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The reactions of [PtCl(en)(tmtu)]Ng@1) and [PtCl(dach)(tmtu)]NeX2) (en= 1,2-ethanediamine, daehracemic
trans-1,2-cyclohexanediamine, tmta 1,1,3,3-tetramethylthiourea) an@iHt(en)C} A u-CoHi(NMeCSNMe),-
S,3(NO3)2 (3) and [ Pt(en)C} A u-CeHi12(NMeCSNMe)2-S, 3} (NO3),-0.5EtOH @) with 5'-GMP andr(GpG)

and their chemistry in aqueous solution have been investigatéld Bpd9°Pt NMR spectroscopyl and2 only

form the monofunctional adducts [Pt(e}GMP-N7)(tmtu)] (1) and [Pt(dach)(53GMPN7)(tmtu)] (Il ), irrespective

of an excess of free nucleotidé®Pt NMR chemical shifts of~-3003 and—2982 ppm, respectively, confirm a
[N3S] mixed-donor environment of platinum. The bulky tmtu ligandLiand2 decreases the rate of hydrolysis

of the Pt=Cl bond and the rate of nucleotide binding compared to analogous reactions for cisplatin and structural
analogues. The dinuclear comple8ssnd4 exhibit an unusual rapithtramolecular disproportionation in solution

(ty2 = 2.5 and 12 h, respectively) which yields [P#@h)] and [Pt(en)(L-LA" (L-L = chelating bifunctional
thiourea derivativedp; —3454 with L-L = C;H4(NMeCSNMe),). Accordingly,3 forms the mononuclear adducts
[Pt(en)(B-GMPN7),] (lIl') and [Pt(en)r(GpG)N7(1),N7(2)}] (IV). Due to the considerably slower rate of
decomposition4 gives both the dinuclear addugtHt(en} o{ #-CesH12(NMeCSNMe) 2} { u-r (GpG)N7(1),N7(2)} ]

(V) (70%) andlV (30%). The 5sugar residue af(GpG) inIV exhibits an N-type conformation, as commonly
observed in bifunctional adducts that are formed between Pt(Il) antitumor complexes and dinucleotides. The
absence of this structural feature\insupports the formation of a conformationally less restricted macrochelate.
Cytotoxicity data forl—4 in L1210 leukemia are in accordance with the nucleotide-binding propertigsodl

2 and the aqueous solution chemistry of the dinuclear compoBiaasi4. The results indicate that structurally
modified thiourea ligands may be interesting for their use as alternative, strongly coordinating carrier groups in
platinum(ll) antitumor complexes.

Introduction carry a sulfoxide ligand instead of the second chloride in the
classical compounds show enhanced cytotoxicity in cisplatin-
tresistant cell lines. These findings have been attributed to an
altered metabolism (reactivity and cellular uptake) which may
be related to the hydrolytic behavior of thef& bond and the
stereochemical requirements of the sulfur ligAnkllodel studies

on the DNA-binding properties, however, imply that such
species formcis-DDP-like adducts on DNA. It can be
concluded that after loss of chloride and sulfoxide, platinum
will covalently bind to the N7 positions of adjacent guanine
bases (1,2 intrastrand cross-link). The structural impact of this
lesion is a directed bend-B0°) of the double helix toward the
major groove, as has been demonstrated for a platinated
dodecanucleotide in the solid stdteln contrast, dinuclear
complexes where the Pt(Il) centers are bridged by an aliphatic
Ioliamine linker of variable chain length form a different array
of adducts (1,3 and 1,4 GG interstrand cross-links) that are not

The continued interest in platinum-based antitumor com-
pounds is stimulated by the fact that certain tumors are resistan
to the clinically used drug cisplatirtis-diamminedichloroplati-
num(ll), cisDDP). The rationale behind the design of new
(“third generation”) drugs is that their novel structural features
would result in an alternative mechanism of action distinct from
that of cisDDP and its direct analoguésSecond-generation
drugs such as carboplatirfcis-diammine(1,1-cyclobutanedi-
carboxylato)platinum(ll)) and [Pt@dach)f (dach= trans-1,2-
cyclohexanediamine) form the same type of DNA adducts as
cissDDP and thus are unlikely to overcome resistance that is
associated with an increased repair of these adducts.

To reduce cisplatin resistance and widen the overall spectrum
of activity, nonclassical platinum(ll) antitumor compounds have
been developed. Among these are mononuclear and dinuclea
complexes of general formulas [PtCl(diamine)(sulfox®&jE-+5
and [ PtCI(NHs)2} 2-u-{ HaN(CHz)nNH2} 2.6 Complexes that (4) Farrell, N.; Kiley, D. M.; Schmidt, W.; Hacker, M. Pnorg. Chem
199Q 29, 397.

(1) Farrell, N.Cancer Irvest 1993 11, 578. 5) Lan?ii, J.; Hacker, M. P.; Farrell, Nnorg. Chim. Actal992 202, 79.

(2) Blommaert, F. A.; Van Dijk-Knijenburg, H. C. M.; Dijt, F. J.; Den (6) Farrell, N.Comments Inorg. Chem994 16, 373.
Engelse, L.; Baan, R. A.; Berends, F.; Fichtinger-Schepman, A. M. J. (7) Lempers, E. L. M.; Bloemink, M. J.; Reedijk, lhorg. Chem 1991,

Biochemistryl995 34, 8474. 30, 201.
(3) Page, J. D.; Husain, |.; Sancar, A.; Chaney, SBi@chemistryl99Q (8) Takahara, P. M.; Frederick, C. A.; Lippard, SJJAm. Chem. Soc
29, 1016. 1996 118 12309.
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Chart 1 Instrumentation. H NMR spectra were recorded at 300 MHz on
+ a Varian Gemini-300 NMR instrument equipped with a variable-
HzN\ /SC(NMGQ)J temperature unit and software for arrayed kinetic experiments. Except
( Pt NO," for nucleotide-binding studies and variable-temperature studies, spectra
HQN/ \Cl were obtained at 294 K. Chemical shifi, ppm) are referenced to

DSS (4,4-dimethyl-4-silapentanesulfonic acid). Proton-decodidfed
Pt NMR spectra were taken on a General Electric QE-300 spectrometer
at 64.54 MHz with a spectral window of 166 000 Hz. A 0.1 M solution

1

+
HN\ /SC(NMeg);’ of Ky[PtCly] in DO served as the external standard. Shifts were
C[ Pt NO.- recalculated for [PtG]?~ standard ¢ vs Na[PtCls] = 0 vs Ky[PtCls]
HN \CI 3 — 1631)15

? Chloride ion concentrations and pH values were determined at 294

K with an Accumet 925 pH/mV meter equipped with a chloride-
sensitive electrode (Fisher Scientific solid-state ISE, Ag/AgCl reference
\ o "I 2+ electrode) and a Beckman combination electrode, respectively. All pH
N CI\ /NHQ

H.N values taken of BD solutions are not corrected for the deuterium isotope
2

N\ /S—<N—(CH2)n—N /Pt\ effect and will be stated as pH* throughout this paper. Where

[ /Pt\ / >=s NH; necessary, pH values were adjusted with 0.1 M NaOD and DCI

H,N Cl —N solutions. Elemental analyses were performed by Robertson Microlit
\ (NO,Y), Laboratories, Madison, NJ.

3¥n=24n=6 Reactions in the NMR Tube. The reactions between the platinum

complexes—4 and the mono- and dinucleotidé{BMP, r(GpG)) were

accessible to mononuclear platinum complé&¥. These long- performed in 99.996% D at 310 K and were followed bfH NMR
range interactions have been shown to effect an irreversible spectroscopy. All solutions were unbuffered (pH*-669). *H NMR
conversion of right-hande8-form to left-handed-form DNA, spectra were recorded at appropriate time intervals with 64 scans per

a structural impact that might be relevant for the distinct “g“e tp%":th- The _ﬁrslttSpeCtrurt“ W‘?S a‘i%“"‘?d) WRe“ thg Samf'e had
; ; P : 1 adopted the nominal temperature (ca. 10 min). Arrayed spectra were
biological activity of this type .Of complex’ recorded using the PAD command available in the Varian software.
In a search for alternative ligand systems, we are currently oantitation of the progress of the reactions was achieved by integration
examining thiourea derivatives as carrier groups in Pt(ll) of the nonexchangeable H8 proton(s) of the nucleobase(s) and the H1
antitumor compounds. Toward this objective, the mononuclear proton(s) of the ribose residue(s). The following reactions were
complexes [PtCl(en)(tmtu)]N§X1) and [PtCl(dach)(tmtu)]N® studied: 1 (10 mM) + 5-GMP (10 mM, 20 mM);2 (10 mM) + 5'-
(2) (en= 1,2-ethanediamine, dach trans-1,2-cyclohexanedi- ~ GMP (10 mM, 20 mM);3 (5 mM) + 5'-GMP (10 mM);3 (5 mM) +
amine, tmtu= 1,1,3,3-tetramethylthiourea) and the dinuclear r(GpG) (5 mM); 4 (5 mM) + r(GpG) (5 mM). Furthermore, the
species {Pt(en)C} o{ u-CoH4(NMeCSNMe),-S, S} (NO3), (3) solutl_on stability of3 and4 was monitored at_310 K3 (5 mM, 50
and [ Pt(en)C} o{ u-CeHiNMeCSNMe),-S, S J(NO3),-0.5EtOH mM) in D,O and methanol4 (5 mM,_SO mM) in D,O. N
(4) have been synthesized and fully characterized (Cha 1).  Larger amounts of the Phucleotide adducts sufficient fdf*Pt
The aim of the present study was to investigate the effects of WMR Studies =~ 50 mM) were synthesized in water according to
. L - . the above-mentioned conditions and lyophilized.
thiourea coordination on the solution chemistry and nucleobase

hemist f1-4. Simpl del fi f d Cytotoxicity Studies. The in vitro cytotoxicity studies were
chemistry 0 - >lmple model reactions were periorme performed using standard assays described previétislyand [PtC}-

utilizing 5'-guanosine monophosphate-(GMP) and the di-  (gn)] were dissolved in DMF (HPLC grade) and diluted by serial
nucleotide r(GpG) to monitor the affinity of platinum for gilution in saline solution to a final concentration of 0.5% in DMF.
guanineN7, the preferred binding site for Pt-based dréjEhe All other compounds were dissolved in saline solution.

results of this model study are related to in vitro cytotoxicity
data obtained fot—4 in cisplatin-sensitive and -resistant L1210 Results

leukemia cells. Reactivity features and nucleotide-binding . -
modes observed at this model nucleobase level proved to be General Remarks. The reactions and stability tests reported

instructive for the ongoing design of thiourea-containing in this paper were carried out at 310 K near physiological pH.

platinum drugs and for their mechanism of action For reactions involving (GpG), a pH drop of about 0.5 pH
) unit was observed. No attempts were made to control the pH

with a phosphate buffer to avoid the formation of-phosphate

intermediated’” Platinum coordination to the N7 positions
Materials and Procedures. Complexesl—4 were prepared by the  (Figure 1) of the guanine bases has been established for the

published proceduréd. cis-[PtCl(NHs),] and [PtCh(en)] were syn- adductsl —V: H NMR spectra of these species show signals

Experimental Section

thesized by following a method described by DhiraThe mono- for the H8 base protons shifted to lower field relative to those
nucleotide 5GMP was employed as its disodium salt (Aldrich). The of the unplatinated nucleobases. Furthermore, these signals do
dinucleotider(GpG) was available as its triethylammonium €afH,0 not show a downfield shift in spectra taken at low pH. This is
(Sigma) which was dissolved in a minimum amount ofDand in contrast to the “free” nucleotides, where this effect is observed

lyophilized. All other reagents were purchased from common vendors

i i = 18
and used as supplied. due to protonation of unplatinated N7Kp = 2.4)13 A

representative pH titration (pH-2L0) is shown for addudtin
Figure S1 (Supporting Information). For diplatinatd®pG)

(9) Zou, Y.; Van Houten, B.; Farrell, NBiochemistry1994 33, 5404. i i i
(10) Farrell, N.; Appleton, T. G.; Qu, Y.; Roberts, J. D.; Soares Fontes, A. (in adductdV andV) no downfield shift of the H8 resonances

P.; Skov, K. A.; Zou, Y.Biochemistry1l995 34, 15480.

(11) Kharatishvili, M.; Qu, Y.; Farrell, NJ. Biol. Inorg. Chem.submitted. (15) Kerrison, S. J. S.; Sadler, P.J.Magn. Resanl978 31, 321.
(12) Part 1: Bierbach, U.; Hambley, T. W.; Farrell, Norg. Chem1998 (16) Farrell, N.; Qu, Y.; Hacker, M. Rl. Med. Chem199Q 33, 2179.

37, 708. (17) Appleton, T. G.; Berry, R. D.; Davis, C. A,; Hall, J. R.; Kimlin, H.
(13) Fichtinger-Schepman, A. M. J.; van der Veer, J. L.; den Hartog, J. H. A. Inorg. Chem 1984 23, 3514.

J.; Lohman, P. H. M.; Reedijk, Biochemistryl1985 24, 707. (18) Dijt, F. J.; Canters, G. W.; den Hartog, J. H. J.; Marcelis, A. T. M,;

(14) Dhara, S. CIndian J. Chem197Q 8, 193. Reedijk, J.J. Am Chem. Soc1984 106, 3644.
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Table 1. SelectedH and %Pt NMR Data for the Adductsl—V Formed in the Reactions betwe&r4 and the Nucleotides'85MP and
r(GpG)

6(1H)/ppm @JHlqu”/HZ)

adduct, nucleotide H8 H1 O(**%Pt)/ppm

[Pt(en)(3-GMP-NT7)(tmtu)] (1)° 8.77 5.95 (6.0) —3003
[Pt(dach)(5GMP-N7)(tmtu)] (Il )b 8.748/8.751 5.94 (6.3) -2982
[Pt(en)(B-GMPNT)] (Il )¢ 8.71 5.96 (4.2) —2648
5-GMP° 8.18 5.92 (6.1)

[Pt(en) r(GpG)N7(1),N7(2)}] (IV)¢ 8.19/8.43 5.87 (7.2)/6.04 (0.0) red.

[{ Pt(en} o u-CeH12(NMeCSNMe)2-S, SH{ u-r(GpG)N7(1),N7(2)} (V)f 8.58/8.63 5.95 (6.1)/5.97 (4.8) red.
r(GpGY 7.94/8.01 5.81 (5.0)/5.89 (5.1)

2294 K, DO solution.? pH* 6.8. ¢ pH* 6.7; see also ref ZpH* 6.2. € Insufficient solubility. pH* 6.0. 9 Assigned to 3guanine; see ref 26.
h Assigned to 5guanine, see ref 26.
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Figure 2. Progress of the reaction of-&MP (10 mM) with [PtCI-
NH2 (en)(tmtu)]NGQ (1) (10 mM) followed by'H NMR spectroscopy.

Conditions: 310 K, RO solution, pH* 6.8. Assignments:Oj H8 of
unplatinated 5GMP; (@) H8 of platinated 5GMP in [Pt(en)(5-GMP)-
(tmtu)] (1); (m) overlapping H1 doublets of free and platinated-5
GMP.

OH OH
Scheme 1
rGpG)
Figure 1. Structures of 5GMP andr(GpG) giving atom numbering. \N——|+ \N—
The arrows indicate the preferred binding site for Pt-based drugs, the N S=< . N S=<
N7 position of guanine. < AN Pt/ N— *5-GWP < N Pt/ N—
/ S /
is observed on going from low to neutral pH. This is in 7 Ng ClrpH7 N, A7.GMP

agreement with the absence of a deprotonation step of the
phosphodiester group, unlike the situation for thetosphate excess
(pKa = 6.2) in the mononucleotid®. Selective NMR data for 5-GMP
the final products of the reactions described below are given in

Table 1. N N7-GMP
Reactions of [PtCl(en)(tmtu)]NO; (1) and [PtCl(dach)- < \Pt/
(tmtu)]NO 3 (2) with 5'-GMP. The reaction ofl and 2 with N \N7 GMP

5'-GMP at equimolar concentrations of platinum complex and
nucleotide results in the displacement of the chloro ligand by
the nucleobase, giving [Pt(en¥6MP-N7)(tmtu)] (1) and [Pt-
(dach)(3GMPN7)(tmtu)] (II') (Scheme 1). The half-times of
product formation are 9 and 11.5 h, respectivelyandll are

the only adducts formed with no detectable (aqua) intermediates
appearing during the reaction. The progress of the reaction is
depicted for the formation of in Figure 2. The rates of N7
binding for1 and?2 prove to be considerably slower than those
found for chlore-am(m)ine complexes of Pt(Il},(; = 4—5 h)
under analogous conditioA$. This effect may be attributed to

the presence of the bulky tmtu ligand, which should be (19) gierbach, U.; Farrell, N. Unreported experiments for the monofunc-
unfavorable for a nucleophilic attack of the nucleobase on tional complex [PtCl(dien)]CI (dier= diethylenetriamine).

platinum. Furthermore, ion-sensitive measurements indicate that
tmtu profoundly affects the hydrolytic behavior of the—{3l
bonds in1 and 2. At room temperature, 1 mM aqueous
solutions ofl and2 slowly release ca. 0.5 mM (50% hydrolysis)

of chloride within 15 h. This is in contrast to the degree and
rate of hydrolysis of cisplatin under similar conditio¥¥s This
altered aqueous solution chemistry &f and 2 may also
contribute to their relative kinetic inertness in reactions with
5-GMP. Aqua cations constitute reactive intermediates in the
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two-step mechanism of platinum binding to nucleic acid
fragments (rate-determining hydrolysis of the—i bond
followed by substitution of the aqua ligand by the nitrogen
base}!

Despite the bulkiness of the peralkylated thiourea derivative
in the position cis to the nucleobaselirmandll, free rotation
about the PtN7 bonds and bonds of the thiourea moieties is
observed. This results in shatd NMR signals for both the
H8 singlets and the HHoublets of the sugar residues (see Table
1) and the methyl protons of tmtu at 3.10 ppm. Platinum
coordination to N7 of guanine in mononucleotides is known to
cause a change in the sugar ring conformation from S-type (C2
endqg C3-exg to N-type (C3-endq C2-exd.22 In | andll,

this transition is not observed, as can be deduced -
coupling constants (Table 1). A plausible reason for this effect
cannot be given, but steric effects of the thiourea ligand may 2h

play a role. Two H8 signals foll , separated by only 0.003 |
ppm, are consistent with the formation of a 1:1 mixture of two

diastereomers, produced by the chirality of #igbose and the
presence of th&k,Rand S,Sforms of the dach ligand.1®%Pt 1ih
chemical shifts fol andll around—3000 ppm (vs [PtG]%")

are in agreement with a BSwioured €Nvironment of platinum-

o o 0
(.2
No reaction is observed when the monofunctional platirum Oh
nucleotide adductd and Il are incubated with a second

equivalent of 5GMP at 310 K for 2 weeks. Similarly, in IRAREE SRR LR R AR
. X . . 4.5 4.0 3.5 3.0 2.5
experiments that employ a 1:2 molar ratio of platinum and PPM

nuclgotlde, half_ of the applied -EBMP remains unreacted in Figure 3. Disproportionation of {PtCl(en} { u-CzHa((NMeCSNMe).-
solution. Specie$ andll do not bind a second nucleobase. s g](NOs), (3) followed by H NMR spectroscopy. Conditions: 310
Neither a displacement of the tmtu ligand nor a ring opening K, c =5 mM, D,O solution. Assignments:Q)) thiourea and en protons
of the diamine chelate (labilization of the-Ftl bond trans to of 3; (@) signals of the decomposition product, [Pt@ByHs-

sulfur) is observed during the long-term incubations at physi- (NMeCSNMe)>-S,3](NOs, Cl); (x) signals of the en ligand in [Pt&I
ological pH. (en)] and its hydrolysis products. Signal broadenings observed for the

. . . bis(thiourea) chelate®) are attributed to the slow dynamics of
50_'9“0” Behavior of the Dlnuc_:lear Cpm_plexes 3 and 4. interconversion of different chelate ring conformations. The arrow
Stability tests on aqueous solutions finitially led to the indicates the broad signal assigned to the central ethylene protons of

conclusion that this species shows an increased rate of hydrolysishe thiourea ligand, which are affected most.

compared to the mononuclear specieand 2 (ion-selective _ N
measurements)!H NMR spectra taken o8 in D,O at 310 K Scheme 2. Proposed Mechanism of Decomposition &r
at appropriate time intervals (Figure 3) show the disappearancea”d4

of signals at 2.71 ppm (en) and at 3.16, 3.31, and 4.18 ppm N ]2+ +
(bridging thiourea ligand) while new signals appear in the-2.6 Cl— / w /NB

2.8 ppm region (en) and at 3.25 and 3.37 ppm. An almost /Pt\N Cl-/ﬁ’t —N- |2+
slightly sharpens at temperatures above 330 K. From aqueous @ %
solutions with an initial concentration Bhigher than 50 mM, g o N— F|>t—S
bright-yellow needles precipitate which are identified as N— PtZ-S Q

[PtClx(en)] (analyses, IR). The remaining solution contains a N~ N

species that gives &%Pt chemical shift of —3454 ppm, /

unrecognizably broadened signal is observed at 3.84 ppm that

indicative of a [NS;] environment of platinum(ll¥3 According

to these findings3 slowly disproportionates into the mono-
nuclear species [Ptekn)] (which in fact rapidly hydrolyzes) o ol N
and [Pt(en) C,H4((NMeCSNMe).-S, S} ]2+, the half-time of this N\ /S —l A
process being 2.5 h (see caption of Figure 3 for further C /Pt\ > + /Pt\ >
explanations). Analogous products are obtained for the di- N S Cl N
nuclear complex, but in this case the reaction proceeds much

slower (2 ~ 12 h). Considering thq gxperimental data, we propose a mechanism
for the decomposition 08 and4 (Scheme 2) that involves an
(20) (a) Greene, R. F.; Chatterji, D. C.; Hiranaka, P. K.; Gallelli, JAf. intramolecular nucleophilic attack of coordinated thiourea sulfur.
\(]:.hHOSFA Thférg;fizi 3&38-(()b)M'\_/IIIi"er,SS-EE-:gOUSS, g- ﬁllnorg. A transition state with the two platinum centers bridged by a
Im. Acta . (C liler, 5. E.; Aouse, D. Alnorg. H : - .
Chim. Actal989 166, 189. sulfur atom is suggested, vv_hlch flnally rearranges into the
(21) Marcelis, A. T. M.; Van Kralingen, C. G.; Reedijk, J. Inorg. mononuclear complexes. This mechanism is supported by the
Biochem 1980 13, 213. following observations: (i) the fact that mononucldaand 2

(22) Okamoto, K.; Behnam, V.; Viet, M. T. P.; Polissiou, M.; Gauthier,

J-Y.: Hanessian, S.- Theophanides)fiorg. Chim. Actalo86 123 do not disproportionate at the same concentrations in platinum

3 and 4 reacts slower thaB (separation of the Pt centers by an
(23) Appleton, T. G.; Hall, J. R.; Ralph, S. Fiorg. Chem1985 24, 4685. extended linker) points to aimtramolecular process; (ii) the
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Scheme 3 a ° )
N n(GpG) N N7-G
cl pH 6-7 N2 h ‘L 6h
— /pt\ /p A o Mo ey
/\ / \ 3:100% N N7-C
4:30%
\")
3
+ [Pten)(L-L))2* ,.__._JM
nGpPG) | 4. 709,
pH6-7 | ™

NT-GpG-NT_ 2h
(A Y ) b2

reaction does not require hydrolysis of the-Rl bond (the same

reactivity is observed in nonagueous solutions), which should °

favor a nondissociative, concerted mechanism and a direct attack

of coordinated sulfur utilizing its vacant lone pair (Scheme 2). Oh

Bridging thiourea sulfur (here in a putative five-coordinate

transition state) is a well-documented binding mode in poly- b

nuclear transition metal complexé&s. R PPM
Reaction of [Pt(en)Cl}{u-C,H4(NMeCSNMe,),-S,S}]-

(NO3), (3) with 5'-GMP and r(GpG). When3 is incubated b ]

with 2 equiv of 3-GMP, the H8 signal of the free nucleotide *
decreases in intensityi1p = 5.5 h) and a single downfield- 6h
shifted H8 peak appears at 8.71 ppm. The only adduct formed

proves to be [Pt(en)(85MP-N7),] (lll ), in accordance with
published’H NMR datd and al%Pt shift of —2648 ppn®

(Table 1). H8 resonances at 8.62 and 8.79 ppm that transiently
appear during the early phase of the reaction are assigned to ,\ HM ) 3h

the intermediatéd [PtCl(en)(3-GMP-N7)] and [Pt(D:0)(en)-

1ih

(5-GMPN7)].

The analogous reaction & with r(GpG) solely yields the
mononuclear adduct [Pt(€m{GpG)N7(1),N7(2)}] (IV) (Scheme LM 2h
3), which is in agreement with the results obtained feGHMP.

Figure 4 depicts the progrest{ = 2 h) of the reaction as
monitored by characteristic changes in the H8 and pt@ton
resonances.'H NMR data for IV such as chemical shift

differences between the H8 protons of thebd the 3guanine A ,wj"\\ M 1h

base and values foiJyyr—p> (Table 1) appear to be almost

identical with those reported for the analogduig,N7chelate o ©

formed bycis-[PtCl(NH3),].26 The absence of the latter vicinal

coupling is indicative of a switch in the sugar conformation of _M“(‘)_ll
the B ribose residue from S-type to N-typél(= 0 Hz; see Mg

Figure 4b) upon platination. This is a well-established structural 6.4 6.2 6.0 5.8 5.6

feature for bifunctional adducts that are formed between PPM
mononucleamplatinum complexes and adjacent nucleobases in Figure 4. Progress of the reaction o{GpG) (5 mM) with fPtCI-

dinucleotideg?” (en} A u-CoHy(NMeCSNMe)2-S,}(NO3)2 (3) (5 mM) followed by
: ) } ) IH NMR spectroscopy: (a) H8 proton region; (b) 'Hiroton region.
Reaction of [ Pt(en)Cl}o{ #-CeH1(NMeCSNMe;),-S,S}] Conditions: 310 K, RO solution, pH* 6.8-6.2. Assignments: ()

(NO3)>-0.5EtOH (4) with r(GpG). The reaction off (GpG) freer(GpG); @) platinatedr(GpG) in adductV . Note the absence of
with 4 proceeds significantly slowertyp ~ 5 h for the the vicinal £3u:-w2) coupling for the 5sugar H1 proton, indicating
disappearance of free nucleotide) than wAthThe H8 region a fully N-type ribose conformation.

of the 'H NMR spectrum taken after 48 h (Figure 5a) shows

four signals downfield of those of fradGpG). The two least H1' sugar protons at 5.87 and 6.04 ppm (Figure 5b) confirm
downfield-shifted H8 signals and the signals detected for the the formation of [Pt(ed)(GpG)N7(1),N7(2)}] (IV) (Table 1).

In addition to the mononuclear addu¥t (30%), a new species

@4 Esi%rbfge]{ng'r;e?eﬁﬁcc\el\é;thi?;?\e' D.; Pohl,ZS.Naturforsch 1990 has formed (70%), as evidenced by H8 signals at 8.58 and 8.63

(25) Miller, S. K.; Marzilli, L. G. Inorg. Chem.1985 24, 2421. ppm and two overlapping HXoublets at 5.95 and 5.97 ppm.

(26) Girault, J.-P.; Chottard, G.; Lallemand, J.-Y.; Chottard, JB®- We propose the formation of the macrocheldtBt{en} o{ u-
chemistry1982 21, 7, 1352. CeH12(NMeCSNMe)2-S,SHu-r(GpGINT()N7(2}] (V)

(27) Farrell, N. InTransition Metal Complexes as Drugs and Chemothera- . . . : . .
peutic AgentsUgo, R., James, B. R., Eds.; Kluwer: Dordrecht, The (Scheme 3), in agreement with the integral intensity ratio

Netherlands, 1989; Chapter 4 and literature cited therein. observed for H8, Hland the en protons at 2.82 ppm. Unlike
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Figure 5. Progress of the reaction of{GpG) (5 mM) with [PtCI-
(en} A u-CeH12(NMeCSNMe),-S, 3} (NOs)+0.5EtOH @) (5 mM) fol-
lowed by*H NMR spectroscopy: (a) H8 proton region; (b) Hitoton
region. Conditions: 310 K, D solution, pH* 6.6-6.0. Assignments:
(O) freer(GpG); @) platinated (GpG) in the mononuclear adduf;
(®) platinatedr(GpG) in the macrochelat¥; (x) monoplatinated

58 5.6

Bierbach et al.

Table 2. In Vitro Cytotoxicity of 1—4 in L1210 Leukemia Celks

IDsg/uMP
complex L1210/0 L1210/DDP
[PtCl(en)(tmtu)INQ (1) >50 >50
[PtCl(dach)(tmtu)]NQ (2) >50 >50
cis[PtCl(NHs),] (cisplatin) 0.19 11.63 (6%)
[{PtCl(en} { C:H4(NMeCSNMe);} |(NO3),  4.15 39.58 (9.5)
(3
[{ PtCl(en} o CsH12(NMeCSNMe);} |(NOs), 6.93 56.63 (8.2)
4
[PtCl(en)] 1.25 >20 (>16)

a Complexes in saline solution except fbrand [PtCl(en)], which
were in 0.5% DMF? Drug concentration required to inhibit cell growth
by 50%.¢ Resistance factor, defined asshesistant)/IBy(sensitive),
is given in parentheses.

modified with dinuclear platinum complexé%2® The stepwise
reaction of4 with r(GpG) should involve intermediates with
one platinum bound to either thé 8r the 3 guanine base,
followed by closure to the macrochelate (and polymer formation;
see caption of Figure 5). Interestingly, the H8 signal bf 5
guanine in freer(GpG) decreases in intensity more rapidly
(Figure 5a) than that of the ®ase. This observation and the
fact that only one major intermediate H8 signal is observed after
2 hindicate that} preferentially binds to the'SN7 position in
the first reaction step. The final bifunctional adduct is stable
in solution under the applied conditions. This proves that the
mononuclear chelat®/ is not a decomposition product of the
macrochelat® but is formed by the direct reaction with [Pt€l
(en)].

Cytotoxicity Studies. The cytotoxicity of complexed—4
was studied both in cisplatin-sensitive and in cisplatin-resistant
murine L1210 leukemia cells (Table 2). Solutions of the
dinuclear complexes3 and 4 were freshly prepared and
incubated immediately after dilution to take the instability of
the drugs into account. Two experiments were performed. In
the first series of incubations, the mononuclear compleixes
and2 were studied and compared with cisplatin. In the second
series, the dinuclear complex8saind4 were studied together
with [PtCl(en)], their potential decomposition product. Pre-
liminary results are given in Table 21 and 2 show no drug
response at drug concentrationd0 mM in both cisplatin-
sensitive (L1210/0) and cisplatin-resistant (L1210/DDP) cells
and thus have to be considered inactive. The dinuclear
complexes3 and4 are fairly active in the sensitive cell line but
show a marked decrease in cell growth inhibition in resistant
cells. 3appears to be slightly more active théwith the cross-
resistances to cisplatin being similar for both complexes. pPtCl
(en)] shows slightly greater efficacy th&wand4 but proves to
be less active than cisplatin and does not overcome cisplatin
resistance in L1210/DDP.

Discussion

The nucleotide-binding studies on [PtCl(en)(tmtu)]NQ)
and [PtCl(dach)(tmtu)]N@(2) unequivocally show that tmtu
does not act as a leaving group in reactions with guanine, which

intermediate; see text. The broadening of the peaks is caused by a smalimplies that1 and 2 will form monofunctional adducts on

amount of precipitate (of unknown nature) which forms immediately
after combining the reactants in the NMR tube but slowly redissolves
as the reaction proceeds. The formation of polymeric species of the
type —[Pt—Pt—=N7—r(GpG)-N7-1], is not observed. The broad bases
of the H8 signals fol result from unresolved®Pt—'H couplings.

the situation folV, the 3Jyy—n2 coupling constants (Table 1)
confirm the absence of a8\ conformational change of thé 5
ribose residue as commonly observed in (deoxy)oligonucleotides

double-stranded DNA. This observation seems plausible since
the reverse of this reaction has been observed: (i) thiourea (SC-
(NH2)2, tu) and its partiallyN-alkylated derivatives have been
shown to slowly displace guanosine (Guo) ardE81P from

(28) Qu, Y.; Bloemink, M. J.; Reedijk, J.; Hambley, T. W.; Farrell, N.
Am. Chem. Sod 996 118 9307.

(29) Mellish, K. J.; Qu, Y.; Scarsdale, N.; Farrell, Nucl. Acids Resl997,
25, 1265.
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the bifunctional adductsis-[Pt(NHz)2(Guo)]?t (k ~ 1075 s71)30
and cis-[Pt(NHz)2(5'-GMP)];3! (i) thiourea is used as a
mechanistic probe which traps monofunctionat BNA adducts
and as a reagent that effectively removes Pt from DRIAAt adduct over alternative long-range adducts.

least in the case ofis-DDP related drugs, the critical lesion In reactions betweeBand the nucleotides, bottr&MP and

that leads to cytotoxicity is thought to be the 1,2 intrastrand r(GpG) exclusively react with [Pt@en)], the rapidly formed
cross-link of guanine bases. We therefore suggest that theand most reactive species in the reaction media. The short half-
inability of 1 and2 to form this adduct could be the reason for life of 3 under the conditions of the nucleotide-binding
the observed inactivity of these complexes in vitro. Mono- experiments apparently controls the nature of the final adducts.
functional P£DNA adducts such as those formed by the For this reason, the formation of a “macrochelate” with dinuclear

should also yield information about the geometric requirements
for the specific 1,2 intrastrand cross-link for these complexes,
it was not the intention of this study to favor or disfavor this

inactive complex [PtCl(dien}] (dien= diethylenetriamine) are
known to be ineffective in blocking DNA replicatiod.

The ligand properties of tmtu clearly distinguisland2 from
analogous cationic complexes [PtCl(diamine)(SORRwhich
carry a (chiral) S-bound sulfoxide ligand. The substitution
lability of the latter sulfur ligands is undoubtedly a prerequisite
for the biological activity of these speci&8’ At this point, a
comparison of ligand properties of different sulfur nucleophiles
that are relevant to platinum antitumor chemistry seems
worthwhile. It appears that in these systems ligands with
m-acceptor propertié$ss (thioether, sulfoxide) are substituted
by N7 of guanine to give the thermodynamically more stable
Pt—nucleobase adduct. The distinct reactivity of the Sficether
bond in Pt-methionine adducts in competition reactions with
guanineN7 and the possible biological implications should be
noted3637 On the other hand, for sulfur ligands that lack
acceptor properties but are strong gnd ) donors, such as
thioured?238 and thiolate®® obviously the reverse reactivity is
observed.

The rationale behind the development of the dinuclear
complexes3 and 4 was that these would act as cross-linking
agents with the two platinum subsites binding monofunctionally
to DNA. This is a well-established binding mode for analogous
complexes of the formulg PtCI(NHs)2} 2(H.N—R—NH)]?™ (R
= linear aliphatic chain), which allows the targeting of larger
DNA sequences for bifunctional adduct formatfonAccord-
ingly, in 3 and4 the bridging thiourea derivatives should act as
tightly bound, nonreplaceable spacers that determine the “bite’
on DNA. Initial nucleotide-binding studies adand 4 were
performed to monitor the ability of these complexes to form
stable dinuclear units containing the motif [N7Pt—{u-bis-
(thiourea)-S,3} —Pt—N7]. Although reactions withr(GpG)

(30) Beaty, J. A.; Jones, M. Mnorg. Chem.1992 31, 2547.

(31) Urata, H.; Akagi, M.Biochem. Biophys. Res. Commu®89 161,
819.

(32) Farrell, N. InTransition Metal Complexes as Drugs and Chemothera-
peutic AgentsUgo, R., James, B. R., Eds.; Kluwer: Dordrecht, The
Netherlands, 1989; Chapter 2 and literature cited therein.

(33) Bruhn, S. L.; Toney, J. H.; Lippard, S. J. Rrogress in Inorganic
Chemistry: Bioinorganic Chemistryippard, S. J., Ed.; Wiley: New
York, 1990; pp 495-505.

(34) Murray, S. G.; Hartley, F. RChem. Re. 1981, 81, 365.

(35) Davies, J. AAdv. Inorg. Chem. Radiochem 981 24, 115.

(36) Barnham, K. J.; Djuran, M. I.; Murdoch, P. d. S.; Sadler, B. Chem.
Soc, Chem. Commurl994 721.

(37) Barnham, K. J.; Djuran, M. |.; Murdoch, P. d. S.; Ranford, J. D.; Sadler,
P. J.Inorg. Chem 1996 35, 1065.

(38) Bierbach, U.; Barklage, W.; Saak, W.; PohlZSNaturforsch1992
47B, 1593.

(39) Ashby, M. T.Comments Inorg. Chem99Q 10, 297.

3 coordinating to the dinucleotide seems unfavorable, irrespec-
tive of the stereochemical feasibility of this adduct. In vitro
cytotoxicity data for3 are in agreement with [Ptgien)] being

the only biologically active species. The results may also
explain the observed cross-resistance3db cisplatin, based

on a similar mechanism of action and an identical array of DNA
adducts for [PtC{en)]. Despite the increased stability of the
analogous dinuclear compléxand the ability to form a stable
macrochelate (at least in our model studies), an overall similar
activity is found in L1210 leukemia. The cytotoxicity data for
4 imply that in this case mononuclear [P4(&n)] also is the
only “surviving” species that reaches the target DNA but
basically do not rule out the possibility of bifunctional adducts
of (intact)4 with DNA in vitro. The frequency of such cross-
links may be low and/or these adducts may not significantly
contribute to the biological activity of.

Conclusions and Perspectives

The specific incorporation of thiourea derivatives as S-donor
ligands into platinum antitumor complexes drastically changes
the reactivity of the Pt(Il) center toward the biologically relevant
target guanindN7. Tmtu in [PtCl(en)(tmtu)]NQ (1) and [PtCI-
(dach)(tmtu)]NQ (2) behaves as a typical nonleaving group due
to the thermodynamicstability of the Pt+S bond. Although
undesired in the case &fand2, this structural motif proves to
be extremely valuable for the design of the dinuclear spekies
and 4, where platinum has the same ligand environment.

~However the inherent reactivity of these species appears to be
unfavorable for their use as anticancer drugs. Our ongoing
research will focus on how the mononuclear compounds can
be activated despite their monofunctional covalent binding mode
and on structural modifications of the dinuclear compounds to
increase their stability. With the use of bis(thiourea) ligands
that are conformationally more rigid than those3imnd 4, it
should be possible to avoid chelation of a single Pt center and
consequently intramolecular disproportionation.
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