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Summary. The reversibility of cisplatin-protein interac-
tions by the modulating agent WR2721, its active thiol-me-
tabolite WR1065, and the symmetrical disulfide
WR33 278 was studied using the model compounds (Pt(di-
ethylenetriammine) monofunctionally bound to the sulfur
in glutathione (Pt(dien)SG) and Pt(diethylenetriammine)
monofunctionally bound to the sulfur in S-methylgly-
tathione (Pt(dien)SMeG). Both model compounds could
be quantified by high-performance liquid chromatography
(HPLC) with UV detection. The Pt-cysteine-like bond in
Pt(dien)SG could not be reversed by any of the WR com-
pounds or by the strong nucleophiles thiosulfate (TS) and
diethyldithiocarbamate (DDTC). However, the Pt-
methionine-like bond in Pt(dien)SMeG could be reversed
by WRI1065, although the reversal was slow
(k2 = 0.142 M1 5-1) as compared with that obtained using
the modulating agents TS (ky = 10.1 M-! s-1) and DDTC
(k2 = 3.66 M~1 s-1). WR2721 was hardly able to reverse the
Pt-S bond in Pt(dien)SMeG (k2 = 0.00529 m-1 s-1), and
WR33278 showed no capacity to do so. The activity of
cis-diamminedichloroplatinum(Il) (CDDP)-inactivated fu-
marase was not appreciably restored by any of the WR
compounds (16%, 7.7%, and 0 for 20 mM WR1065,
WR2721, and WR33278, respectively) in contrast to the
strong nucleophile DDTC (61% for 2 mM DDTC). These
in vitro studies provide information at the molecular level
that may explain why WR2721, in contrast to DDTC, does
not provide protection against cisplatin-induced ne-
phrotoxicity when it is given after platinum-containing
chemotherapy. The results support the present clinical use
of WR2721 prior to the administration of platinum com-
pounds.
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Introduction

Cisplatin [cis-diamminedichloroplatinum(Il), CDDP] is
very active in the treatment of several solid tumors. The
antitumor activity of CDDP is most likely the result of its
binding to DNA [13]. The success of CDDP treatment is
limited by the occurrence of several toxic side effects,
among which nephrotoxicity is dose-limiting. However,
when the kidneys are sufficiently protected, neurotoxicity
and bone marrow suppression also become apparent [9].
CDDP-induced nephrotoxicity can be reduced by hydra-
tion, forced diuresis, and the administration of so-called
modulating agents. The strong nucleophile sodium thiosul-
fate (TS), which is rapidly excreted by the kidneys, pre-
sumably protects against CDDP-induced nephrotoxicity by
inactivating reactive Pt species in the kidney. However, by
inactivating active Pt species in the circulation, TS also
interferes with the antitumor activity of CDDP. Therefore,
TS is mainly successful in two-route regimens whereby the
tumor is locally exposed to the Pt compound, whereas TS
is given systemically [7]. When it is given 2 h after the Pt
drug, the strong nucleophile diethyldithiocarbamate
(DDTC) protects rats from CDDP-induced nephrotoxicity
without impairing the antitumor activity of the former
[3, 4]. The hypothesis that DDTC reverses CDDP-protein
interactions responsible for (part of) the toxic side effects,
whereas the CDDP-DNA interactions responsible for the
antitumor activity are not reversed has been supported by
in vitro studies [1]. In a phase I clinical trial, DDTC pro-
vided protection against CDDP-induced nephrotoxicity
without adversely affecting the antitumor activity of the Pt
compound, but the severe neurotoxicity of DDTC dis-
courages its clinical use [10].

WR2721, a prodrug of the radioprotective thiol com-
pound WR1065, given to rodents prior to CDDP protected
the animals against CDDP-induced nephrotoxicity [16, 18]
and myelotoxicity [17] without producing a negative effect
on the antitumor activity. Early clinical trials confirm the
selective protection of nontumor tissues [6]. This probably
results from the preferential formation and uptake in non-
tumor tissues of the active nucleophilic thiolmetabolite
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WR2721 : H,N = (CH,);~NH — (CH,);S—PO,H,
alkaline phosphatase l
WR1065 : H,N— (CH,);~NH —(CH,);~SH
oxidation 1
WR33278 : H,N — (CH,);NH - (CH,);S

|
H,N = (CH,);~NH - (CH,)~$S

Fig. 1. The molecular structure of WR2721 and its main metabolites

WRI1065 [5, 12], which can subsequently inactivate hydro-
lyzed (activated) CDDP inside the cell before the latter can
bind to target molecules (DNA and proteins). Our recent
studies showed that the administration of WR2721 after
CDDP treatment did not protect mice against nephrotoxic-
ity [16]. To understand our in vivo observations, we started
the present study to investigate the reversal of toxic CDDP-
protein interactions by WR2721, its thiol-metabolite
WR1065, and the symmetrical disulfide WR33278
(Fig. 1) as compared with the rescue agent DDTC. The
sulfur-containing amino acids cysteine and methionine
show high affinity for Pt(II). Binding of CDDP to
methionine and/or cysteine residues in proteins (enzymes)
may affect the functionality of these proteins (enzymes)
and thus induce toxic side effects. Lempers and Reedijk [8]
have studied the stability of Pt-cysteine- and Pt-
methionine-like interactions in the presence of the strong
nucleophiles DDTC, TS, and thiourea using the complexes
formed by chloro(diethylenetriammine)platinum(ll) with
glutathione [Pt(dien)SG] and with S-methyl-glutathione
[Pt(dien)SMeG] (Fig. 2) using nuclear magnetic resonance
spectroscopy (NMR). The same group has also studied the
ability of these modulating agents to restore the activity of
fumarase inactivated by the platination of a methionine in
the active center [2]. We used these model systems to
determine the ability of WR2721, WRI1065, and
WR33278 to reverse Pt-protein interactions. The stability
of the Pt(dien) complexes was determined using high-per-
formance liquid chromatography (HPLC) with UV detec-
tion.

Materials and methods

Chemicals. CDDP was obtained from Bristol Myers Company (Syra-
cuse, N.Y., USA). cis-Diamminediaquaplatinum(Il) was prepared by
incubating CDDP in diluted HNO3 (pH 3) with 2 molar equivalents of
AgNO; at room temperature in a dark environment for 2 days. The
solution was acidified to prevent the formation of hydroxo-bridged poly-
nuclear species. Precipitated AgCl(s) was removed by filtration,
WR2721 and WR1065 were obtained from US Bioscience (West Con-
shohocken, Pa., USA). WR33 278 was prepared by bubbling moisturized
air through a solution of WR1065 in 10 mm phosphate buffer (pH 7.4)
for 24 h. Completion of the reaction was confirmed by electrochemical
measurement with a +0.4- to —1.6-V sampled direct-current scan using a
PAR303 static mercury-drop electrode along with a PAR 174 potentio-
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Fig. 2. The molecular structure of Pt(dien)SG (left) and Pt(dien)SMeG
(right). G-SH, Glutathione

stat (EG & G Instruments, Westwood N.J., USA) and a BD10O strip-
chart recorder (Kipp & Zonen, Delft, The Netherlands). The mercury-
thiol-complex oxidation wave (-0.38 V vs Ag/AgCl) was replaced by a
disulfide reduction wave (-0.55 V vs Ag/AgCl). Pt(dien)SG,
Pt(dien)SMeG, pig-heart fumarase (Boehringer, Mannheim, FRG), and
malic acid (Sigma, St. Louis, Mo., USA) were kindly donated by
E. L. M. Lempers (Department of Inorganic Chemistry, Leiden Univer-
sity, The Netherlands). All other chemicals used were of analytical grade.

Analysis. Pt(dien)SG and Pt(dien)SMeG were quantified by HPLC with
UV detection. The system consisted of a spectroflow 400 pump (Applied
Biosystems, Maarssen, The Netherlands), a Valco six-port injection
valve equipped with a 50-ul loop, a spectroflow 773 variable-wavelength
UV/Vis detector (Kratos Analytical Instruments, Westwood N.J., USA)
set at 254 nm, and a BD100 strip-chart recorder (Kipp & Zonen, Delft,
The Netherlands). The complexes were retained on a partisil ODS3
column (length, 10 cm; inside diameter, 0.3 cm; 5 Lm; Phenomenex
London, UK). The eluent consisted of 5 mm sodium hexylsulfonate in
10 mm sodium hydrogen phosphate acidified with citric acid to pH 3.5
and 10% (v/v) MeOH. The eluent was degassed by passage through a
0.2-um filter (Sartorius, Géttingen, FRG) and used at a flow rate of
1.0 ml/min.

Pt(dien)-complex incubations. Pt(dien)-complex (0.1 mm) was incubat-
ed for up to 24 h with a 10-fold molar excess of modulating agent in
10 mm phosphate buffer (pH 7.4) at 37°C. Incubations with WR1065
were performed under nitrogen to exclude oxidation to the disulfide.
Second-order reaction rate constants (k2 = k/[modulating agent]) and
half-lives (t12 = In2/k) for the reactions were obtained from the slope
(k = slope xInl10) of the log[Pt(dien)-complex] vs time plots calculated
using the least-squares method.

Fumarase reactivation. Fumarase (10 mg/ml) was inactivated by a 40-
fold dilution with 0.4 mm cis[Pt(NH3)2(H20)21(NO3)2 in 0.1 M phosphate
buffer (pH 7.4) at ambient temperature for 1 h. Reactivation of the fu-
marase by the WR compounds was performed by a 10-fold dilution of the
platinated fumarase in 0.1 M phosphate buffer containing a 500-fold
molar excess (20 mm) of WR2721 or one of its metabolites in relation to
platinum, Reactivation with a 50-fold molar excess (2 mm) of DDTC was
carried out as a positive control. !

Enzyme activity. Enzyme activity was assayed using a modification of
the method of Racker [11]. A substrate solution of 0.05 M malic acid in
0.1 M potassium phosphate buffer was adjusted to pH 7.4 with 0.1 m
NaOH. At 1, 30, and 60 min following the addition of modulating agent,
20 ul enzyme solution (diluted 400 times) was mixed with 2.98 ml
substrate solution in a 1-cm-path cuvette. The rate of formation of
fumaric acid was measured at 240 nm (spectrophotometer model 25;
Beckman, Mijdrecht, The Netherlands).

Results

Pt(dien)SG and Pt(dien)SMeG were retained on the sol-
vent-generated cation-exchange column (k” = 0.58 and
1.31, respectively) and were easily separated from the
small peak at time zero. No interfering peak was observed
on the chromatograms for the simple incubation mixtures.
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Fig. 3. The disappearance of 0.1 mm Pt(dien)SMeG following incubation
with a 10-fold molar excess of modulating agent. O, TS; ¥, DDTC; A,
WR1063; O, WR2721; m, WR33278

Quantitation by peak height showed good reproducibility
[286 AU M-1+£3.1% (n = 4) and 81.3 AU M-1+23%
(n = 5), respectively].

Incubation of the Pt(dien)SG with the WR compounds
failed to result in any reversal of the Pt-cysteine-like bond,
even after 24 h. The strong nucleophiles DDTC and TS
were also incapable of breaking this Pt-cysteine-like bond.
However, the Pt-methionine-like bond in the
Pt(dien)SMeG complex could be reversed by some of the
modulating agents. In the presence of a 10-fold molar
excess of the modulating agents, the initial disappearance
of Pt(dien)SMeG exhibited pseudo-first-order kinetics
(Fig. 3). Following incubation with WR1065, the rate of
disappearance of Pt{dien)SMeG decreased after 4 h, prob-
ably due to the uptake of oxygen into the incubation mix-
ture during sampling, causing part of the WR1065 to oxi-
dize to the less reactive symmetrical disulfide WR33278.
Therefore, only the measurements recorded during the first
4 h were used for the calculations and shown in the figure.
WRI1065 reversed the Pt-methionine-like bond of the
Pt(dien)SMeG complex, but the reversal was slow
(k2 = 0.142 M1 s-1) as compared with that obtained using
the strong nucleophiles TS (k2 = 10.1 M~{ s-1) and DDTC
(k2 =3.66 M-l s-1). WR2721 hardly reversed the Pt
methionine-like  bond, (k2=0.00529 m-1s-1), and
WR33278 showed no ability to do so. The second-order
reaction rate constants, half-lives and correlation coeffi-
cients for the log[Pt(dien)SMeG] vs time plots are pre-
sented in Table 1.

Fumarase was completely inactivated after a 1-h in-
cubation with 0.4 mM cis-[Pt(NH3)2(H20)2](NO3)s. Its ac-
tivity was quickly restored by incubation with DDTC at a
50-fold molar excess in relation to platinum (61% after
60 min). However, platinated fumarase was hardly reacti-
vated by any of the WR compounds at a 500-fold molar
excess (16%, 7.7%, and O after 60 min for WR1065,
WR2721, and WR33278, respectively; Table 2). Incuba-
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Table 1. Second-order reaction rate constants and half-lives for the
disappearance of 0.1 mm Pt(dien)SMeG following incubation with a
10-fold molar excess of several modulating agents

Modulating ko tin P
agent (at gty (min)

TS 10.1 1.15 0.995
DDTC 3.66 3.15 0.984
WR2721 0.00529 2187 0.925
WR1065 0.142 81.1 0.996
WR33278 ND ND ND
None ND ND ND

ND, No detectable reversal in 24 h

Table 2. Reactivation of cis-diamminediaquaplatinum(IT)-inactivated fu-
marase

Modulating Concen- Restored activity (%)
agent tration

(mm) 1 min 30 min 60 min
DDTC 2 35 61 61
WR2721 20 0 0 7.7
WR1065 20 7.8 9.4 16
WR33278 20 0 0 0
None 0 0 0 0

Data represent the percentages of the enzyme activity before platination

tion of active (nonplatinated) fumarase with the modulat-
ing agents did not affect the activity of the enzyme.

Discussion

The use of WR2721 as a modulating agent in platinum
chemotherapy has been directly deduced from the radio-
protective ability it has shown when given prior to irradia-
tion {6, 12, 16, 17]. The preferential formation and uptake
of its thiol metabolite WR1065 in nontumor tissues [12]
was expected to result in the protection of these tissues
against CDDP-induced toxic side effects through the inac-
tivation of reactive platinum species inside the cell. Indeed,
WR2721 given 30 min prior to CDDP did reduce the side
effects caused by the latter without interfering with its
antitumor efficacy [6, 16, 17, 18]. However, the adminis-
tration of WR2721 at 30 min after CDDP treatment failed
to reduce the nephrotoxicity of the Pt compound [16}]. To
understand the lack of DDTC-like rescue activity exhibited
by this modulating agent, we studied the potential of
WR2721 and its main metabolites to reverse platinum-pro-
tein interactions, which are purportedly involved in
CDDP-induced nephrotoxicity [1, 3].

The inability of the WR compounds and the strong
nucleophiles DDTC and TS to reverse the Pt-cysteine-like
bond in Pt(dien)SG confirmed the stability of this interac-
tion as previously observed by Lempers and Reedijk [8].
However, the Pt-methionine-like bond in Pt(dien)SMeG
could be reversed by DDTC; therefore, the protective ac-
tion of DDTC given a few hours after CDDP can be ex-
plained at least in part by the reversal of Pt-methionine
bonds in proteins, resulting in the restoration of their
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functionality. As previously found by Lempers and
Reedijk [8] using NMR, this reversal was rapid when the
strong nucleophiles TS and DDTC were applied. Our
HPLC-UYV procedure enabled the accurate measurement of
the kinetics of these fast interactions. WR1065, the metab-
olite that is expected to be most reactive toward Pt(Il)
complexes and responsible for the protective actions of
WR2721, reversed the Pt-methionine-like bond in
Pt(dien)SMeG but showed low reactivity as compared
with the strong nucleophiles TS and DDTC. WR2721,
which is not expected to enter the cell in significant
amounts, was hardly capable of reversing the Pt-
methionine-like bond in Pt(dien)SMeG, and the symmetri-
cal disulfide WR33278 could not do so at all. We presume
that other (mixed) disulfides of WR1065 with glutathione
or (protein-bound) cysteine are also incapable of reversing
this Pt-methionine-like interaction.

The results obtained using the Pt(dien)SMeG model
were confirmed by the fumarase assay. The reactivation of
platinated fumarase by 20-mM concentrations of the WR
compounds was low in comparison to that achieved by
only 2 mM DDTC and decreased in the order
WR1065>WR2721>WR33278. This order of reactivity
corresponds to that previously found using CDDP itself
[14]. The reactivation of platinated fumarase by a 50-fold
molar excess of DDTC (61%) was lower than that pre-
viously observed by Boelrijk et al. (90% [2]), probably due
to differences in the fumarase activity remaining after pla-
tination (no activity after 1 h in the present study vs 20%
activity after 3 h in the study by Boelrijk et al.). In another
investigation, we have shown that Pt-DNA adduct forma-
tion can be partly prevented by WR2721 and its main
metabolites, with WRI1065 again being the most active
compound [15]. Therefore, we presume that WR2721
offers protection against CDDP-induced toxicities by pre-
venting rather than reversing cellular damage.

It can thus be concluded that WR2721, its active thiol
metabolite  WR1065, and the symmetrical disulfide
WR33278 are slow in reversing Pt-methionine interac-
tions, in contrast to the strong nucleophile DDTC. This
may explain why WR2721, as opposed to DDTC, does not
provide protection against CDDP-induced nephrotoxicity
by restoring protein function as a result of the reversal of
Pt-methionine-like bonds following administration of this
modulating agent after CDDP treatment. Although care
must be taken in extrapolating in vitro model systems to
either the in vivo situation or the cellular level, the results
of this study explain the lack of protection obtained when
WR2721 is given after CDDP and confirm the present
clinical use of WR2721 prior to platinum-containing che-
motherapy.
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