST** (3)
Scheme 1

characterized in a previous study on the direct reactions of
GSH with [Pt(dien)Cl]"."* An intermediate 1:1 and the final
1:2 complex of GS™ with [Pt(dien)]** were found to be formed
in that study. The thiolate in [{Pt(dien)},GS]** was shown to act
as a bridging ligand between the two identical Pt atoms. These
Pt atoms give rise to one single peak atJ —3185.% In the present
study the course of the reaction of [Pt(dien)(GSMe)l** with
GSH could be monitored by appearance of the methyl peak at
6 2.12 in the 'H NMR spectrum, corresponding to the release
of free GSMe. Owing to the overlap of peaks corresponding to
the other protons in GSMe and GSH, this methyl peak
appeared to be the only peak that provided accurate inform-
ation on the course of the reaction, and this information is
limited to the leaving ligand. Accurate information on platinum
co-ordination could be obtained from Pt NMR.

At pD > 7.0 the reaction of [Pt(dien)(GSMe)]** with GSH
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Fig. 2 Plot of the relative intensity of Pt signals versus time in the
reaction of [Pt(dien)(GSMe)** (10 mM) with 1 equivalent of GSH at
pD 7.0, 316 K. The starting complex [Pt(dien)(GSMe)]*" reacts with
GSH to form [Pt(dien)(GSH)]* within 2 h, this then slowly reacts to
[{Pt(dien)},GS]*".
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Fig. 3 Stacked Pt NMR spectra of the reaction of [Pt(dien)-
(GSMe)** (10 mM) with 1 equivalent of GSH at pD 3.2, 304 K as a
function of time. The peak at 6 —3357 corresponds to [Pt(dien)-
(GSMe)]**, that at 6 —3185 to the product [{Pt(dien)},GS]**. Pt
NMR spectra were calibrated using K,PtCl, as an external reference at
0 —1614 relative to K,PtCl,.

proceeds rapidly. Fig. 2 shows plots of the relative percentages
of the platinum species formed in the reaction under neutral
conditions. At 318 K the first step in the reaction occurs within
2 h. The thioether in GSMe is substituted on the platinum atom
by the thiolate in GS™ to form the intermediate [Pt(dien)(GS)]*,
which gives rise to a peak at 0 —3154. This intermediate is then
slowly converted into [{Pt(dien)},GS]*", resonating at § —3185.
Although k, is larger than k, and k;, these constants are all in
the same order of magnitude and could not be determined sep-
arately. At pD 8.5 the initial reaction step occurred even faster;
after 5 min (at 318 K) the proton spectrum showed that most
GSMe was released from Pt(dien). Subsequent rearrangement
[{Pt(dien)},GS]** occurred at the same rate as for pD 7.0. This
illustrates the great pH dependence of the first substitution
reaction.

Under acidic conditions (pD 3.2) only the major product
[{Pt(dien)},GS]** could be observed, as seen from a single peak
at 6 —3185 in the Pt NMR spectrum. The fact that the
intermediate is not observed under acidic conditions can be
explained by looking at the equations in Scheme 1. Reaction
(2), leading to [{Pt(dien)},GS]**, is much faster at lower pD
because it requires the release of glutathione. This release is
greatly facilitated by deuteronation (addition of D¥) of the GS~
ligand. The fast second reaction under acidic conditions and the
slow method of detection (a 80.000 scan Pt NMR spectrum
takes ~50 min to record) prevent the detection of the intermed-
iate. During the course of the reaction the intensity of the peak
at 0 —3357, corresponding to the starting complex, decreases
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Fig. 4 Second-order Guggenheim plot of the reactions of [Pt(dien)-
(GSMe)** (10 mM) with 1 equivalent of GSH at pD 3.2 at 298, 304,
310 and 316 K.
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Fig. 5 Arrhenius plot for the reaction of [Pt(dien)(GSMe)** (10 mM)
with 1 equivalent of GSH at pD 3.2.

while the new peak increases simultaneously, as clearly seen in
Fig. 3. The reaction was found to be complete in 10 h at 318 K.
At this pD the major part of glutathione is deuteronated and
the first reaction (see Scheme 1) proceeds much slower than
at higher pD. Relative to this first substitution step the subse-
quent rearrangement steps proceeded rapidly, hence no mono-
platinated intermediate was observed.

Kinetics at pD 3.2

The initial reaction proved to be the rate-limiting step at pD 3.2.
For the determination of rate constants the second-order rate
law (4) was applied, where «, is the initial concentration of the

kt = xllay(ay — x)] 4

reactant and x is the concentration of the product at time ¢. In
the second-order Guggenheim plot shown in Fig. 4 the right
side of this equation is plotted against time. Values of k, were
obtained from the slope of the straight lines and are given in
Table 1. The linear correlation obtained shows that this reaction
can be treated as a second-order process, as is the case for the
thioether to guanine-N7 substitution.®* This implies a direct
attack of the thiolate at the platinum atom in [Pt(dien)-
(GSMe)]**. Half-life times were determined from eqn. (5), and

tn = lagk ®)

are listed in Table 1. AH* and AS* could be deduced from the
Arrhenius equation (6). A plot (Fig. 5) of In k versus 1/T shows

k=Ae ERT (6)

a straight line. From the slope of this line, the value of AH* was
calculated (see Table 1).

Comparison of Pt—-SCH; to —N7 substitution

In this paper it is shown that the thiolate of glutathione can
easily substitute the thioether in a Pt-GSMe adduct. This sub-

Table 1 Reaction rates, half-lives, entropies and the activation energy
as determined for the reaction of [Pt(dien)(GSMe)l** (5 mM) with
1 equivalent GSH at pD 3.2

ASHIK!
TIK  K103M1's'  1,/Mh AH*kJmol™  mol™!
298 1.1+0.1 247+1.2 1.5+£0.3 5+1
304 33+0.2 83104 1.5£0.3 5+1
310 15.5£0.7 1.8 £0.1 1.5+£0.3 5+1
316 285+ 14 0.97 £ 0.1 1.5£0.3 4+t1

stitution is pH dependent and occurs quite rapidly at pD > 7.0.
Under acidic conditions glutathione is deuteronated and the
first step of the reaction occurs more slowly. Since the first step
is rate-determining under these conditions, the values for k;
could be determined at pH 3.2. Even under these, relatively
unfavorable acidic conditions the Pt-SCH, to Pt-S substitution
occurs much faster than substitution of the thioether in [Pt-
(dien)(GSMe)]** by the N7 atoms of GMP and oligonucleo-
tides.!** Half-lives and thermodynamic parameters for
Pt-SCH; to Pt-N7 (GMP) and Pt-SCH;, to Pt-S substitution
are compared in Table 2. It is obvious that the Pt—-SCH; to Pt-S
substitution studied here proceeds much faster. With this in
mind it seems unlikely that intermediate platinum-thioether
adducts contribute significantly to the anticancer activity of
cisplatin by affording an additional pathway to DNA plat-
ination. It is more likely that they react with GSH in the manner
described here, when it is kept in mind that GSH is the most
abundant intracellular thiol with intracellular concentrations
ranging from 0.5 to 10 mM. Substitution reactions of this type
might serve to repair damage caused by co-ordination of plat-
inum to methionines in proteins. The resulting platinum-GSH
complex is known to be excreted by the cell, using the adenosine
triphosphate (ATP) dependent glutathione S-export pump.'®
This can serve as a mechanism by which the cell repairs damage
caused by platinum-thioether inactivated proteins. This substi-
tution can also explain how and why certain thiol-containing
protective agents referred to as “rescue agents” can react as
GSH, and counteract the tendency of platinum complexes to
co-ordinate to methionine containing proteins, thus reducing
toxicity e.g. nephrotoxicity.®

In conclusion, the preference of Pt" to co-ordinate to thio-
lates is illustrated, even though it is initially co-ordinated to
thioether containing ligands. These results show that platinum—
thioether adducts are more easily converted into thiolate
adducts than to Pt-N7 adducts. This would suggest that it is
unlikely that they play a significant role as intermediates
towards DNA platination. Thioether to thiol substitution on
platinum might be an important pathway by which the cell
restores damage caused by inactivation of proteins due to plat-
inum co-ordination to methionine. It is likely to play a role in
the protective toxicity reducing effect that is achieved by co-
administrating rescue agents in platinum anticancer therapy.
The reactions of various rescue agents with platinum com-
pounds are currently being studied.

Experimental
Preparation of platinum compounds

GSMe and GSH were purchased from Sigma and used without
purification, K,PtCl, was obtained from Johnson Matthey and
[Pt(dien)CI]Cl was synthesized according to the literature."’
[Pt(dien)(GSMe)** was prepared as a 10 mM solution in 1 ml
D,0 at pD 3.2 by treating [Pt(dien)CI]CI with 1 equivalent of
GSMe for 24 h in the dark. The presence and purity of the
desired compounds were confirmed with 'H and Pt NMR,*®
and the resulting solutions were used without further puri-
fication.
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Table 2 Thermodynamic and kinetic parameters of the substitution reactions of Pt-SCH; —— Pt-S (this work) and Pt-SCH; —— Pt-N7 (ref. 13)

Pt-SCH;—> Pt-S

Pt-SCH; — Pt-N7

AH*=1.5%0.3 kJ mol™! AS*=5+1JK 'mol™*

AH*=90 = 5 kJ mol™! AS*=16+17J K ' mol™!

TIK K103 M s typ/h mol ! TIK K10 4M s ti/h
298 1.1 24.7 295 1.15 179
304 33 8.3 301 241 85.4
310 15.5 1.8 308 6.56 314
316 28.5 0.97 320 197 10.4
NMR spectroscopy thank Johnson & Matthey (Reading, UK) for their generous

NMR spectra were recorded on a Bruker DPX 300 MHz spec-
trometer using a 5 mm multinucleus probe. A variable temper-
ature unit was used to keep the temperature stable. '"H chemical
shifts in ppm were referenced to the HDO peak, which was
calibrated to 4,4-dimethyl-4-silapenteane-1-sulfonate (DDS)
at different temperatures. '**Pt NMR spectra were calibrated
using K,PtCl, as an external reference at 0 —1814 relative to
K,PtClg. A sweep width of 150 kHz was used and 80 000 scans
were recorded for each spectrum. For kinetic measurements 'H
and Pt NMR spectra were recorded subsequently every 30
min automatically.

pD measurements

All pD measurements were performed at 298 K. The pH meter
was calibrated with Fischer-certified buffer solutions of pH
4.00, 7.00 and 11.00. Meter readings were corrected for the
deuterium isotope effect by adding 0.4 unit to the display
readout.

Reactions monitored with NMR

All reactions were carried out in NMR tubes (D,O as solvent)
at 10 mM concentrations of both starting compounds at three
different pD values (3.2, 7.0, 8.5), and at 4 different temper-
atures (298, 304, 310 and 316 K). Reactions at pD 3.2 were not
buffered, 50 mM phosphate buffer was used at pD 7.0 and 100
mM Na,HPO, buffer was used for reactions at pD 8§.5.

Determination of rate constants

Reaction rates and ¢, values were determined by integration of
platinum signals (estimated error 5%). Second-order rate con-
stants (k,) were obtained from the slopes of a least-squares fit
of a second-order Guggenheim plot® in which x/ay(ay — x) is
plotted against time. For the determination of rate parameters
only data collected over the first 40 h of the reaction were used.

Acknowledgements

Use of the services and facilities of the Dutch National NWO/
SURF Expertise Center CAOS/CAMM, under grant numbers
SON 326-052 and STW NCH99.1751, is gratefully acknowl-
edged, as is support and sponsorship concerted by COST
Action D8/00097 (Biocoordination Chemistry). The authors

372 J. Chem. Soc., Dalton Trans., 2000, 369-372

loan of K,PtCl,. This work has been performed under the
auspices of the joint BIOMAC Research Graduate School of
Leiden University and Delft University of Technology, and
sponsored by the Council for Chemical Sciences with financial
aid of the Netherlands Organization for the Advancement of
Research (NWO).

References

1 J. Reedijk, Chem. Commun., 1996, 801.

2 Z. Guo and P. J. Sadler, Angew. Chem., Int. Ed., 1999, 38, 512.

3 P. M. Piland S. J. Lippard, Science, 1992, 256, 234.

4 C. M. Riley, L. A. Sternson, A. J. Repta and S. A. Slyter, Anal.
Biochem., 1983, 130, 203.

5 K. J. Barnham, U. Frey, P. del S. Murdoch, J. D. Ranford and
P. J. Sadler, J Am. Chem. Soc., 1994, 116, 11175.

6 A. K. Godwin, A. Meister, P. J. O’'Dwyer, C. S. Huang, T. C.
Hamilton and M. E. Anderson, Proc. Natl. Acad. Sci. USA, 1992,
89, 3070; P. Andrews and S. B. Howell, Cancer Cells, 1990, 2, 35;
S. Kelley, A. Basu, B. A. Teicher, M. P. Hacker, D. H. Hamer and
J. S. Lazo, Science, 1988, 241, 1813.

7 R. F. Borch and M. E. Pleasants, Proc. Natl. Acad. Sci. US.A.,
1979, 76, 6611.

8 J. Reedijk and J. M. Teuben, in Cisplatin: chemistry and biochemistry
of a leading anticancer drug, ed. B. Lippert, Wiley-VCH, Weinheim,
1999, pp. 339-362.

9 M. L. Djuran, E. L. M. Lempers and J. Reedijk, Inorg. Chem., 1991,
30, 2648.

10 K. J. Barnham, M. 1. Djuran, P. del S. Murdoch and P. J. Sadler,
J. Chem. Soc., Chem. Commun., 1994, 721.

11 K. J. Barnham, Z. Guo and P. J. Sadler, J. Chem. Soc., Dalton Trans.,
1996, 2867.

12 J. M. Teuben, S. S. G. E. van Boom and J. Reedijk, J. Chem. Soc.,
Dalton Trans., 1997, 3979.

13 S. S. G. E. van Boom, B. W. Chen, J. M. Teuben and J. Reedijk,
Inorg. Chem., 1999, 38, 1450.

14 J. M. Teuben and J. Reedijk, J. Biol. Inorg. Chem., submitted.

15 T. Ishikawa and F. Ali-Osman, J. Biol. Chem., 1993, 268, 20116.

16 M. Treskes, U. Holwerda, L. G. Nijtmans, H. M. Pinedo and
W. J. F. van der Vijgh, Cancer Chemother. Pharmacol., 1992, 29, 467.

17 G. W. Watt and W. A. Cude, Inorg. Chem., 1968, 7, 335.

18 E. L. M. Lempers and J. Reedijk, Inorg. Chem., 1990, 29, 217.

19 K. J. Laidler, Chemical kinetics, Harper and Row, New York,
3rd edn., 1987, p. 22; J. D. Atwood, Inorganic and Organometallic
Reaction Mechanisms, Brooks/Cole Publishing Co., Monterey, CA,
1985, p. 16.

Paper a908135f



