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The first orally active platinum drugis,trans,cigPtClL(OACc),-
NH3(c-CeH1iNH,)] (IM216), has now entered phase Il clinical
trials! and octahedral Pt(IV) complexes in general offer new
strategies for the design of platinum-based antitumor agents.
Because of their inertness to substitution, Pt(IV) antitumor
complexes are thought to be prodrugs activated in vivo by
reduction to their Pt(ll) analogues by biological reductants such
as glutathione, with loss of two axial liganéisHowever, there
is only scant information in the literature concerning the mech-
anism of reduction of antitumor Pt(IV) diamines by biologically
important thiols. We report here the unexpected detection of a
long-lived chelate-ring-opened Pt(ll) complex generated from a
chelated cytotoxic Pt(IV) complex under biologically relevant
conditions. Electron-transfer-driven trans-ligand labilization reac-
tions may therefore provide novel activation mechanisms for Pt-
(IV) complexes in vivo.

We have studied the reduction of the Pt(IV) compteans,-
cis-[Pt(en)(OH}I,] (1) (en= ethylenediamine), a complex which
is active against a wide variety of cancer cells in vitro and a
member of a class of photoactivatable Pt(IV) compléxes.
Reactions ofl (100u4M) with glutathione (GSHy-Glu-Cys-Gly)
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glutathione (y-Glu-Cys-Gly)

or N-acetyli-cysteine N-Ac-Cys) in a molar ratio of 1:2 were
first investigated byH NMR spectroscopyat pHs 3 and 7 and
276 or 298 K for a period of 24 h. For the GSH reactions at pH
7 and 276 K (Figure 1A), signals for compl&XCH, 2.776 ppm,

1a) and those for the free thiol (e.q@y2) decreased in intensity
within 5 min, and two new multiplets at 3.524 (pe2k) and
3.037 (peakd) ppm and resonances for free disulfide (GSSG,
peaksg2) were observed. Peak®a and 2a reached their
maximum intensity after 11 min and were detectable for over 6
h. At this pH, no release of ethylenediamine was observed during
the reactior?. At pH 3 and 276 K (Figure 1, B), the multiplet at
3.494 ppm (peaka) was clearly detectable after 11 min, together
with signals assignable to free disulfide (peak®) and free
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ethylenediamine (peak, 3.380 ppm). The second multiplet
(3.037 ppm at pH 7 (Figure 1A, pe&&d)) was overlapped with

the 3-CH, resonances of the cystine moiety at pH 3 and 276 and
298 K (Figure 1B,C). Afte3 h at 276 K,only signals for free
GSSG and free ethylenediamine were observed, suggesting that
the disulfide product does not coordinate to Pt. At later stages,
however, broad peaks appeared at 4.1, 3.9, 2.7, and 2.4 ppm.
Analogous®H NMR spectral changes were observed for the
reactions ofN-Ac-Cys with complexd.6

The reduction of the labeled compleX*{l]1) was investigated
by 2D [*H, ®N] HSQC and 2D {H, *N] HSQC-TOCSY NMR%7
The kinetic courses of the reactions with the reducing agents at
a 1:2 molar ratio (1 mM¥N]1) were studied only at pH 3 and
276 and 298 K because of the poor solubility df{]1) at pH
7. At 276 K the®™N/'H shifts for ([°N]1) were 15.20/6.99 ppm
(1b). A new cross-peak at-26.92/5.56 ppm (peaRb) was
observed in the 2D'H, ®N] HSQC NMR spectrum 9 min after
the addition of GSH (oN-Ac-Cys). Cross-peakb disappeared
after 3 h. The 2D'H, ™N] HSQC-TOCSY spectrum showed
that the inequivalent CiHgroups of the ethylenediamine moiety
are part of the same spin system. Th2g&nd2d) are coupled
to the cross-peakb and to one another (evidence from 2D COSY
data, data not shown). At later stages of the reaction at 298 K,
cross-peaks with®N/H shifts of —10.82/5.13 and-8.34/4.99
ppm, compatible with ethylenediamine Nittans to S in Pt(Il)
complexes, and a cross-peak assignable to ff@dgdn (5N/*H
shifts at 8.23/7.83 ppm) were observed in the 28, [*N] HSQC
NMR spectrum.

The inequivalence of the two GHyroups Ra and 2d) of
coordinated ethylenediamine in the Bl and 2D [H, °N]
HSQC-TOCSY NMR spectra and the observation of only one
I5N/*H cross-peakb (—26.92/5.56 ppm) in the 2D spectra of
both reactions of GSH anN-Ac-Cys suggest that ring-opened
Pt(Il) ethylenediamine complexeare formed during the above
reduction reactions. This is also argued on the basis of chemical
shifts in the 1D*H spectrum (Figure 1), in whicBais similar to
b for free ethylenediamine ar2g is similar to 1a for complex
1. TheH/*™N cross-peak for the N# group of monodentate
[**N]enH" is likely to be broadened beyond detection due to NH
exchange with the solvent. Siebert and Sheldricdve reported
that a ring-opened Pt(l1) species is formed during reaction of [Pt-
(en)(H0),]?" with methionine-containing di-and tripeptides and
at pH 2.4 gave rise to twdH NMR CH, multiplets for
monodentate ethylenediamine, which have shifts similar to those
observed here. The observation of only free disulfide in reactions
of either GSH orN-Ac-Cys with complexl indicates that the
ring-opened intermediat® does not contain bound disulfide. At
later stages, the ring-opened Pt(Il) species undergoes further
substitution reactions. In the case MfAc-Cys and pH 7, the
final products of the reaction of compléxwith N-Ac-Cys were

(4)H, 2D [*H, N] HSQC, and 2DTH, **N] HSQC-TOCSY NMR spectra
(TOCSY mixing time of 50 ms) were recorded on a Bruker DMX 588, (

500 MHz; N, 50.7 MHz) NMR spectrometer using procedures similar to
those described previously: Berners-Price, S. J.; Frey, U.; Ranford, J. D;
Sadler, P. JJ. Am. Chem. Soc1993 115 8649-8659. All experiments
described in the present paper were carried out in the absence of light.

(5) At pH 7, en CH peak at 3.263 ppm (298 K), 3.260 ppm (276 K).

(6) Reactions of [Pt(em] (3) andN-Ac-Cys gave rise to Pt(Ity(N-Ac-

Cys) complexes, which havél (Figure S3) and 2D'H, '°N] NMR spectra
(Figure S4) comparable to those of the end products observed for the reaction
of complex1 with N-Ac-Cys (Figures S1 and S2A,B).

(7) The*™N chemical shifts of square-planar-Rtm(m)ine are diagnostic
of the trans ligand: Berners-Price, S. J.; Sadler, Bodrd. Chem. Re 1996
151, 1-40.

(8) The possibility that the intermediate is still a Pt(IV) species could be
ruled out because of tHéN shift in the 2D spectra indicating a Pt(Il) species
and the immediate observation of disulfide (2&idation step).

(9) Siebert, A. F. M.; Sheldrick, W. S. Chem. Soc., Dalton Tran$997,
385—-393. [Pt(HenkN)(gly-met+3N,N',S)]?" at pH 2.4 hasH NMR en CH,
signals at 2.92 and 3.15 ppm.
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A b ‘IVW\ j“ \ P ) Figure 2. Platination of calf thymus DNA witlirans,cis[Pt(en)(OH}I;]
IR i AR [ (1, 7.5uM) in the presence of glutathione (151) (a). Conditions: 10
A mM PIPES (pH 6.8), 0.250 mg1 calf thymus DNA, at 310 K in the
pH 7,276 K 02,92 dark. Platinum bound to DNA was determined by AASO platination
5 min ’ ‘\\ was observed in the absence of GSH. In contrast, platination by [Pt(en)-
( f') . 5 (1a) 12] (3) (®) is significantly slower.
i g2 (2a) || ; . .
) a ' I In conclusion, our data enable us to postulate the existence of
A ] “m LAY A a new mechanism for the reduction of complebty biologically
e important thiols such as GSH involving the formation of an
"3 35 34 33 32 31 30 29 ppm unexpected chelate ring-opened Pt(Il) complex, even at pH 7.

Such a reduction produces Pt species which are capable of forming
. ; : DNA—Pt adducts in the presence of GSH much more rapidly

trans,cis[Pt(en)(OH)I;] (1) by GSH in a 1:2 molar ratio: (A) pH 7, 276 . . .

K, after 5 min (200uM GSH); (B) pH 3, 276 K, after 11 min (2 mm  than [Pt(e(;‘)ﬂ t(f3) (F'glge %)’ W*}'Ch m'?g);ftiﬁ eXpectt.ed to bel the

GSH); (C) pH 3, 298 K, after 11 min (2 mM GSH). The two multiplets ~&Or Proauct irom reduction of comp € reaction simply

at 3.037 (peald) and 3.524 ppm (peaka) in part A are assignable to involved the loss of two axial ligands. Moreover, the Pt(IV)

Figure 1. 500-MHz'H NMR spectra recorded during the reduction of

the en CH of a ring-opened intermediat@)( In B and C peaked is complex1 is highly cytotoxic to tumor cells in contrast to [Pt-
overlapped withg2; free en is labeled, and the peak fol is at 2.8 (en)k] (3).2 The only report of a related reaction appears to be
ppm (peakla). that of Beattie et ak? who postulated that the ring-opened
complex [Pt(pn)(pnH)CHA" (pn = propylenediamine) was a
Scheme 1.Proposed Mechanism for the Reduction of product from inner-sphere two-electron reduction of the Pt(IV)
trans,cis[Pt(en)(OH}l,] (1) by Biologically Important Thiold complexcis-[Pt(pn)Cl;]?" by [Cr(H,0)e]?*, although the nature

of the product was investigated only by ion-exchange chroma-

OH /\_SR tography and titration studies. Vorob’ev-Desyatovskii and Kuku-
N, FL,.»\' shkin'S reported that during the reverse reaction (oxidation of Pt(Il)
(H N/| N, to Pt(1V)) certain electrophiles can oxidize a coordinated ligand
o RSSR + giving rise to a large trans effect and expulsion of the trans ligand.
" whelate fing. The introduction of electron-transfer-driven trans effects into Pt
lopening ¢ complexes should allow the generation in vivo of Pt(ll) complexes
- which are not simple analogues of the parent Pt(IV) prodrugs
HN, Y - .
HN T S and provide a novel concept for metallodrug design.
z /P'\ (pH 3)
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mass spectroscopy, giving rise to compBeand the Pt(Il) dimer, (10) (a) Sulfenyliodides are very reactive and well-known in organic sulfur
[{Pt(en)-SCysN-Ac)},]?" (4) (Figures S1-S4)8 At pH 3, chemistry: Field, L.; Vanhorne, J. L.; Cunningham, L. WOrg. Chem197Q
however, ethylenediamine is easily released during the reduction35. 3267-3273. (b) The complex[(en),Co(SCHCHNH,)]zI}** has been

. L characterized by X-ray analysis, can be viewed as containing a derivative of
reaction and the_ later subs_tltutlpn products were not further a coordinated sulfenyliodide, and reacts with thiols to form disulfides: Nosco,
characterized, being of no biological relevance. D. L.; Heeg, M. J.; Glick, M. D.; Elder, R. C.; Deutsch, E.Am. Chem. Soc.

; ; inn198Q 102 7786-7787.

On the basis of these results, a mechanism for the reduction (11) (a) Goldberg, K. I.: Yan J.; Breitung, E. M. Am. Chem. S0d995
of complex1 by GSH orN-Ac-Cys at neutral pH can be proposed 117, 6889-6896. (b) van Beek, J. A. M.; van Koten, G., Smeets, W. J. J.;
(Scheme 1), consisting @fitial attack of the thiol on an iodide ipik, é- L.J. Arlf\}l- Cgedmd SthBSGRl%S Sé)l&S?lC% (c) Byers,”P-SgS%a?ty,
i i . i . J., Crespo, M.; Puddephatt, R. J.; Scott, J.adganometallic ,
Ilganq_ of theMPlt(IV_) complex forming 6.1 five Co_ordlnatet_:i 1363-1367. Chelate ring opening on Pt(IV) prior to the reduction by the
transition staté®**which then undergoes a ring-opening reaction. - thiol could also be proposed as an alternafive mechanism to the Scheme 1
Attack on the highly reactive sulfenyliodide by another glutathione but seems rather unlikely2 _ o
molecule would give rise to the disulfide. The ring-opened Pt- (12) There is precedent for the reduction of disulfide bonds by Pt(ll):

: - - Lempers, E. L. M.; Inagaki, K.; Reedijk, Jnorg. Chim. Actal98Q 15
(I1) species2 can then undergo further ring-closure reactions and 201_p207. Ohta, N.: |nagaki|, K. Muta, ”H_; Yotsguyan'agi, T I\/Iats?m]ﬁ%

react with the released | forming [Pt(en)}] (3), and with RSH J. Pharmaceutic4998 161 (1), 15-21.

12 iV _ 2+(4) 13 - (13) Appleton, T. GCoord. Chem. Re 1997, 166, 313—-359.
g.r RSSR, 9“’:”9 [{gt(zn)y SR&2]7 . . Al th3|' ethé/lleng (14 Beattie, J. K.; Starink, Jnorg. Chem.1975 14, 996-999.
lamine is released, but at p » no free ethylenediamine IS (15) vorob'ev-Desyatovskii, N. V.: Kukushkin, Yu. NEh. Obshch. Khim.

observed. 1991, 61, 2613-2623.

aThe nature of the ligands Y in compleXis unknown, but strong
candidates are #/OH.




