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Reactions of the anticancer drug carboplatin (“Paraplatin”) with a variety of sulfur-containing amino acids have
been investigated biH and>N NMR spectroscopy and by HPLC. Thiols react very slowly and sulfur-bridged
species containing four-membered®3trings are the predominant products. In contrast, reactions with thioether
ligands are much more rapid, and kinetics for the initial stages of the reaction.witbthionine have been
determined K = 2.7 x 1073 M~1 s71). Surprisingly, very stable ring-opened species are formed sucisas
[Pt(CBDCA-O)(NH3)2(L-HMet-S)] which has a half-life for MetS,Nring-closure of 28 h at 310 K. A study of

the formation of the analogous product fidracetyl+-methionine and its subsequent ring closure is reported.
Reactions such as these may play a role in the biological activity of carboplatin.

Introduction about their interactions with carboplatin. Recently we reported

: : the detection of a Pt(Il) complex containing ring-opened
Carboplatin [Pt(CBDCA®,0)(NH3);], where CBDCA is . . . . -
cyclobutane-1,1-dicarboxylate, is a widely-used second-genera—CBDCA and a monodentate thioether ligand in the urine of mice

tion platinum anticancer drdy. Like cisplatin €is-[PtCl- treated with F’N]carboplati_n%l Here we report investigations
(NH2)2]), it is thought that its antitumor activity is due to attack ©f reactions of carboplatin with the sulfur amino acids

on DNA. Cisplatin has more severe side effects than carbo- Methionine (-HMet), N-acetylt-methionine N-Ac-L-Me),
platin, including renal toxicity which is dose-limiting. The lower ~N-acetylt-cysteine N-Ac-L-Cys), and glutathione (GSH), by
toxicity of carboplatin can be attributed to its lower reactivity, ‘H» *™N, and %Pt NMR spectroscopy and HPLC. The data
caused by the presence of the chelating CBDCA ligand. show that ring-opened carboplatin adducts containing mono-

It has been suggested that carboplatin is a pro-drug for dentate thioethers are remarkably stable.
cisplatin® However the rate of aquation is very slévand
recent results of Fregt al” indicate that the major reaction o] "
path of carboplatin is via direct attack by nucleophiles rather N -
than via an aquation step. As a result, ring-opened CBDCA HaN\p,/o Hsc\ PN H/coo
species are readily detected during reactions of carboplatin with HaN/ \o
chloride and guanosin€-tnonophosphate (85MP).

Although attack on DNA is responsible for the antitumor o
activity, platinum complexes can interact with many other carboplatin
biomolecules especially those containing sulfur, for which it
has a very high affinity. Examples of sulfur-containing bio- N-Ac-L-Cys
molecules include amino acids such as cysteine and methionine, H i
peptides such as glutathione, and proteins such as metallothio- Hac\ /N\ /coo
nein and many others. Interactions of cisplatin with sulfur c CH
molecules are thought to be responsible for a variety of ” ‘
biological effects, such as inactivation of Pt(ll) complexes, o
development of cellular resistance to platinum, and toxic side CH,
effects such as nephrotoxicity Recent results have suggested
that platinum complexes containing monodentate thioethers CH,
(methionine or methionine-containing proteins and peptides)
may play a role in the biological activity of platinum com- S
plexes?10 Surprisingly, monodentate thioether ligands can be |
substituted by N7 of guanine bases, although only very slowly. CH,
Therefore it is conceivable that a methionine-containing protein L-HMet
or peptide could transport and transfer some platinum to DNA. N-Ac-L-Met

Although the interactions of a variety of sulfur-containing NH;*
biomolecules with cisplatin have been studied, little is known
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Experimental Section [L-HMet]. The program Kaleidagraph (Synergy Software, Reading,
Chemicals. L-HMet, N-Ac-L-Met, N-Ac-L-Cys, and GSH were PA) on an Apple Macintosh computer was used to obtain the best fits

purchased from Aldrich. [Pt(CBDC/&,0)(*NHs);] andcis-[PtSNHs),- to these data.

(H20),](NO3), were prepared according to literature methods. To study the kinetics of ring-closure ofs-[Pt(CBDCA-O)(NHz),-

NMR Spectroscopy NMR spectra were recorded on the following ~ (L-HMet-S)] to give [Pt(-Met-S,N(NH3)2]*, a pure sample of the ring-
instruments: Bruker AM500H 500 MHz, 15N 50.7 MHz), Varian opened complex was isolated by HPLC and was incubated as an
Unity 500 (H 500 MHz,*N 50.7 MHz), Varian Unity 6001 600 aqueous solution (pH 5.61) at 310 K in a stoppered tube. Aliquots

MHz, 15N 60.8 MHz), JEOL GSX270'H 270 MHz, 19t 58 MHz), were removed at appropriate times and reanalyzed by HPLC using 2%
and JEOL GSX500'H 500 MHz), using 5 mm Wilmad NMR tubes. CHsCN/ 98% HO isocratically as the eluant and detection at 210 nm.
The chemical shift references were as follovi! (internal), TSP5N The disappearance of the peak duects[P(CBDCA-O)(NHs)x(L-

(external), 1.5 MNH,CI in 1 M HCI in 90% H0O/10% DO: 1%5pt HMet-S)] was followed with time, and a first-order rate constant was

(external) 1 M NaPtCk. Spectra were recorded at either 208 or 310 ©Ptained from a plot of In[peak areaj time.

K as indicated. The acquisition parameters used were as described PH Measurements These were recorded using a Corning 240 pH
previously2-14 meter equipped with an Aldrich micro combination electrode standard-

ized with pH 4, 7, and 10 buffers. Values fop@solutions are termed
pH* and are uncorrected for the effect of deuterium on the glass
electrode.

NMR samples for the following reactions of carboplatin with the
sulfur amino acids were prepared by mixing 1 mL of 10 mM
[Pt(CBDCA-O,0)(**NHs),] with 1 mL of a 10 mM solution of the
ligand. When'N spectra were to be recorded, the solvent was 90% Reagylts
H>0/10% BO; otherwise, RO alone was used. All solutions contained ]

50 mM phosphate at pk 7 unless otherwise stated. NMR spectroscopy was used to study the reactions of

A 10 mM solution of [PtN-Ac-L-Met-S,N(**NHz),] was prepared Cal’boplatln with the thIOISN-AC-L-CyS and GSH, and the
by mixing 1 mL of a 20 mM solution ois-[Pt(:*NHz),(H-0):](NOs)2 thioethersL-HMet and N-Ac-L-Met. Labeling the ammine
in 90% H0/10% DO, with 1 mL of a 20 mM solution oN-Ac-L- ligands of carboplatin with'>N allowed 2D [H,**N] NMR
Met in 90% H0/10% DO. Then the pH was adjusted to 7 with 1 M investigations to be made. TH#N chemical shift is diagnostic
NaOH solution, and the solution was allowed to stand for 24 h before of the coordinating atom of the ligand in the position trans to
the NMR spectra were recordedis-[{ Pt(*NH3)x(A-u-9}2] (A = the amminé®1” For an ammine ligand trans to an oxygen
N-Ac-L-Cys or GSH) was prepared by mixing 1 mL of 20 mi%- donor, the!SN shift is between—75 and—90 ppm, for an
[Pt(*NH3)>(H20)](NOs)2 in 90% H0/10% DO with 1 mL of a 20 ammine trans to nitrogen/chloride it is betweeB5 and—70
mM solution of A in 90% HO/10% DO ** Spectra were recorded 20 nnm and for ammine trans to sulfur it is betweed0 and

min after mixing. _ _ —50 ppm. The reaction of carboplatin aneHMet was also
HPLC. The following equipment was used: Gilson 305 pumps, studied by HPLC.

Gilson 806 manometric module, LKB 2141 variable wavelength . L
monitor, and Rheodyne sample injector. Analytical separations were Reaction of Carboplatin with N-Ac-L-Cys and GSH. The

carried out on a PLRP-S column (2504.6 mm, 100 A, 5m, Polymer reactions of carbop_latin witN-Ac-L-Cys and GSH gave similar

Labs) with HO as the eluant. The data were analyzed on an Apple fesults. The reactions were followed Byl and 2D [H,"N]

Macintosh computer using Dynamax Method Manager Software. NMR spectroscopy. No reaction between carboplatin and either
The time course reaction between carboplatin (5 mM) iaktMet N-Ac-L-Cys or GSH was observed by eithét or 2D [*H,N]

(5 mM) at 298 K (pH 5.9) was followed chromatographically by ~NMR spectroscopy for at least 10 h at 310 K. After 24 h a

injection of aliquots of the mixture onto the HPLC column at various Small peak was observed in the 2BH[!*N] NMR spectra of

time intervals with detection at 210 nm. both reactions; for GSH, this had shifts e44.2/ 3.97 ppm,
Kinetic Measurements The kinetics of the formation of the 1:1  while for the N-Ac-L-Cys adduct the peak was observed at

adduct between carboplatin aneHMet were determined in 50 mM —43.8/ 3.92 ppm. Thé"N shifts of these peaks are consistent

phosphate buffer at 298 K, pH* (meter reading)7 in D;O. The with an ammine ligand trans to a sulfur ligand. These reactions

platinum complex (5 mM) was mixed with an excess of ligand{45  were performed in phosphate buffer at pH 7 and no other
60 mM) in the NMR tube, and spectra were recorded at appropriate products were observed in the spectra. After54weeks

time intervals. The reaction was followed by observing the decrease standing at ambient temperature, the solutions became deep
in intensity of the!H NMR signal ofa-CH; of the cyclobutane ring of yellow in color and a yellow precipitate formed.

[PACBDCA-O,0)(NHa)z]. The use of a large excess of ligand-(| When the reactions were carried out at a lower pH value of

HMet]:[Pt] > 9:1) provided pseudo-first-order conditions which allowed h . | h
kobs to be calculated at four different concentrationsLefiMet. A 3, they were just as slow and the same products were observed,

second-order rate constant was determined from a pldtgfos but a peak assignable tNH," was also present. This suggests
that the high trans effect of the thiol ligand leads to labilisation

(5) Tinker, N. D.; Sharma, H. L.; McAuliffe, C. A. IRlatinum and Other of the ammine ligand.

Metal Complexes in Cancer Chemotheralilicolini, M., Ed.; Martinus The chemical shifts of these peaks are the same as those
© ggrr‘]%‘iflgsioit‘?%a'\t/'tg}nligf??gﬁelsiil?; Tobe. MJLChem. Soc observed for the major products of the reactioncig[Pt-
Dalton Trans 1988 2135-2140. " (*NHg)(H20),J(NOs), with N-Ac-L-Cys and GSH. Appleton
(7) Frey, U.: Ranford, J. D.: Sadler, P.ldorg. Chem 1993 32, 1333 et al*>has shown that this product is a sulfur-bridged diplatinum
1340. ) complex containing a four-membered ringis-[{ Pt(:°NH3),-
8) I2_$r7npers, E. L. M.; Reedijk, JAdv. Inorg. Chem 1992, 37, 175 ((N-Ac-L-Cys or GSH)4-S5)}2]. Several groups have observed
(9) van Boom, S. S. G. E.; Reedijk, J. Chem. Soc., Chem. Commun the precipitation of yellow solids when thiols are reacted with
1993 1397-1398. platinum complexes and these are usually thought to be

(10) Barnham, K. J.; Djuran, M. I.; Murdoch, P. del S.; Sadler, B. J  polymers!518.19
Chem. Soc., Chem. Commur994 721-722.
(11) Barnham, K. J.; Frey, U.; Murdoch, P. del S.; Ranford, J. D.; Sadler,
P. J.J. Am. Chem. S0d994 116 11175-11176. R
(12) Berners-Price, S. J.; Frey, U.; Ranford, J. D.; Sadler,? Alm. Chem. |
Soc 1993 115 8649-8659. s

(13) Norman, R. E.; Ranford, J. D.; Sadler Plrnbrg. Chem 1992 31, H3N\ — ">~ _ _—NH;
877-888. /P'\ /Pt\
(14) Barnham, K. J.; Berners-Price, S. J.; Frenkiel, T. A.; Frey, U.; Sadler, H3N S NH

P. J.Angew. Chemlnt. Ed. Engl.1995 34, 1874-1877. | 8
(15) Appleton, T. G.; Connor, J. W.; Hall, J. R.; Prenzler, P.librg.
Chem 1989 28, 2030-2037. R
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SO complex must be due to methionine, and the possibilities
for the oxygen ligand include #/OH-, PQ23~, and carboxylate
oxygen from either CBDCA ort-HMet. The same spectrum

' ¢ L _80 was obtained when the sample was prepared in the absence of
carboplatin PO3~, and the shifts of these peaks were also independent of
A pH between 4 and 7 (theKp of coordinated HO would be
5 (*N) expected in this pH rangé}. Since the complex [Pt{HMet-

S,0(NH3)2]2" has previously been characterized and found to
be stable only at low pH< 2),2it is likely that the complex
contains coordinated monodentate CBDCA and can be formu-
- -60 lated ascis-[Pt(CBDCA-O)(NHaz),(L-HMet-S)]. The presence
@@ of CBDCA in this complex was confirmed by a 2D DQF-COSY

. IH NMR spectrum, which showed cross-peaks for monodentate
E E CBDCA with shifts of 2.36 ppm for thet-CH, and 1.86 ppm
for they-CH,. These shifts are very close to those previously
(@ observed for platinum-bound monodentate CBDCA in other

B

I <>
0 =

adducts’

After the 1:1 solution of PN]carboplatin and.-HMet had
been allowed to stand at ambient temperature overnight, cross-
44 42 4.0 peaks A and B due tais-[Pt(CBDCA-O)(NHs)(L-HMet-9)]
were still present in the!H,1N] spectrum. However several
5('H) new peaks were also observed (Figure 1). Four of these (C,
C', D, D) can be assigned to [RtMet-S,N(NH3)]" on the
basis of known shiftd? The!®N shifts of C and Care typical

D

g @

o

Figure 1. 2D [*H, >N] NMR spectrum of a solution containiné’N]-
carboplatin and-HMet (5 mM, 1:1), in 50 mM phosphate buffer pH

7 after 24 h at 298 K. Peak assignments: (AGB}[Pt(CBDCA-0)-  ©f ah ammine coordinated frans to a nitrogen ligand; the only
(15NH2),(L-HMet-S)]: (C, C, D, D') [Pt({L-Met-S,N(*NH2),]*: (E, E) possible nitrogen atoms in the solution are the amino group of
[Pt(L-Met-S,N(*5NH3)(L-HMet-9)]*. L-HMet and NH. The 15N shifts of D and D are consistent

with an ammine coordinated trans to sulfur (Table 1). The same
Attempts were made to determine the rate at which carbo- peaks were observed wherHMet was added to a solution of
platin reacts with eitheN-Ac-L-Cys or GSH. However under  Cis-[Pt(*®NHz)2(H20)2](NO3). the major product of this reaction
pseudo-first-order conditions, with either the ligand or carbo- being [Pt(-Met-S,N(NH3);]*.2922 The presence of two sets
platin in excess, the data could not be fitted to appropriate linear of doublets can be attributed to the slow inversion of the
plots, suggesting that multiple reaction pathways exist under coordinated chiral sulfur giving rise to two diastereomers. The
these conditions. When the reaction withAc-L-Cys was rate of inversion is slower for a chelated methionine than for a
carried out with a 1:1 stoichiometry at 298 K, the data from monodentate methionine.

the early part of the reaction (up to 48 h) were fitted to a second-  Another doublet cross-peak (E ant) was also observed in

order process by plotting/(a(a — X)) vs t (@ = initial the ['H,15N] spectrum in the ammine trans to nitrogen region
concentration andt = concentration at time), yielding arate of the spectrum. These signals are probably due to a species
constant with a value of ca. 10M~* s™%. that has lost an ammine ligand due to the high trans effect of

Reaction of Carboplatin with Methionine. In the first few sulfur. The!H NMR spectrum showed signals in the region
hours of the reaction of carboplatin (5 mM) with 1 mol equiv 2.59-2.60 ppm that can be assigned to methyl groups of
of L-HMet, two new sets of cross-peaks (A and B) of similar [Pt(L-Met),].22 The presence of this species in solution was
intensity appeared in théH,»>N] NMR spectrum: —78.8/4.34, confirmed by HPLC {ide infra). The trans isomer of [Rt{
4.32 ppm (A) and-43.0/4.26 ppm (B) (Figure 1). In thk Met),] is the kinetically preferred product, while the cis isomer
NMR spectrum, a new broad peak at 2.36 ppm was observed.is the themodynamically more stable product (87:13 at equi-
The 15N chemical shifts are consistent with a species that has librium). The peaks E and'Ere probably due to diastereoi-
an ammine trans to sulfur and another ammine trans to oxygen.somers of [Pi(-Met-S,N(NHz)(L-HMet-S)]* (slow sulfur in-
TheH NMR shift of 2.36 ppm is consistent with a Sggroup version of chelated-Met).23 This species is likely to be an
of methionine that is coordinated to platinum through sulfur. intermediate on the pathway from [Pilet-S,N(NHz),]* to
Cross-peak A in the'H,'>N] NMR spectrum is split into a  [Pt(L-Met),]. On the basis of the results obtained here, a scheme
doublet in the'H dimension. A temperature dependence study for the reaction of.-HMet with carboplatin can be proposed
of this spectrum showed that at low temperature (288 K) both (Scheme 1).
cross-peaks A and B were split into doublets while at higher
temperature (308 K) both peaks were singlets. This temperature(le) Appleton T.G.; Hall, J. R.: Ralph, S. Forg. Chem 1985 24, 4685
dependence can be explained by inversion of the methyl group 469
about the chiral coordinated sulfur ofHMet; at low temper- (17 ISmaII I. M.; Sadler, P. ACS Symp. Sef983 209, 171-190.
ature the two diastereomers are resolved whereas at high(18) Odenheimer, B.; Wolf, Winorg. Chim. Actal982 66, L41.

|%LQ) Dedon, P. C.; Borch R. Biochem. Pharmacoll987 36, 1955-
temperature only exchange-averaged peaks are observed. Fro 1964,

the temperature dependence, a rate of inverkien22.2 st (20) Appleton, T. G.; Connor, J. W.; Hall, J. Rorg. Chem 1988 27,

and activation free energ)AG* = 665 kJ mot® were (21) :(L:)C)I_Be::rngHam K. J. Ph.D. Thesis, University of Queensland, 1992. (b)
i 9 . H IRATI L. ’ , .

determined _at 298 K. A%Pt spectrum of a 1:1 mlx_ture (_at _60 Berners-Price, S. J.; Frenkiel, T. A.; Ranford, J. D.; Sadler, B. J.

mM) gave rise to a broad peak a2641 ppm. This shift is Chem. Soc., Dalton Tran4992 2137-2139.

consistent with the formation of a species that has 8N (22) gacrjrllhan; g. (J:h Djurgn, Mbl.itMU;_docgbgs %t;lzf.;gsggford, J. D;

i i ,20 aaler, P. J. em. So0c., Dalton lran — .
coordination spheré . . . . (23) Murdoch, P. del S.; Ranford, J. D.; Sadler, P. J.; Berners-Price, S. J.
As we have argued previoustythe sulfur ligand in this PtN Inorg. Chem 1993 32, 2249-2255.
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Scheme 1 2.7+
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oI HsN—CH—CO, 2.6
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I | 2
o S £2.31
I £
k=27x10%M"s CHj, 2.2+
CH3 3* 2.1 1
I / 0 2000 4000 6000 8000
“3N\ —~S—E—C—CH Time (s)
/Pt\ 2 H \ . Figure 2. Plot of the In of the intensity of thtH NMR a-CH, peak
0, CO, of carboplatin (5 mMystime during reaction with an excessieHMet
) (45 mM). From the slope, a pseudo-first-order rate con$agt= 9.43
o x 107° s~ was determined.

k=69x10° s (see Figure 3). After 1 h, a new peak with a retention time of
2.4 min appeared in the chromatogram along with peaks for
carboplatin (3.9 min) and-HMet (2.9 min). Over the next
few hours this peak gradually increased in intensity while the
—S peaks due to carboplatin andHMet decreased in intensity.
) To identify the species responsible for this peak, the fraction
was collected and freeze-dried to concentrate the sample, and
l analyzed byH NMR. This procedure was repeated witfN]-

HN

N

S
Spr )
HoN N

carboplatin so that a 2D, 1°N] NMR spectrum could be
obtained. The NMR spectra of this fraction are consistent with

~p /s the species beingis-[Pt(CBDCA-O)(NH3),(L-HMet-9)] (see
s/ < ) —_— ( NMR results above). After a reaction time of 1 day, the
N_/ chromatogram of the mixture showed the presence of two other
new peaks. These had retention times of 1.9 and 3.5 min with
Table 1. '™H and'*N Chemical Shifts the latter being more intense. The corresponding fractions were
S(BN)/O(H)  Pt—NHs analyzed by NMR spectroscopy, and by ustfiy-L-HMet, it
compound O(S—CHy) for Pt—NHs trans to was possible to show that the two peaks are due to the cis and
L-HMet 214 trans isomers of [PtMet-S,N;], with chemical shifts the same
[P{(CBDCA-O,0)- —81.3/4.17 o as those reported elsewh@?e After two days of reaction, all
(15NH3)7] the above peaks were still present and a further new peak at
cis-[Pt(CBDCA-O)- 2.36 —78.8/4.34,4.32 o 4.7 min was observed. When the fraction corresponding to the
(**NHg)z(L-HMet-S)] latter peak was analyzed by NMR spectroscopy, no signal was
[PtL-Met-S.N(5NHs)]*  2.53, 2.55 :gi:gﬁ:i? 421 SN observed in théH NMR spectrum. However a single cross-
' ' —41.8/4.38.4.41 s peak (-78.7/4.07 ppm) was observed in the ZBI[15N] NMR
[Pt(L-Met-S,N- a —56.0/4.04,4.07 N spectrum with shifts characteristic of an ammine trans to oxygen
(*NH3)(L-HMet-91*" and is presumably due to an aqua/hydroxo species. After 8
[PtL-Met-S,N] 2.59-2.60 days of reaction, the mixture gave a chromatogram which
a Unassigned® Peaks for three diastereomers of each geometrical showed that all the-HMet had reacted and that only a trace of
isomer. the ring-opened speciess-[Pt(CBDCA-O)(NH3)2(L-HMet-S)]

) . was still present.
Table 2. Pseudo-First-Order Rate Constants for the Reaction of

Carboplatin (5 mM) with.-HMet in 50 mM Phosphate at pH* 7 Confirmation that the ring-opened specs[Pt(CBDCA-
and 298 K O)(NH3)2(L-HMet-S)] was isolable by HPLC was obtained by
[L-HMet)/mM Koods [L-HMet/mM Konds - both!H and FH,**N] NMR. When an aqueous solution of this

purified complex was allowed to stand, new peaks appeared in
the ™H and 2D [H,15N] spectra that were assignable to [Pt(
Met-S,N(NH3),] ", and peaks assignable to free CBDCA were
also observed in théH NMR spectrum.

45 9.43x 10°° 55 1.22x 104
50 1.02x 104 60 1.32x 104

Pseudo-first-order rate constants were determined for the

formation of cis-[Pt(CBDCA-O)(NH3)z(L.-HMet-S)] from car- [Pt(L-Met-S,N(NHs),] * was observed during the course of
boplatin and.-HMet at various.-HMet concentrations (Table  the reaction when studied by NMR, but was not observed using
2) by following the decrease in intensity of tbkeCH, signal the HPLC conditions reported here. This complex tended to

of carboplatin in théH NMR spectra. A typical kinetic plotis ~ stay on the column whenZ® was the eluant. When 2% GH
shown in Figure 2. From these pseudo-first-order rate constants;CN/98% HO was the eluant, then [RtMet-S,N(NHz)z]*

a second-order rate constantloE 2.7 x 1003 M~! s was eluted much faster (see below), but with this solvent there was
calculated. more overlap of peaks with those for the other species.
The time course of the reaction of carboplatin withiMet A first-order rate constant for S,N-closure of the methionine

(2:1, 5 mM, pH= 5.61, 298 K) was also followed by HPLC chelate ring and displacement of CBDCA was determined by
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2
A
1.75
d’ X
1.25 1 I I I |
2d 0 5 10 15 20 25
Time (h)
e Figure 4. Plot of the In of the HPLC peak area fois-[Pt(CBDCA-
O)(NH3)2(L-HMet-S)] (x) vs time during ring-closure to form [Rt{
Met-S,N(NH3)2]*. From the slope a first-order rate constant of &.9
1078 s~ was determined.
Carboplatin
H3N (S)N-AcMet
1d
Pt
b (0)CBDCA
a
1h

VAN

o 2.0 40. 6.0
Elution Time (min)
B 6 303K
iN :

- . N z
LemT d T e V
0 =X e T gy w X 088 K
0 20 40 60 80
Time (h)

Figure 3. HPLC time course. (A) Chromatograms for the reaction
mixture containing.-HMet and carboplatin (5 mM, 1:1) after reaction ! d
for various times at 298 K, pH 5.9. Peak assignmentsa)ai-HMet; 4.4 4.3 1H 4.2 41

b (), carboplatin; c) cis[Pt(CBDCA-O)(NHs) (L-HMet-S)]; d (x), 8('H)

cis-[Pt(L-Met-S,Ng]; d' (+), trans[Pt(L-Met-S,Ny]; e, cis-[Pt(NHsz).- Figure 5. Effect of temperature on th€N-edited’H NMR peaks of
(H2O/OH),)]. (B) Variations in the relative concentrations of species Cis[Pt(CBDCA-O)(NHz)(N-Ac-L-Met-S)]~ present in a reaction mixture
detected during the above reaction with time. HPLC peaks areas werecontaining [*N]carboplatin andN-Ac-L-Met (5 mM 1:1), pH 7. Note
scaled by the approximate extinction coefficients; the value for the ring- the coalescence of peaks w and x @NFans to O) and y and z (NH
opened complex was assumed to be the same as for carboplatin. Fotrans to S) at higher temperature.

labels see part A. . . .

min which can be assigned to [P#{let-S,N(NH3),]* and
HPLC methods. Aliquots of an aqueous solution of isolated uncoordinated CBDCA, respectively. The large peak decreased
cis-[Pt(CBDCA-O)(NH3),(L-HMet-9)] were injected onto the  in intensity with time, while the other peaks grew in intensity
HPLC column at various times and eluted with 2% 4CiNl/ with time. A first-order rate constant was determined by
98% HO. Three peaks were observed in the resulting following the decrease in concentration of the starting material
chromatograms: a large peak due to the starting material (2.1with time,k = 6.9 x 107%s71 (t;, = 28 h) at 310 K, Figure 4.
min) and two new peaks with retention times of 3.9 and 5.8  Reaction of Carboplatin with N-Acetyl-L-methionine. This
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Figure 6. 2D [*H, >N] NMR spectrum of a solution containiné’N]-
carboplatin andN-Ac-L-Met (5 mM, 1:1) in 50 mM phosphate buffer
at pH 7, after 24 h, 298 K. Assignments: (A, Bl-[Pt(CBDCA-O)-
(**NH3)z(N-Ac-L-Met-9)]~, (C) [PtN-Ac-L-Met-9),(*NH3);], (D, D')
trans[P{(CBDCA-O)(*NHa)(N-Ac-L-Met-9]2, (E, E) [Pt(CBDCA-
0)(PO)(15NH3)(N-Ac-L-Met-9]*-, (F, F, G, G) cis-[Pt(N-Ac-L-Met-
S,N(**NHa)], (H, H', K, K) trans[Pt(N-Ac-L-Met-S,N(**NH3);], and
(x) 1Pt satellites.

4.40

reaction was carried out at a 1:1 mol ratio (5 mM) in 50 mM

phosphate, at pH 7. The initial stages resembled those of the

reaction of carboplatin witb-HMet. Two new peaks of similar
intensity appeared in théH,*>N] NMR spectrum at—79.0/
4.32,4.30 and-45.6/ 4.21 ppm. Thé®N chemical shifts are
consistent with an ammine trans to oxygen and an ammine tran

to sulfur, respectively, and can be assigned to the ring-opened

complexcis-[Pt(CBDCA-O)(NHz3)2(N-Ac-L-Met-§)]~. As for

the L-HMet complex, the cross-peak for the ammine trans to
oxygen is split into a doublet due to slow inversion of the
Smethyl group. The temperature dependence of these peak
in the 15N-edited™H NMR spectrum is shown in Figure 5. The
rate and activation free energy for inversion of tBenethyl
group (k= 22.7 s1, AG* = 65.6 kJ mot?) are similar to those

of cis-[Pt(CBDCA-O)(NHa3)(L-Met-S)].

After eight hours of reaction of carboplatin witik-acetyl-
L-methionine, a new peak was observed in thé,PN] NMR
spectrum at-43.7/4.36 ppm. Thé*N shift is indicative of an
ammine trans to a sulfur ligand. At about this time a significant
quantity of free CBDCA was observed in thé NMR spectrum
consistent with assignment of the neW['>N] peak tocis-
[Pt(lSNH3)2(N-AC-L-Met-S)2].

Subsequently another peak appeared in the'iN] NMR
spectrum at—75.1/4.35,4.33 ppm. This is assignable to an
ammine trans to oxygen. The doublet appearance intkthe
dimension is presumably due to sl@&methyl inversion. The
absence of a signal due to an ammine trans to sulfur, probably
indicates that this ammine has been labilized by the high trans
effect of sulfur. It is likely that the ammine has been replaced
by an S-boundN-Ac-L-Met ligand, so this signal is tentatively
assigned tdrans[Pt(CBDCA-O)(NHz)(N-Ac-L-Met-S)5]2.

The [H,15N] NMR spectrum after 24 h showed many new
peaks in addition to those already described (Figure 6). Among
these are four peaks in the ammine trans to nitrogen region
(Table 3), and these, along with four new peaks in the ammine

Barnham et al.

Table 3. *H and!*N NMR Chemical Shifts of Carboplatin and Its
Adducts withN-Acetyl-L.-methionine

O(*>N)/O(*H)
complex for Pt—=NH3 Pt—NH;3;

[Pt(CBDCA-O,0)(**NHz3),] —81.3/4.17 o}

cis-[Pt(CBDCA-O)- —79.0/4.32,4.30 O
5NH3)2(N Ac-L-Met-S)]~

—45.6/4.21 S

[Pt(N-Ac-L-Met-9)2(*5NHa),] —43.7/4.36 S

trans[Pt(CBDCA-Q)- —75.0/4.33,4.35 o
(*5NH3)(N-Ac-L-Met-9);]2~

[Pt(CBDCA-O)(PQy)- —82.5/4.24,4.26 o
(*>NH3)(N-Ac-L-Met-§)]*~

[Pt(N-Ac-L-Met-S,N(**NH3)2] —62.6/3.84 N

—61.6/3.85 N

—64.4/3.90 N

—62.6/3.93 N

—42.6/4.26 S

—41.9/4.20 S

—44.2/4.09 S

—44.9/4.02 S

unassigned —37.5/4.49 S

—42.6/4.07 S

—74.7/4.46 (0]

—83.1/4.06 o}

—83.1/3.96 o}

—79.6/3.85 (0]

trans to sulfur region, are assigned to MR#c-L-Met-S,N-
(*NH3),] (vide infra). A weak doublet also appeared-a82.5/
4.26, 4.24 ppm indicative of an ammine trans to oxygen in a
species with slow S inversion. No peak for an ammine trans
to sulfur which might be paired with this peak was observed,
presumably because this ammine has been labilized and replaced
by another ligand. When the reaction was repeated in the
absence of phosphate, the peak-82.5 ppm did not appear in

the spectrum, unlike all the other peaks seen. This suggests
that the ammine trans to S in the ring-opened spedigfPt-
(CBDCA-O)(NHz3)2(N-Ac-L-Met-S)]~ has been replaced by
phosphate to giveis-[Pt(CBDCA-O)(POy)(NHz)(N-Ac-L-Met-

SS)]“". Several other peaks were observed (Table 3) but have

not been assigned.

To confirm the above assignments, [R#ic-L-Met-S,N-
(**NHa3),] was prepared by mixing equimolar quantitiesois-
[Pt(*>NH3)2(H20),](NO3), and N-Ac-L.-Met followed by pH

djustment to 7 and allowing the solution to stand for 24 h.

he higher pH was required to facilitate the deprotonation of
the amide nitrogen. A similar method has been used to produce
theN-Ac-L-Met S,N-chelate of [Pt(er$j].?* The ['H,15N] NMR
spectrum of [Pi{-Ac-L-Met-S,N(*°NHz),] is shown in Figure
7. There are four cross-peaks in the ammine trans to nitrogen
region and four in the ammine trans to sulfur region. Chelated
N-Ac-L-Met would be expected to exhibit slow inversion of the
coordinated S on the NMR time scale and give resolvable peaks
for the two diasteromers. In addition to the existence of
diastereomers, cis/trans isomerization about the amide bond
would give rise to four possible isomers. THel[l5N] NMR
spectrum shows peaks for all of these. The peaks are not the
same intensity suggesting that one of the isomers is more favored
(by ca. 70:30).

HyC
N \sp H3N \s
\Pt/ /
2N/ \T \N
H., ¢ coo” (I: coo
" \CH3 / \o

cis trans
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Figure 7. 2D ['H, >N] NMR spectrum of a solution afis-[Pt(**NHs),-
(H20),]?" andN-Ac-L-Met (5 mM, 1:1), adjusted to pH 7, and left for
24 h at 298 K. The labeled peaks can be assigned tbl{RtfL-Met-
S,N(**NHa),]; peaks A, B, E, and F can be assigned to the isomer
which has the preferred cis configuration about the amide bond and
peaks C, D, H, and G to the trans isomer (two sets of peaks for each
configuration,R or S, at sulfur).

Discussion

: ; ; Figure 8. Models of two H-bonding schemes which may be involved

reduced and diferent Side effecs compared fo crepiain. Somel, ¢ Siblizaon of the ing-opened comploie P{(CBOCAD)

. . . ; .~ (NHas)2(L-HMet-9)]: C, green; H, white; N, blue; S, yellow; Pt, gray.
of the severe side effects of cisplatin may arise from its
interactions with sulfur-containing molecules, for example the
dose-limiting nephrotoxicity maybe due to the coordination of
Pt(ll) to the thiol residues of enzymes in the kidnéysn
contrast, carboplatin exhibits little nephrotoxicity. This suggests
that there may be a difference in the interaction of carboplatin
with thiol residues. The reaction of carboplatin with the thiols
N-Ac-L-Cys and GSH initially gave a product assignable as a
thiolate-bridged dimer containing aJ8t four-membered ring.

on platinum in carboplatin may be hindered by the hydrophobic
nature of the axial coordination sites due to the presence of the
cyclobutane ring of CBDCA.

While the reactions of carboplatin with thiols are slow,
reactions with thioethers are relatively fast perhaps because a
thioether sulfur is a much more hydrophobic ligand. Reactions
of carboplatin are usually very slow, and the series of first-

The formation of platinum species bridged by thiolate groups order rate constants for several nucleophiles measured by Frey

has been reported by many different groBigl%25and recently et al” demonstrate this. The initial product of the reaction of

the crystal structure of Pt(2,2-bipyridine)g-N-Ac-L-Cys-S)} 5] carboplati_n withL-HMet is the remarkably stable ring-opened
has been reported by Mitchedt al.26 complex cis-[Pt(CBDCA-O)(NH3)2(L.-HMet-§)]. The rate of

While reactions of thiols with carboplatin give the same rirjg-closure_to give [P[('Met'S'N(NH?)Z]HS suprisingly S_"_)W
products as those from cisplatin, the rates at which these speciedVith @ half life of 28 h at 310 K. This unexpected stability of
are formed are very different. Reactions of thiols with cisplatin € ring-opened complex may be the result of an extensive
are quite facile, although no rate constants have been reported'€tWork of intramolecular hydrogen bonds (see Figure 8). These
due to their complicated nature, whereas the reactions of Nydrogen bonds can be between the monodentate CBDCA
carboplatin with thiol ligands are very slow. The rate at which C&rboxylate group and the cis ammine ligand as well as between
carboplatin undergoes hydrolysis is also very slovt ¢ 9 s~1) the carboxylate of the methionine and an ammine ligand. Also,
and hydrolysis may be the rate-limiting step in reaction of theé CBDCA carboxylate group can hydrogen-bond to the
carboplatin with thiols. Djuranet al?’ showed that the uncoordinated amine of methionine. The crystal structure of a
interaction of thiols with [Pt(dien)CI]Cl occurs via direct attack Pt-amine complex [P{CHDA)(DMSG(CBDCA-O)] (CHDA
of sulfur on platinum. A similar pathway has been suggested = rans--)-1,2-cyclohexanediamine), containing a monodentate
for the interaction of cisplatin with other thiol-containing CBDCA ring has been publishéd. This complex is stabilized

molecule$ Direct attack of a negatively-charged thiolate sulfur N the solid state by several intermolecular hydrogen bonds.
There is also one intramolecular hydrogen bond between the

(24) Appleton, T. G. Personal communication. free oxygen of the coordinated carboxylate group of CBDCA
(25) Berners-Price, S. J.; Kuchel, P. Wlnorg. Biochem199Q 38, 305~ and the cis NH of the CHDA ligand.

326.
(26) Mitchell, K. A.; Strevelar, K. C.; Jensen, C. Nhorg. Chem 1993

32, 2608-2609. (28) Bitha, P; Morton, G. O.; Dunne, T. S.; Santos, E. F. D.; Lin, Y.; Boone,
(27) Djuran, M. I.; Lempers, E. L. M.; Reedijk, horg. Chem 1991, 30, S. R.; Haltiwanger, R. C.; Pierpont, C. Gorg. Chem 199Q 29,

2648-2652. 645-652.
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Inversion of a chiral coordinated sulfur from a monodentate 2D [*H,5N] spectrum of [Pt{-Ac-L-Met-S,N(**NH3),] (Figure
methionine ligand coordinated to platinum is usually rapid such 7), one set of peaks in the ammine trans to nitrogen (E,F) and
that separate peaks for the diastereomers are not resolved omammine trans to sulfur (A, B) regions is indeed more intense
the NMR time scale (e.g. as is the case ¢ [PtCI(NHz)2(L- than the other set (70:30). There is little difference in tHe
HMet-9)]* andcis-[Pt(5-GMPN7)(NH3)(L-HMet-9)]).?? Sepa- shifts of the ammine trans to nitrogen for these isomers.
rate peaks for isomers related by inversion are observed whenHowever in the ammine trans to sulfur region of the spectrum
the rate of sulfur-inversion is slowed down, as in a chelated the more intense set of peaks is significantly shifted to lower
methionine. The inversion of th&methyl group is slow on  field, which is consistent with the presence of a hydrogen bond
the NMR time scale for the ring-opened spedis{Pt(CBDCA- between the ammine hydrogen and the carbonyl group of the
0)(NH3)2(L-HMet-S)] and cis-[Pt(CBDCA-O)(NH3)2(N-Ac-L- cis amide ligand, suggesting that this is the preferred isomer.
Met-9]~. This may arise from the formation of macrochelates
stabilized by hydrogen bonding and/or steric effects due to the Conclusions and Biological Implications
bulky cyclobutane ring. . . i )

The course of the reaction of carboplatin witiHMet after Reactions between carbpplatln and thiols are very slow. This
the initial formation ofcis-[Pt(CBDCA-O)(NH2)(L-HMet-S)] accounts for the observat.loln that even though thiols such as
is similar to that for the reaction of cisplatin withtHMet, with GSH have high concentratiofrszio, only very small amounts
the formation of ars,Nchelated species followed by labilization ~ ©f Pt-thiolate gomplexes a_tr?ldete_ctable in the urine of mice
of an ammine, due to the high trans effect of the sulfur. This reated with {*N]carboplatini' This relative inertness of
ammine is substituted by another S-bound methionine and aparboplatm in reactl'ons Wlth thiols may explain why carboplatin
bis-chelated species is formed. is less toxic than cisplatin.

It is interesting to compare the reactionieimethionine with In contrast, carboplatin is relatively reactive towards thio-
carboplatin with that oN-acetyl+-methionine where the amino ~ ethers. The ring-opened complexes that are initially formed
group is part of an amide bond as it is in many methionine- are surprisingly stable with half-lives of ca. 1 day at 310 K,
containing peptides and proteins. The reaction of carboplatin @nd are apparently detectable in the urine of mice treated with
with N-Ac-L-Met is initially similar to the reaction of carboplatin ~ [**N]carboplatin. The recent discovery that guanine bases can
with L-HMet with the formation of a stable ring-opened species. displace monodentate thioether ligands from platirfdfthas
However Since the am|de nitrogen br_Ac_L_Met does not raised the pOSS|b|I|ty that altemative pathways to DNA p|at|-
coordinate to platinum as readily as the amine nitrogen of nation ma.y exist. Reactions of CaI’bOp|atIn with nucleobases
L_HMet’ the reactlon does not go C|ean|y to an $\]MC'L' and DNA are Very SIOW, and therefore |t |S Conceivable that
Met chelated product. This slowness of chelation allows the thioethers are able to “activate” carboplatin or are intermediates
reaction to follow several different pathways including replace- in carboplatin-DNA interactions. Studies on ring-opened
ment of monodentate CBDCA by anothBkAc-L-Met and species are currently being carried out to investigate this
labilization of the ammine ligand due to the high trans effect hypothesis.
of the thioether sulfur.

The chelated product [PifAc-L-Met-S,N(NH3),] is formed
during this reaction. There are four possible isomers of this
complex, due to slow inversion of the chiral coordinated sulfur
and cis/trans isomerization about the amide bond. It would be
expected that the isomer with the cis configuration (see
structures above) would be favored since it can be stabilized
by hydrogen-bonding between the amide carbonyl and the NH
of the cis-coordinated ammine group. As can be seen from thelC950973D
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