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In order to establish fundamental structural requirements for the antitumor activatiortiaiitaglatinum geometry,
complexes of the general formulas [P#BIHs)L] (L = planar N donor) have been synthesized. The trans isomers,
trans-[PtCl(NH3)(quinoline)] @), trans[PtCL(NH3)(thiazole)] 6), trans[PtCl,(NHs)(benzothiazole)] 1), and
trans-[PtCl(NHs3)(isoquinoline)] 8) and the cis isomersis[PtCl(NHz)(quinoline)] @) and cis-[PtCl,(NH3)-
(thiazole)] @) were characterized b{+4 NMR and analytical data. In addition, the crystal structure8,d, 7,
and8 were determined:3, monoclinic, P2;/c, with a = 8.414(1) A,b = 12.373(3) A,c = 21.266(3) A8 =
96.78(1y, V = 2198.3(6) &, andZ = 8; 5, monoclinic, P2./n, with a = 8.815(4) A,b = 19.917(8) A,c =
14.498(5) A,p = 103.30(3y, V = 2477(2) B, andZ = 12; 7, monoclinic,P2/c, with a = 8.150(4) A,b =
23.196(9) A,c = 11.297(7) A, = 90.94(4}, V = 2135.3(2) B, andZ = 8; 8, monoclinic, C2/c, with a =
19.043(4) Ab = 8.570(2) A,c = 29.127(6) Af_ = 111.59(23, V = 4420(2) B, andZ = 16. In all cases, the

Pt coordination plane and L are mutually twisted with angles between planes-@&850Bulky quinoline in3
produces intramolecular steric strain as evidenced by a short, nonbonding8Rti contact of 2.77 A and
concomitantly distorted PiNgin—C bond angles. The trans complex&s5, 7, and 8 showed a significantly
higher cytotoxicity in cisplatin-sensitive L1210 leukemia thaans[PtCl(NH3),] (2), with 3 and 5 being as
potent as the corresponding cis isomérsnd 6. In addition, the presence of the planar ligand greatly enhanced
the activity of all of the compounds in cells resistant to cisplatis[PtCl,(NHz),] (1). Complex geometry and

L play an important role in the binding df—7 to DNA. For synthetic poly(dGpoly(dC) and poly(dG-dC)
poly(dG-dC) the order of binding affinitiesy, drug-to-nucleotide ratio) wa®> 1> 6 > 5> 4> 7 > 3 and
5>6>7>3>2>1> 4, respectively. Furthermor8,and?7, carrying large planar ligands, were remarkably
effective at unwinding negatively supercoiled, closed circular pUC19 D@lA (L5° and 17, respectively). The
consequences of structural effects caused by L on target DNA with respect to possible biological consequences
are discussed.

Introduction expressed in the SAR certainly apply to complexes that contain

. L . NHs or “simple” amines as nonleaving groups, they are no
Cisplatin €isDDP), Cis-[PICL(NHs);] (1, Chart 1), has longer valid for compounds where platinum carries planar,
received worldwide acceptance as a clinical drug for the

treatment of various neoplastic diseases, including testicular andN-heterocycIic amines as nonreplaceable ligands. We have
ovarian cancers while itg congener trar;splatinre%sDDP) shown previously that the formal replacement of one or both
trans[PtCL(NH3)2] (2, Chart 1), was found to be therapeutically NH ligands intrans[PICL(NHg)z] (2) with planar amines such

. ; . . S . . as pyridine (py), thiazole (tz), or quinoline (quin) (e.g.trens
inactive? This observation, which is considered a paradigm for  \13.4
the structure-activity relationships (SAR) of Pt-based antitumor [PICh(py)], trans[PICL(1z).], andtrans{PICL(NHs)(quin)]

compoundg,has dominated drug development in this field for (3, Chart 1)) greatly enhances the cytotoxicity of the trans

more than two decades. While the geometry requirementsgeometry' Such nonclassicahnsplatinum _antitumqr com-
' plexes show an altered spectrum of biological activity in vitro

compared to clinical cisplatin, including increased cytotoxicity
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University of Vermont. [PtCI(NH3)L] (L = planar amine), initial model studies have

(1) (a) Abrams, M. J.; Murrer, B. ASciencel 993 261, 725. (b) Kelland, been performed that address both the overall reactivity of
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platinum in reactions with biologically relevant nucleophiles
and the specific array of adducts formed with target DNA. The
bulky, planar ligand intrans[PtClL(NH3)(quin)] (3) slows
associative substitution reactions on platinum. Chloride dis-
placement ir8 by guanine-N% the preferred DNA binding site
for platinum(ll)/ and amino acid (methionine) sulffira
kinetically favored target,occurs at rates that are ca. 2.5 times
slower than for the classical DDP isom@r The reduced
reactivity toward biological sulfur, which counteracts unwanted
intracellular detoxification (one source of acquired drug resis-
tance of certain tumors against cispldnand toxic side
effects? of the drug, is considered beneficial to the biological
activity of “thiophilic” platinum(Il) drugs. Toward this objective,
a cisplatin analoguegis-[PtCl(NHz)(2-methylpyridine)], has
been developed, which is currently undergoing phase I clinical
trials 12

Bifunctional cross-linking agents, such as dichloroplatinum-
(1) species, will form monofunctional adducts on DNA, which
subsequently transform into bifunctional DNA adducts (either
intrastrand or interstrand). Incubations ®fwith calf thymus
DNA for 48 h show that ca. 34% of all covalent DN#platinum
adducts remain monofunction&l Conformational changes in
globally platinated DNA caused bg!® are to some extent

Bierbach et al.

cytotoxic lesion of cisplatin®1>Molecular mechanics calcula-
tions'3 suggest that a combination of monofunctional platination
of N7 and stacking of quinoline with adjaceritrftucleobases

i.e., partial intercalatiorrcan mimic the majocis-DDP adduct

and may produce similar biological effects. Furthermore, it has
been demonstrated that the replacement of an ammine ligand
in 2 with quinoline increases the rate of bifunctional interstrand
adduct formation. This has been explained with a changed cross-
link specificity’® of thetrans-platinum geometry from purine
pyrimidine (GC transDDP-like') to purine-purine (GG cis-
DDP-like'’). For 3, both monofunctional adducts and readily
formed bifunctional interstrand adducts may be considered
potential cytotoxic lesions. A further reason for study of the
structural factors dictating DNA binding of species such as in
trans[PtCl(NH3)(quin)] is the observation that, in cells, DNA
protein associated strand breaks, reminiscent of topoisomerase
inhibitors, are producetl.Model studies ontrans[PtCI(9-
EtGua)(NH)(quinoline)]™ (representing the monofunctional
DNA binding step) showed a kinetic preference for methionine
over 3-GMP binding? indicating that DNA-protein rather than
DNA—DNA cross-links may be induced under suitable condi-
tions in vivo.

Given the unusual biological and biophysical properties of
3, we extended our study to ligands other than quinoline, to
establish the generality of the above findings. The present work
describes the synthesis and solid state structures of four members
of this class of cytotoxic compounds with=£ quinoline (quin),
thiazole (tz), isoquinoline (isoquin), and benzothiazole (btz). The
binding affinity to and conformational changes caused in double-
stranded DNA have been monitored. Critical differences emerge
between the classical DDP isomers and [RiTH3)L] but also
between the different geometric isomers of the latter structure,
with respect to sequence specificity and the degree of DNA
unwinding.

Experimental Section

Synthesis and CharacterizationThe starting complexess-[PtCly-
(NH3)2]*® (1) and K[PtCk(NH3)]*® and the complexis-[PtCl(NHa3)-
(quinoline)} (4) were synthesized by the published proceduress
[PtCI(NH3)2] (2) was from Alfa Products, Ward Hill, MA. All other
chemicals and solvents were purchased from common vendors and used
as supplied. All syntheses used distilled water as solvent.

IH NMR spectra of DMFd; solutions of5—8 were recorded at 300
MHz on a General Electric QE 300 instrument at 294 K. Chemical
shifts ©, ppm) are referenced to TMS. Elemental analyses were
performed by Robertson Microlit Laboratories, Madison, NJ.

trans-[PtCl»(NH3)(quinoline)]* (3). Alternative, Improved Method.

A mixture of 10 g (0.033 mol) of and 9.73 mL (0.83 mol) of quinoline

in 250 mL of water was stirred fdl h at 96-100°C. The light-yellow
solution was treated wit 1 g of activated carbon and stirred for 10
min without heating. After the solution was passed through a Celite

suggestive of those caused by the 1,2 intrastrand (GG) cross-pad (while hot), 50 mL of concentrated HCI was added to the filtrate,

link, the most frequently formed and commonly believed

(6) Bierbach U.; Farrell, NInorg. Chem 1997, 36, 3657.
(7) Pinto, A. L.; Lippard, S. JBiochim. Biophys. Actd985 780, 167.
(8) Bierbach, U.; Farrell, NJBIC, in press.
(9) Cysteine sulfur: (a) Bose, R. N.; Moghaddas, S.; Weaver, E. L.; Cox,
E. H.Inorg. Chem 1995 34, 5878. Methionine sulfur: (b) van Boom,
S. S. G. E.; Reedijk, I. Chem. Soc., Chem. Commu®893 1397.
(c) Barnham K. J.; Djuran, M. I.; del Socorro Murdoch, P.; Sadler, P.
J.J. Chem. Soc., Chem. Commu894 721.
(10) Masters, J. R.; Thomas, R.; Hall, A. G.; Hogarth, L.; Matheson, E.
C.; Catta, R.; Lohrer, HEur. J. Cancerl996 32A 1248.
(11) Montine, T. J.; Borch, R. BBiochem. Pharmacol199Q 39, 1751.
(12) Holford, J.; Raynaud, F.; Murrer, B. A.; Grimaldi, K.; Hartley, J. A.;
Abrams, M.; Kelland, L. RAnti-Cancer Drug Des1998 13, 1.
(13) Z&ovska A.; Novaova O.; Balkarova Z.; Bierbach, U.; Farrell,
N.; Brabec, V.Eur. J. Biochem1998 254 547.

and heating was continued for 6 h. Precipitation of poorly water soluble
3 started after ca. 2 h. After the mixture was stored &C4or 12 h,
the precipitate was filtered off, washed with hot water, ethanol, and

(14) Fichtinger-Schepman, A. M.; van der Veer, J. L.; den Hartog, J. H.;
Lohman, P. H.; Reedijk, Biochemistryl985 24, 707.

(15) Takahara, P. M.; Frederick, C. A.; Lippard, SJJAm. Chem. Soc.
1996 118 12309.

(16) (a) Brabec, V.; Leng, MProc. Natl. Acad. Sci. U.S.A993 90, 5345.

(b) Brabec, V.; 9, M.; Leng, M. Biochemistry1993 32, 11676.

(17) (a) Hopkins, B. P.; Millard, J. T.; Woo, J.; Weidner, M. F.; Kirchner,
J. J.; Sigurdsson, S. T.; Raucher,Tetrahedron1991, 47, 2675. (b)
Huang, H.; Zhu, L.; Reid, B. R.; Drobny, G. P.; Hopkins, P Sience
1995 270, 1842.

(18) Dhara, S. CIndian J. Chem197Q 8, 193.

(19) Abrams, M. J.; Giandomenico, C. M.; Vollano, J. F.; Schwartz, D. A.
Inorg. Chim. Actal987, 131, 3.
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Table 1. Crystal Data fortrans[PtCl(NHz)(quin)] (3), trans[PtCL(NH3)(tz)] (5), trans[PtCl(NHs)(btz)] (7), and

trans[PtCL(NHz)(isoquin)] @)

3 5 7 8
space group P2:/c P2i/n P2i/c C2/c
a, 8.414(1) 8.815(4) 8.150(4) 19.043(4)
b, A 12.373(3) 19.917(8) 23.196(9) 8.570(2)
c, A 21.266(3) 14.498(5) 11.297(7) 29.127(6)
8, deg 96.78(1) 103.30(3) 90.94(4) 111.59(2)
vV, A3 2198.3(6) 2477(2) 2135.3(2) 4420(2)
fw 412.18 368.15 418.21 412.18
Deaica g CNT3 2.491 2.962 2.602 2.478
empirical formula GHloclzszt Cg,HeClzNthS GHgClzNthS QHl()ClzNth
z 8 12 8 16
abs coeff, cm? 133.45 179.88 134.85 132.25
temp,°C 21 21 21 21
A 0.710 69 0.710 69 0.710 69 0.710 69
R (Fo)? 0.034 0.049 0.028 0.026
R.? 0.036 0.057 0.025 0.032

AR = Y (IIFol — IFl)/Z(IFol). ® R = [ZW(IIFol — [Fcll)?/>wW(IFo|)7"2

diethyl ether, and finally dried in vacuo. Yield: 8.90 g (65%) of a

light-yellow, microcrystalline solidtH NMR results were in accordance

with published datd Anal. Calcd for GH1oN.Cl,Pt: C, 26.23; H, 2.44;

N, 6.80; Cl, 17.20. Found: C, 26.14; H, 2.27; N, 6.83; Cl, 17.06.
trans-[PtCl (NH3)(thiazole)] (5). A mixture of 1.5 g (5 mmol) ofl

and 0.78 mL (11 mmol) of thiazole in 30 mL of water was heated at

60—70 °C with stirring until a pale yellow solution had formed.

Anal. Calcd for GH1oN.Cl,Pt: C, 26.23; H, 2.44; N, 6.80; Cl, 17.20.
Found: C, 25.99; H, 2.61; N, 6.92; CI, 17.53.

X-ray Structure Determination. Cell constants were determined
by least-squares fits to thé values of 25 independent reflections,
measured and refined on an Enraf-Nonius CAD4-F diffractometer fitted
with a graphite monochromator. The crystallographic data are sum-
marized in Table 1. Data reduction and application of Lorentz,

Activated carbon was added, and the solution was filtered through polarization, and absorption corrections (numerigal5, and 8 or

Celite. After addition of 6.25 mL of concentrated HCI to the filtrate,
heating was continued for 4 h. The solution was cooled to room

analytical 7) were carried out using the Enraf-Nonius Structure
Determination Packad¥®(3, 5, and8) or teXsai! (7). The structures

temperature, concentrated to about half the volume under reducedwere solved by direct methods using SHELXS?8#nd refined using

pressure, and cooled in an ice bath for 30 min. Croigeecipitated as

a greenish-yellow solid, which was recrystallized from a minimum
guantity of boiling water, washed with ethanol and diethyl ether, and
dried at 56-60 °C in vacuo. Yield: 1.29 g (70%) of pale yellow,
compact prismstH NMR: 0 4.22 (br s, 3 H), 7.97 (m, 1 H), 8.26 (m,

1 H), 9.60 (m, 1 H). Anal. Calcd for ££isN.CI,PtS: C, 9.79; H, 1.64;

N, 7.61; Cl, 19.26. Found: C, 9.93; H, 1.51; N, 7.61; Cl, 19.25.

cis[PtCl,(NH3)(thiazole)] (6). To a solution of 1.50 g (4.2 mmol)
of K[PtCl3(NHz)] in 25 mL of water was added 0.30 mL (4.2 mmol)

of thiazole, and the solution was stirred at room temperature for 12 h.

A yellow precipitate formed after the mixture had been stored& 4
for 24 h, and the filtrate was filtered off and recrystallized from 25
mL of boiling water. The final product precipitated as a microcrystalline
solid at 4°C and was filtered off and washed with ice cold ethanol
and diethyl ether and dried in the air. Yield: 0.68 g (42%) NMR:

0 4.48 (br s, 3 H), 8.02 (m, 1 H), 8.26 (m, 1 H), 9.61 (m, 13B(*H—
19%pt) = 26 Hz). Anal. Calcd for HgN.CI,PtS: C, 9.79; H, 1.64; N,
7.61; Cl, 19.26. Found: C, 9.69; H, 1.50; N, 7.59; Cl, 19.32.

trans-[PtCl (NH3)(benzothiazole)] (7). A mixture of 6.0 g (20
mmol) of 1 and 5.45 mL (50 mmol) of benzothiazole in 400 mL of
water was heated until all of the platinum complex was dissolved (ca.
30 min at 100°C). During the reaction period a dark brown, oily residue
had formed (probably due to the decomposition of the heterocyclic
amine), which was removed by filtration through Celite after the hot
solution was treated wit 2 g of activated carbon for 20 min.
Concentrated HCI (50 mL) was added to the filtrate, heating was
continued for 3 h, and the mixture was finally refrigerated overnight
to give a yellow precipitate. Thus obtained crutie/as recrystallized
from 800 mL of hot acetonitrile. The solution was concentrated to a
final volume of 250 mL and stored at°€ overnight. Bright-yellow,
compact needles afformed, which were filtered off and dried in vacuo
at 50-60 °C. Yield: 2.6 g (31%)!H NMR: 6 4.33 (br s, 3 H), 7.63
(m, 1 H), 7.76 (m, 1 H), 8.28 (m, 1 H), 8.93 (d, 1 H), 9.88 (s, 1 H).
Anal. Calcd for GHgN,CI,PtS: C, 20.01; H, 1.92; N, 6.70; Cl, 16.95.
Found: C, 20.36; H, 1.84; N, 6.65; Cl, 16.75.

trans-[PtClz(NH3)(isoquinoline)] (8) was synthesized analogously
to the procedure foB. Yield: 6.12 g (89%), starting from 5.0 g (16
mmol) of 1. *H NMR: 6 4.25 (br s, 3 H), 7.84 (m, 1 H), 7.98.01
(m, 2 H), 8.11 (m, 1 H), 8.35 (m, 1 H), 8.69 (m, 1 H), 9,68 (s, 1 H).

full-matrix least-squares methods with either SHELX¥7@, 5, and

8) or teXsan 7). All of the hydrogen atoms were included at calculated
sites with isotropic thermal parameters, and the non-hydrogen atoms
were refined anisotropically.

The thiazole ligand ir6 is disordered by rotation about the-f\
bond by approximately 180resulting in an overlap of C(12) and S(1)
sites. The disorder is minor and has only a modest effect on bond lengths
and angles. Neutral atom scattering factors were taken from Cromer
and Wabe?* Anomalous dispersion effects were included=is?® the
values forAf’ and Af"" were those of Creagh and McAuléyThe
values for the mass attenuation coefficients are those of Creagh and
Hubbell?” All calculations were performed using SHELX-76 or the
teXsan crystallographic software package of Molecular Structure
Corporation, and plots were drawn using ORTERSelected bond
lengths and angles are given in Tabless2 Atomic coordinates, thermal
parameters, bond lengths and angles, and details of least-squares planes
have been deposited.

Platination of DNA. The poly(dG)poly(dC) and poly(dG-dCpoly-
(dG-dC) duplexes (Pharmacia Biotech, Piscataway, NJ) were incubated
(cona = 0.05 mg mL-Y) with 1—7 at varying concentrations of platinum
for 48 h at 37°C. The platinum content of the samples was determined

(20) Enraf-Nonius Structure Determination Packag&raf Nonius: Delft,
The Netherlands, 1985.

(21) teXsan, Crystal Structure Analysis Packad@olecular Structure
Corp.: The Woodlands, TX, 1985, 1992.

(22) Sheldrick, G. M. SHELXS-86. IrCrystallographic Computing ;3
Sheldrick, G. M., Kiger, C., Goddard, R., Eds.; Oxford University
Press: New York, 1987; pp 173.89.

(23) Sheldrick, G. MSHELX-76. A Program for X-ray Crystal Structure
Determination University of Cambridge: Cambridge, 1976.

(24) Cromer, D. T.; Waber, J. Toternational Tables for X-ray Crystal-
lography, Kynoch Press: Birmingham, U.K., 1974; Vol. 4.

(25) Ibers, J. A.; Hamilton, W. CActa Crystallogr.1964 17, 781.

(26) Creagh, D. C.; McAuley, W. J. Imternational Tables for Crystal-
lography, Wilson, A. J. C., Ed.; Kluwer: Boston, 1992; Vol. C, Table
4.2.6.8, pp 219222.

(27) Creagh, D. C.; Hubbell, J. H. Imternational Tables for Crystal-
lography, Wilson, A. J. C., Ed.; Kluwer: Boston, 1992; Vol. C, Table
4.2.4.3, pp 206-206.

(28) Johnson, C. KORTEP, A Thermal Ellipsoid Plotting Prograr®ak
Ridge National Laboratories: Oak Ridge, TN, 1965.
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Table 2. Selected Bond Lengths (A) and Angles (deg) with Scheme 1
Standard Deviations fdarans[PtCL(NHz)(quin)] (3) o
Bond Lengths H3N\ /Cl L (excess) H3N\ /L—l
CI(1)—Pt(1) 2.303(3) CI(2)Pt(1) 2.284(3) Pt Pt
N(1)—Pt(2) 2.015(8) N(2>Pt(1) 2.050(9) H3N/ N H3N/ N
Bond Angles

Cl(2—-Pt(1)-Cl(1) 177.1(1) N(1)-Pt(1)-Cl(1) 91.4(2) HCI

N(1)—Pt(1)-ClI(2) 91.1(2) N(2}-Pt(1-Cl(1)  88.0(3)

N(2)—Pt(1)-Cl(2) 89.5(3)  N(2)-Pt(1)-N(1) 177.0(3)

C(1)-N(1)-Pt(1)  116.8(7) C(9YN(1)—Pt(1)  124.4(7) HN_ Cl
Table 3. Selected Bond Lengths (A) and Angles (deg) with y Pt\
Standard Deviations farans[PtClL(NHa3)(tz)] (5) cl L

Bond Lengths L = quin, isoquin,
CI(11)-Pt(1) 2.295(4) Cl(12)Pt(1) 2.284(4) tz, btz
N(11)-Pt(1) 1.989(11) N(12}Pt(1) 2.047(11)

Bond Angles N /Cﬂ - ) c_ C

Cl(12)-Pt(1)-Cl(11) 178.4(1) N(1LyPt(1)-Cl(11) 93.6(3) Pt e Pt
N(11)-Pt(1)-Cl(12)  88.1(3) N(12}Pt(1}-Cl(11)  88.6(4) RN N L
N(12)-Pt(1}-CI(12)  89.8(4) N(12}Pt(1)}-N(11) 176.8(4) HN  Cl A
C(11-N(11)-Pt(1) 122(2) C(13yN(11)-Pt(1) 126(2) L = quin, tz

Table 4. Selected Bond Lengths (A) and Angles (deg) with
Standard Deviations farans[PtClL(NH3)(btz)] (7)

Bond Lengths

(NH3)L] (3,5, 7, and8, see Chart 1) were synthesized according
to a method shown in Scheme 1. The procedure involves direct
substitution of both chloro ligands ih by planar amine (L),

gig)):,(\l:l((ll)) i:ggg% E:ggﬁl(%) g:égé% which produces the intermediatis-[Pt(NHz),L]2". Thetrans
dichloro species are formed in the second reaction step under
Bond Angles strongly acidic conditions in the presence of chloride. The first
g:gg:g:&tﬁl(%) 1;2'3(72()7) gll((zl)}—gig)t“% 32'3% am(m)ine ligand is labilized at low pH and subsequently
CI(2)—Pt(1)-N(2) 88.0(2) N(LFP{1-N(@2) 178.5(3) substituted by chloride, which directs the second chloro ligand
Pt(1)-N(1)—C(1) 123.2(5) Pt(1yN(1)-C(7)  125.8(5) into the trans position, due to the relative order of trans effects,

_ i.e., CI- > am(m)ine3? Direct substitution of chloride by L at
Table 5. Selected Bond Lengths (A) and Angles (deg) with elevated temperatures proved to be the method of choice for
Standard Deviations fdrans[PtCL(NHs)(isoquin)] €) sterically demanding quinoline. Yields were dramatically higher
Bond Lengths than for the previously described method (65% vs 23%), which

CI(1)—Pt(1) 2.289(2) Cl(2) Pt(1) 2.296(2) involved prior abstraction of chloride il by AgNO; and
N(L~PLL) 2.02309) N(2yPt(L) 2.0210) reaction of the diaqua form with quinoline at room temperature.
Bond Angles Similarly, the synthesis of the cis analogues3ainds, i.e., 4
ﬁ'((lz))_;t((ll))__g'((zl)) 1;;-;8 “((%)*_Eig)):g:gg gg-g% and6 (Chart 1, Scheme 1), utilized the mutual labilization of
N(2)—Pt(1)-CI(2) 900(2) N(-PH1N(I) 1794(2) the trans-oriented chloro ligands in [P§NH3)]~ for the
C(1)-N(1)—Pt(1) 120.1(4) C(HN(L)—Pt(1)  120.4(4) stereospecific introduction of L.
1H NMR and analytical data (see Experimental Section) for
by flameless atomic absorption spectroscopy (FAAS), andalues 5—8 are consistent with the structures depicted in Chart 1. For

(bound drug-to-nucleotide ratio) were calculated as described edrlier. 3, 5 7, and8, a single-crystal X-ray structure determination
All procedures were performed according to experimental condifions  \yas carried out. The structures consist in all cases of two or
that have_b_een developed for DNA binding studiescn andtrans three independent neutral complex molecules (Figured)a
[PLCL(pyridinep]. In all structures, weak intermolecular hydrogen bonds are

Unwinding of Negatively Supercoiled DNA.Unwinding of closed P
circular, supercoiled pUC19 plasmid DNA (2686 bp, Gibco BRL, Grand observed between the chloro_and ammine ligands. The ggometry
about each of the Pt atoms is close to square planar with out-

Island, NY) by1—7 was monitored by an agarose gel mobility shift o
assay’! using the experimental setup that has been described for an of-plane deviations less than 0.05 A. Bond lengths (for structural
analogous study onis- andtrans[PtCly(pyridine)].3 parameters oB, 5, 7, and8; see Tables 25) to the chloro

Cytotoxicity. In vitro cytotoxicity data stated in this paper were ligands are in the usual range observed for divalent platiffum.
determined for 96-h incubations at 3T using a standard assay Pt—N bond lengths are similar for the ammine and planar
described previousl§? Stock solutions of the platinum complexes in  ligands with the average of those to the heterocyclic nitrogen
HPLC grade DMF were diluted by serial dilution with saline to a final (2.02 A) being marginally shorter than those to Ni2.04 A).
concentration of 0.5% in DMF. Angles between the coordination planes and the planes through
the aromatic ligands range from 50.8n 5) to 67.9 (in 3).

The geometry of the quinoline ligand Biresults in a close
Synthesis and Structural Characterization. The mixed contact of 2.77 A between its H8 atom and the metal center.

Results

ammine/planar amine complexes of the typans[PtCly- This interaction leads to a distortion of the geometry about the
N(quinoline)-donor atom which causes an opening of the Pt
(29) Farrell, N.; Kelland, L. R.; Roberts, J. D.; Van BeusichemQdncer N—C angle in the direction of H8 to ca. 12ith that on the

Res.1992 52, 5065.
(30) Zou, Y.; Van Houten, B.; Farrell, NBiochemistry1993 32, 9632.
(31) Keck, M. V,; Lippard, S. JJ. Am. Chem. S0d 992 114, 3386. (33) Roundhill, D. M. Platinum. l€omprehense Coordination Chemistry
(32) Farrell, N.; Qu, Y.; Hacker, M. Rl. Med. Chem199Q 33, 2179. Wilkinson, G., Ed.; Pergamon: Oxford, U.K., 1987.
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Figure 1. Molecular structures of (ayans[PtCL(NHz)(quin)] (3), (b) trans[PtClL(NH3)(tz)] (5), (c) trans[PtCL(NH3)(btz)] (7), and (d)trans
[PtCl(NH3)(isoquin)] @) in the crystal (view of one independent molecule in all cases); ellipsoids are drawn at the 30% probability level.

other side being closed to 11% Characteristically, for iso-
quinoline in8 the equivalent angles are both between 120.0
and 120.7. The geometry of benzothiazole this similar to
that of quinoline, but because of the five-membered ring no
close Pt--H contact results (PtH > 3.0 A). The P£N—C

angles about the N donors of thiazole and benzothiazole are NHj

unequal, ranging from 12Go 124 on the side adjacent to the
S atom and from 126to 129 on the other. In this case,
however, the inequality is probably a consequence of the
asymmetry in the five-membered ring that results from the
presence of the S atom.

Cytotoxicity. The cytotoxicity of thetrans-platinum com-

plexes and their cis counterparts, where available, were studied

in murine L1210 leukemia cells, Table 6. In cisplatin-sensitive
cells (L1210/0), thearans[PtClL(NH3)L] geometry with L=
quin (), tz (5), btz (7), and isoquin 8 shows remarkable
toxicity which is significantly higher than for classicabns
DDP (2). The order of effectiveness in cell-growth inhibition
was found to be3 > 7 > 8 > 5. The quinoline complex3
shows an I[gy value (micromolar drug concentration necessary
to inhibit cell division by 50%) that is indeed of the same
magnitude as that observed fs-DDP (1). In cisplatin-resistant
cells (L1210/DDP)3 and7 are considerably more active than
the two DDP isomersl(and?2). 5, however, only moderately
active in L1210/0, exhibits poor activity in L1210/DDP.
Interestingly, here the order of cytotoxiciti&sy> 7 > 5, proves
to be the same as in the sensitive cell line.

The cis complexed and6 are also both active in sensitive
and resistant cells. Whikkappears to be less cytotoxic than its

(34) Despite the short H8Pt distance, no through-spaéd(*H—19Pt)
coupling is observed itH NMR spectra of3 (see also: Albinati, A.;
Pregosin, P. S.; Wombacher, Forg. Chem.1990Q 29, 1812).
However, H8 in quinoline experiences a pronounced downfield shift
on binding to the metaldng > On2in 3; Oug < dnz in free quinoline.
This chemical shift anomaly is probably caused by H8 being exposed
to an electronically anisotropic environment along the tetragonal axis
of the square-planar®dow-spin complex. Characteristically, for the
analogous platinum(lV) compleanstranstrans[PtCly(NHs)(quin)],
the order of H2 and H8 chemical shifts was found to be “normal”
(Bierbach, U.; Roat, R. M.; Hambley, T. W.; Farrell, N. Manuscript
in preparation).

Table 6. Cytotoxicity of cis- andtrans[PtCIy(NH3)L] in L1210
Leukemia Cell3

|D5o, /AM
L isomer compd no. L1210/0 L1210/DDP
cis 1 0.33 9.22 (29
trans 2 15.7 22.0 (1.40)
quin trans 3 0.51 1.35 (2.65)
cis 4 0.48 2.75 (5.73)
tz trans 5 4.20 15.0 (3.57)
cis 6 3.20 3.10 (0.97)
btz trans 7 1.20 2.10 (1.75)
isoquin trans 8 2.50 nd

aData for1—4 are from ref 4; L1210/0 is the cisplatin-sensitive
and L1210/DDP the cisplatin-resistant cell lifé/alue in parentheses
is the resistance factor, g{L1210/DDP)/ID;o(L1210/0).¢ Not deter-
mined.

congenel in L1210/DDP, the thiazole-based complgégave
an IDsp value that is significantly lower than for the trans
compoundb. Characteristicallyg exhibits the lowest resistance
factor in the series of compounds tested. In summary, the results
confirm the generality of the biological effects of planar ligand
substitution intrans-platinum complexes. The results with
and6 further suggest that planar ligands other than substituted
pyridine may also produce antitumor activity profiles similar
to that of cis-[PtCl(NH3)(2-methylpyridine)Jt?

Platination of DNA. Incubations (48 h) at 37C of 1-7
with the synthetic duplex polynucleotides poly(d@ly(dC)
(homopolymer) and poly(dG-d&oly(dG-dC) (alternating co-
polymer) at varying drug concentrations (2800 M) were
carried out to study both the overall binding affinity to double-
stranded DNA and the sequence specificity of the drugs. The
amount of platinum covalently bound to both polymers,
represented by the drug-to-nucleotide ratip,is illustrated as
a function of the initial doses of platinum complex in Figure 2.
The classical complexesjs- and transDDP (1, 2), had the
highest affinity to poly(dG)poly(dC), withry, values of 0.272
and 0.305 at the highest dose, respectively (Figure 2a). Under
analogous conditions, both compounds show a significantly
reduced affinity to poly(dG-dCpoly(dG-dC), as indicated by
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Figure 2. Degree of platination of double-stranded DNA as a function
of concentration (dose) for incubationsbf 7 with (a) poly(dG)poly-
(dC) and (b) poly(dG-dCpoly(dG-dC).

rp values of 0.159%) and 0.161 2) (Figure 2b). Forl, these
findings are in agreement with an earlier stéfdyy Leng et al.
on competitive platinum binding to the above duplex poly-

Bierbach et al.

T2

Tv1

compound no.

compound no.

Figure 3. Bar diagrams demonstrating (a) the sequence specificity
and (b) global DNA binding affinity ofl—7. The arrows in panel a
indicate increasing binding affinity of platinum to poly(d@ply(dC)
(“GG") and poly(dG-dCjpoly(dG-dC) (“GC"), respectively. All ratios
were calculated fory, values at the maximum platinum dose of 200
uM.

mentioned previously, the, values are evidently affected by
the size of the planar ligands, which in the present series leads
to a significantly reduced degree of drug binding for the
quinoline- and benzothiazole-based compourjs4( and 7)
compared tdarans andcis-[PtCl(NH3)(tz)] (5, 6). The classical
ammine complexe$ and2, together withcis-[PtCL(NH3)(quin)]

(4), exhibit the lowest affinity to the alternating purine

nucleotides. At low molar drug concentrations these authors pyrimidine sequence.

found a 3:1 distribution of covalently bound platinum between
poly(dG)poly(dC) and poly(dG-dGpoly(dG-dC).

In the series [PtG(NH3)L], complexes that carry the planar
ligand of least steric demand (¥& btz < quin, see solid state
structures) show the highest affinity to poly(d@ly(dC). The
order ofry values found for the cis and trans isomers @re
4 and5 > 7 > 3, respectively. For the pairs of geometric
isomers, in turn, the cis form shows the higher affinidy>( 5;

4 > 3). Binding of 3 and7 to poly(dG)poly(dC) appears to be
complete (“saturated”) at relatively low platinum-to-nucleotide
ratios, which is in accordance with the results for platination of
pUC19 plasmid DNA by structurally relatéchns[PtCly(py)s].3°

Dose-dependent;, values for poly(dG-dGpoly(dG-dC)
(Figure 2b) indicate a higher binding affinity fors- andtrans
[PtCl(NH3)L] (except for 4, for which the value is slightly
lower), compared with the situation for poly(d@ply(dC).

Interestingly, the geometry preference is reversed for each pair

of isomers, i.e., the binding affinity observed for the trans
isomers is higher than for the cis isome&sX 6; 3 > 4). As

(35) Rahmouni, A.; Malinge, J.-M.; Schwartz, A.; Leng, Nl Biomol.
Struct. Dyn 1985 3, 363.

From the present data, information about two important
aspects of platinumDNA binding can be deduced: The
geometric isomerism of the complexes and the presence and
nature of the planar ligand (L) dictate both thesrall reactivity
andsequence specificiyf square-planar platinum in reactions
with double-stranded DNA. Relative binding preferences for
poly(dG-dC)poly(dG-dC) and poly(dGpoly(dC) can be esti-
mated for a given drug concentration from the ratio of the
correspondingy values. The bar diagram in Figure 3a arranges
compounds1—7 in their order of increasingrpa/rp1, the
magnitude of which reflects a binding preference for either
alternating GC or GG. Considering the numerical values for
rn2/rp1, the compounds studied can be grouped as follows:

compound Io2Tb1 sequence preference
classical DDPZ, 2) <1 GG

cis-[PtCl(NH3)L] (4, 6) ~1 low selectivity
trans-[PtCINH3)L] (3, 5, 7) >1 GC

For complexes of the trans series, the presence of the planar
ligand produces a pronounced sequence specificity, although
the overall affinity to DNA is very dependent on the size of the
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Table 7. Unwinding of Plasmid DNA by Platinum Complexes

compd rp(C)? unwinding angle (deg)
cis-[PtCL(NH3);] (1) 0.043 13
trans[PtChL(NH3),] (2) 0.053 10
trans[PtCl(NH3)(quin)] (3) 0.037 15
trans[PtCL(NHs)(tz)] (5) 0.075 7
trans[PtClL(NHzg)(btz)] (7) 0.033 17
Cis[PtClx(py)2] 0.156 &
trans[PtCh(py).] 0.033 17

aThe drug-to-nucleotide ratiod), where the bands of the supercoiled
plasmid and its nicked, totally relaxed form comigrate on the agarose
gel (coalescence}.Assumed value, see ref 37Reference 30.

negatively supercoiled pUC19 plasmid DNA, giving unwinding
angles of 18 and 17, respectively (Table 7). In contrast,
unwinding pertrans[PtCl(NH3)(tz)] (5)—DNA adduct ¢ =

plasmid induced by drug binding. The term supercoiling describes the 7°) was much less effective. In other words, complete removal

state of native, B-form DNA in its closed circular (cc) form being coiled

of superhelical turns that leads to the open circular, relaxed form

on itself. Left-handed twisting of right-handed, double-stranded DNA (Figure 4) by3 and7 occurs at relatively low, values, whereas

along the helical axis untwists DNA. The strain produced by this process

is partly compensated by the formation of supercoils (left). Untwisting
of negatively supercoiled DNA along the helical axis by covalently
binding drug or intercalator reduces and finally completely eliminates
superhelical turns (writhe), giving totally relaxed DNA (right). Quan-
titation of drug-mediated unwinding (untwisting) using gel electro-

a much higher amount of covalently bound platinum is necessary
in the case ob to produce the same effect. A slightly higher
degree of DNA unwinding has been established recently for
binding to the 2464-bp plasmid pSP73% & 17°).%2 For
compounds of the typdrans[PtCl(NH3)L], ¢ obviously

phoresis exp!oits the reduced mobility of the relaxed, less compact form correlates with the size of the planar ligand (L). B&tland 7

of the plasmid. induce relaxation of the supercoiled plasmid more efficiently
than the classical DDP isometsaand2. Thus, by analogy with
the above intercalator-linked complex@st may be suggested
that the degree of unwinding B and 7 is the result of base
stacking and covalent bindingrans[PtCly(py),], although
carrying sterically less demanding pyridine, affects DNA
topology to a similar extefit (Table 7) as the quinoline- and
benzothiazole-containing complex@and7. This may be due
to an increased stacking contributiontefo bases to the total
helical unwinding.

planar ligand % > 7 > 3, Figure 2). Interestingly, the thiazole
complexes5 and 6 have the highest overall binding affinity,
based on averagg values (arithmetic means of; andrp; at

a drug dose of 200M, Figure 3b). On the other hand, the trans
isomers3 and 7, which exhibit a pronounced preference for
the alternating GC sequence, show a relatively low level of DNA
binding (Figure 3b).

Unwinding of DNA. Unwinding of closed circular, super-
coiled plasmid DNA, quantified by electrophoretic mobility shift
assays, is a useful tool for studying the effects of intercalating
and covalently binding molecules on DNA topolo#yA short
description of the supercoiling phenomenon and how this can  The purpose of the present study was to establish structure
be exploited as a probe for conformational changes in DNA is activity relationships for an extended series of nonclassical
given in the caption of Figure 4. Although no information can platinum antitumor complexes of the typans[PtCly(NH3)L]
be deduced from such experiments about the exact structure of L = planar ligand) and to contribute to an understanding of
the adducts formed by platinum complexes on (random- their molecular mode of action. Previous model studies have
sequence) DNA, the degree of duplex unwinding has been shown that the simple replacement of one ammine ligar@l in
shown to be indicative of a characteristic binding mode. For with quinoline profoundly affects the overall affinity of platinum
platinum(ll) complexes that associate with DNA in a covalent to DNA constituents. Both the hydrolytic inertness of the-Pt
manner or through a combination of covalent binding and C| bonds in3 (the source of which is not fully understood) and
intercalation of planar moieties tethered to the complex, the the bulkiness of the planar ligand slow associative substitution
unwinding angle per adductf was found to correlate with  reactions on the metal cenfeiThe latter steric effect is in
the mode of PtDNA interaction (“structure-unwinding rela-  agreement with the observation that the planar ligands tend to
tionships”)®! Platinum complexes that bind to DNA in a adopt a conformation in the solid state (vide infra) and in
monofunctional manner, e.g., in [PtICI(NFICI (¢ = 6°),3 solutiorf that is unfavorable for a nucleophilic attack on
produce little unwinding. In contrast, the drug cisplatlj &nd platinum along the tetragonal axis. Therefore, the relatively low
its trans isomeg, which induce bifunctional adducts (vide infra)  binding affinity of 3, 4, and7 to poly(dG-dC)poly(dG-dC) and
in DNA, cause local duplex unwinding of 13’ and 9-10°,3! poly(dGYpoly(dC) (Figure 3b) may reflect the reduced reactivity
respectively. Unwinding was found to be even more pronounced of platinum toward nucleic acid nitrogen (guanine-N7). In
in cases where covalent platinum binding is accompanied by contrast, for5 and 6, which carry sterically less demanding
intercalation of a Pt-bound, well-positioned planar group, such thiazole, higherr, values are observed for covalent platinum
as ethidium (the classical intercalating dye), resulting iralues binding. While the bulkiness of L and the down-modulation of
of 13-23°31 the substitution rates of platinum maio some extertbe

In the present studyrans[PtCL(NHz)(quin)] (3) andtrans correlated with the degree of platinatiag)( this effect by itself
[PtCL(NHg)(btz)] (7) were remarkably efficient at unwinding  cannot explain the distinct preference &f5, and 7 for the
alternating GC sequence.

The classical DDP isomers bind to DNA in a two-step
mechanism:cis-[PtCl,(NHzs),] (1) andtrans[PtCly(NH3),] (2)
form monofunctional adducts that subsequently close to bifunc-

Discussion

(36) Bates, A. D.; Maxwell, A. IIDNA Topology Rickwood, D., Ed.; IRL
Press: Oxford, U.K., 1993.

(37) Bellon, S. F.; Coleman, J. H.; Lippard, S.Blochemistry1991 30,
8026.
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tional adducts, involving nucleobases on either the same complexed' of the type cis-[Pt(NHs).Cl(intercalator)]™ are
(intrastrand or opposite ifiterstrand strand(s). The trend in  similar, which may reflect a common DNA binding mode. Both
binding affinities for the above isomers in the present study, geometries form monofunctional adducts on DNA with the
GG > GC, is consistent with the array of cross-links formed planar ligand oriented cis to the covalent binding site and well-
on double-stranded DNA: cisplatid, predominantly forms  positioned to induce stacking with neighboring nucleobases.
intrastrand cross-links between neighboring (1,2) purine basesg,ciy “pseudobifunctional” binding has been put forward to
(GG with lesser amounts of AQ. Interstrand cross-links (1,2 oynain the degree of local DNA unwinding f8rand the above
GGN) are also formed *?31 but with a muc_h Iqwer frequency. cationic complexes. Unlike ethidium intercalati&nwhich
This is in accordance with preferentially blndln_g to po_ly(dG) causes an extension of the double helix by ca. 3.4 A and a local
poly(dC). On the other han@,lacks the geometric requirements h f the helical twist of 26combined stacking of the
to form a 1,2 intrastrand adduct and has been shown to produceC . a_nge 0 . . 9 .
long-lived monofunctional adducts that slowly transform into (r.|g|QIy metal-l|nked) planar .Ilgands anq covalent platinum
interstrand cross-links between guanine amnplementary ~ Pinding intrans[PtCL(NHz)L] is only feasible at the expense
cytosine (GCY Therefore, the binding preference dtannot of bending of the_ double heli¥ The reduced unwinding
be explained with the types of DNA adducts formed but may ©bserved for the thiazole-based compormmpared t@ and
be controlled by parameters such as electrostatic effects. Oligo-7 suggests that planar ligand size is critical to the efficiency of
(dG)oligo(dC) runs on DNA constitute sequences of highest changing the helical twist. In addition, there may be a significant
negative electrostatic potentf8iThe DNA binding of the DDP contribution to conformational changes from nonintercalative
isomers (their positively charged hydrolysis products) may be interactions, such as the recently detected, bifunctional inter-
considered an electrostatically driven process, which directs thestrand adducts and cross-links not yet identified.
drugs to the major groove regions of highest electron density.
We have shown recenfi§thattrans[PtCl(NH3z)(quin)] (3)
forms interstrand cross-links on DNA with a higher rate and
frequency than its congenéransDDP (2). Interestingly, in
DNA containing the central sequence d(TCGCT)/d(AGCGA),
3 preferentially induces bifunctional adducts involving guanine
bases (55, G*) on opposite strand¥:

In conclusion, the aim of this study was to establish the
requirements for the antitumor activation tans-platinum
complexes by planar nitrogen donors (L) and to correlate
structural aspects of the complexes with their DNA binding
profiles. The rational design of new platinum drugs with clinical
properties complementary to cisplatin was the major impetus
for the present investigation. Second, the understanding of how
5’ -TCG*CT-3" the DNA binding modes may produce protein-associated strand
3’ -AGCG*A-5" breaks can be inferred from the DNA binding profiles.
Complexes of the general formuians[PtCl,(NH3)L] exhibit
DNA binding profiles (sequence specificity and conformational
changes) that are distinctly different from thoseisf andtrans
[PtCIx(NH3);]. Cytotoxic lesions different from those of cis-

poly(dG-dC) (Figure 3a). In contrast, the reduced degree of Platin, produced by nonclassidaéns-platinum on DNA, may
platination in the alternating sequence by the analogous cis €nhance the activity in cisplatin-resistant cells by circumventing

complexest and6 may be attributed to the formation ofcis- cisplatin-specific repair. Interestingly, in the series of trans
DDP-like array of bifunctional adducts. complexes, those complexes which bind to alternating ptrine
Intercalation of the planar ligand L iB—7 into the DNA pyrimidine with the highest specificity and untwist DNA most

base stack may be considered an important binding mode thatefficiently (3, 7 > 5) show the lowest resistance factors in
enhances DNAdrug association and thus a potential first L1210/DDP. It therefore may be suggested that the reduced
binding step. A characteristic decrease in ethidium fluorescencecross-resistance tfans[PtCL(NHz)L] in L1210/DDP cells lies

that occurs upon global platination of DNA wii3 suggests at the DNA level. Although it seems tempting to correlate the
that quinoline interacts with base pairs adjacent to the covalentstructure-affinity and structure-unwinding relationships de-
binding sites. This view is further corroborated by the degree |ineated in this paper with the cytotoxicity of the complexes,
of DNA unwinding (vide infra). N-Quarternization (N-R or one should bear in mind that factors such as changed cellular

N—metal) of planar bases greatly enhances horizontal-base ptake and detoxification of platinum may contribute to the
nucleobase interactiori8 Organic bisintercalators such as the yerall biological activity of the novetrans-platinum com-

antibiotic luzepeptin that contain quarternized quinoline as the pounds®2
intercalating moieties preferentially bind to alternating purine
pyrimidine sequences of duplex DNA.Similarly, (partial)
intercalation of the planar ligands i8—7, both as the first
association step on DNA and in the final adducts, may be the
driving force that ultimately changes the sequence specificity
from purine-purine to purine-pyrimidine.

DNA unwinding angles produced by thegansplatinum
complexes3 and 7 and those reported for intercalator-linked

Interstrand cross-links constitute a major portion of DNA
adducts formed bg (a similar situation may be expected for
and 7). Thus, we suggest that these adducts significantly
contribute to the high affinity oB, 5, and7 to poly(dG-dC)
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