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Early studies on cis-PtAy(d(G*pG*)) (A, = diamine or two amines, G* = N7-platinated G) and cis-Pt(NHs)(d(G*pG*))
models for the key cisplatin—DNA cross-link suggested that they exist exclusively or mainly as the HH1 conformer
(HH1 = head-to-head G* bases, with 1 denoting the normal direction of backbone propagation). These dynamic
models are difficult to characterize. Employing carrier A; ligands designed to slow dynamic interchange of conformers,
we found two new conformers, AHT (head-to-tail G* bases with a A chirality) and HH2 (with 2 denoting the
backbone propagation direction opposite to normal). However, establishing that the non-HH1 conformations exist
as an intrinsic feature of the 17-membered Pt(d(G*pG*)) ring requires exploring a range of different carrier ligands.
Here we employ the planar aromatic sp? N-donor 5,5'-Me,hipy (5,5'-dimethyl-2,2'-bipyridine) ligand, having a shape
very different from those of previously used nonplanar sp® N-donor bidentate carrier ligands, which often bear NH
groups. The 5,5'-Me,bipy H6 and H6" protons project toward the d(G*pG*) moiety and hinder the dynamic motion
of 5,5-Me,bipy Pt(d(G*pG*)). We again found HH1, HH2, and AHT conformers with typical properties, supporting
the conclusions that the new AHT and HH2 conformers exist universally in dynamic cis-PtA,(d(G*pG*)) adducts,
including cis-Pt(NH3)(d(G*pG*)), and that the carrier ligand typically has little influence on the overall structure of
the Pt(d(G*pG*)) macrocyclic ring of a given conformer. The sizes of the G* H8 to H6/H6' NOE cross-peaks
indicate little base canting in all 5,5'-Me,bipy Pt(d(G*pG*)) conformers, suggesting that carrier-ligand NH groups
favor the canting of one G* base in the HH1 and HH2 conformers of typical cis-PtA,(d(G*pG*)) adducts.

Introduction leading experimentally supported biological hypothesis ex-
Platinum compounds are known for their anticancer plaining the action of cisplatin as an anticancer drug involves

activity.!* The anticancer activity of cisplatiric-Pt(NH),- speC|f|c19r£(igg1;6nltlon .by proteins *Of *d|st0ited DNA

Cly), an important example of the very heavily useig- adducts.1141° The cis-P(NHy)(d(G*pG*)) (G* = N7-

PtAX, drug type (A = two amines or a diamine), is widely - — -
attributed to the formation of an adduct involving two () Spingier, B, Whittington, D. A.; Lippard, S. Jnorg. Chem.2001
adjacent guanines of d(GpG) sequences in DNA, cross-linked (7) Marzilli, L. G.; Saad, J. S.; Kuklenyik, Z.; Keating, K. A.; Xu, V.

to Pt at the N7 atoms.*? The extent of 1,2-G,G intrastrand Am. Chem. So&001, 123 2764-2770.
ik . HEEh (8) Kartalou, M.; Essigmann, J. Mdutat. Res2001, 478 1-21.
cross-linking correlates well with treatment outco e (9) Cohen, S. M.; Lippard, S. Prog. Nucleic Acid Res. Mol. Bia2001,
67, 93—130.
* To whom correspondence should be addressed. E-mail: Imarzil@Isu.edu.(10) Ohndorf, U.-M.; Rould, M. A.; He, Q.; Pabo, C. O.; Lippard, S. J.
(1) Wang, D.; Lippard, S. Nat. Re. Drug Discaery 2005 4, 307— Nature 1999 399 708-712.
320. (11) Sherman, S. E.; Lippard, S.Qhem. Re. 1987 87, 1153-1181.
(2) Decatris, M. P.; Sundar, S.; O'Byrne, K.Qancer Treat. Re 2004 (12) Fichtinger-Schepman, A. M. J.; van der Veer, J. L.; den Hartog, J. H.
4, 53—-81. J.; Lohman, P. H. M.; Reedijk, Biochemistryl985 24, 707-713.
(3) Jakupec, M. A.; Galanski, M.; Keppler, B. Rev. Physiol. Biochem. (13) Reed, E.; Ozols, R. F.; Tarone, R.; Yuspa, S. H.; Poirier, MRrGc.
Pharmacol.2003 146, 1-53. Natl. Acad. Sci. U.S.AL987, 84, 5024-5028.
(4) Lippert, B., EdCisplatin: Chemistry and Biochemistry of a Leading  (14) Chaney, S. G.; Campbell, S. L.; Bassett, E.; WuCHt. Rev. Oncol./
Anticancer Drug Wiley-VCH: Weinheim, 1999. Hematol.2005 53, 3—11.
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Figure 1. Four possible conformer types fois-PtAx(d(G*pG*)) adducts.

the NH; ligands are weak and may not exist. If the ammonia
groups are replaced by,Acarrier ligands having SpN's
bearing two or more alkyl groups, modeling with the 9-mer
structure suggests that clashes will oc&rhese results on
duplex models led us to hypothesize that the small size of
the NH group, not its hydrogen-bonding ability, facilitates
the anticancer activity of Pt compounds bearing multiple NH
groups’ An intriguing feature of these adducts is the large
17-membered Pt(d(G*pG*)) ring. However, the effects of
carrier ligand on the conformation of this large ring are not
understood. Relatively few X-ray structures are avail&blé,
and NMR characterization is hampered, we believe, by
dynamic motion in which the G* bases rotate rapidly around
the Pt=N7 bonds?>2°

In very simple adducts lacking a sugar phosphate back-
bone, the bases favor an HT arrangement, whereas the
evidence indicates that an HH arrangement is favored in
larger adducts with a backbone. The simplest cross-link
adduct,cis-Pt(NHs)(d(G*pG*)), has never been character-

An arrow represents the G base, with the arrowhead representing the G H8ized by X-ray crystallography, but the observation of only

(shown below the scheme). G coordination sites are forward. Carrier ligand
(not shown except for N-donor atoms) is to the rear. Base rotation about
the Pt=G N7 bond interconverts the HT and HH conformers.

platinated G) N7#Pt—N7 intrastrand cross-link lesion has

one set ofH NMR signald®2°has been taken to imply that

the presence of the backbone favors the HH base arrangement
over the otherwise favored HT base arrangemettThis
observation of only one set 8 NMR resonances fotis-

been generally accepted to adopt primarily a head-to-headPt(NHs),(d(G*pG*)) adducts can also be attributed to

(HH) arrangement, with both G*'s maintaining the B-DNA
anti conformatiort*"-22 this HH arrangement is termed HH1
(Figure 1). In addition, we observed two new conformers,
HH2 (head-to-head G* bases, and the direction of propaga-
tion of the phosphodiester backbone is opposite to that in
B-DNA) and AHT (head-to-tail G* bases, withA chirality

and an anti-5G* and a syn-3G*) (Figure 1)?3-26 Many

of these properties were found recently in Rh(ll) dimers
containing a coordinated d(GpG) moiéty??

Examination of an X-ray structure of an HMG-bound 16-
oligomef? and an X-ray/NMR-derived model of a duplex
9-oligomer? both of which contain an intrastrand cisplatin
lesion, suggests that hydrogen-bonding interactions involving

(16) Wei, M.; Cohen, S. M.; Silverman, A. P.; Lippard, SJJBiol. Chem.
2001, 276, 38774-38780.

(17) Sherman, S. E.; Gibson, D.; Wang, A.; Lippard, SJ.JAm. Chem.
Soc.1988 110, 7368-7381.

(18) Yang, D.; van Boom, S.; Reedik, J.; van Boom, J.; Wang, A.
Biochemistry1995 34, 12912-12920.

(19) den Hartog, J. H. J.; Altona, C.; Chottard, J.-C.; Girault, J.-P.;
Lallemand, J.-Y.; de Leeuw, F. A.; Marcelis, A. T. M.; Reedijk, J.
Nucl. Acids Res1982 10, 4715-4730.

(20) Girault, J.-P.; Chottard, G.; Lallemand, J.-Y.; Chottard, JB®-
chemistry1982 21, 1352-1356.

(21) Chottard, J. C.; Girault, J.-P.; Chottard, G.; Lallemand, J.-Y.; Mansuy,
D. J. Am. Chem. S0d.98Q 102, 5565-5572.

(22) Kozelka, J.; Fouchet, M. H.; Chottard, J.4eur. J. Biochem1992
205, 895-906.

(23) Marzilli, L. G.; Ano, S. O.; Intini, F. P.; Natile, GI. Am. Chem. Soc.
1999 121, 9133-9142.

(24) Ano, S. O.; Intini, F. P.; Natile, G.; Marzilli, L. GI. Am. Chem. Soc.
1998 120, 1201712022.

(25) Williams, K. M.; Cerasino, L.; Natile, G.; Marzilli, L. GI. Am. Chem.
Soc.2000 122, 8021-8030.

(26) Sullivan, S. T.; Ciccarese, A.; Fanizzi, F. P.; Marzilli, L. &.Am.
Chem. Soc2001, 123 9345-9355.

(27) Chifotides, H. T.; Koshlap, K. M.; Perez, L. M.; Dunbar, K. R.
Am. Chem. SoQ003 125 10714-10724.

(28) Chifotides, H. T.; Koshlap, K. M.; Perez, L. M.; Dunbar, K. R.
Am. Chem. So2003 125 10703-10713.

dynamic interchange between multiple conformers. We call
these conflicting interpretations the “dynamic motion prob-
|em_"24,29

Retro Models. To overcome the dynamic motion problem,
we used the retro-modeling approach by employing carrier
ligands designed to have features that would make the
spectral properties more informative, would reduce the
dynamic motion by about a billion-fold compareddis-Pt-
(NH3), adducts, and would also permit the coexistence of
multiple conformerg?-32 One of our most successful carrier
ligands, 2,2bipiperidine Bip),>24252%30.3has two energeti-
cally favored coordinatedip configurations §,R,R,Sor
R,S,S,Reonfigurations at the asymmetric N, C, C, and N
chelate ring atoms) (Figure 2). Note that we distinguish
bidentate carrier ligands in boldface type. F&,%,S,R
BipPt(d(G*pG*)), abundant HH1 and HH2 conformers of
comparable stability were fourfd;these are designated as
HH1 R and HH2 R to indicate that the canting is right-handed
for both HH conformers (Figure 2). FoS(R,R,EBipPt-
(d(G*pG*)), the HH1 L andAHT conformers were abundant
(Figure 2)?3

In subsequent studies on thite,ppzPt(d(G*pG*)) adduct,
we found both new conformers (HH2 andHT), in addition

(29) Ano, S. O.; Kuklenyik, Z.; Marzilli, L. G. InCisplatin. Chemistry
and Biochemistry of a Leading Anticancer Drugppert, B., Ed.;
Wiley-VCH: Weinheim, 1999; pp 247291.

(30) Ano, S. O.; Intini, F. P.; Natile, G.; Marzilli, L. Gnorg. Chem1999
38, 2989-2999.

(31) Saad, J. S.; Scarcia, T.; Natile, G.; Marzilli, L. I@org. Chem2002
41, 4923-4935.

(32) Williams, K. M.; Cerasino, L.; Intini, F. P.; Natile, G.; Marzilli, L. G.
Inorg. Chem.1998 37, 5260-5268.

(33) Sullivan, S. T.; Ciccarese, A.; Fanizzi, F. P.; Marzilli, L. @org.
Chem.200Q 39, 836-842.

(34) Ano, S. O.; Intini, F. P.; Natile, G.; Marzilli, L. GI. Am. Chem. Soc.
1997 119 8570-8571.
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Figure 2. Top: Ball-and-stick representations &fipPt, showing the
stereochemistry for the N, C, C, and N chelate ring atoms. Bottom:
Depiction of right (R) and left (L) base canting for the Pt(d(G*pG*)) cross-
link previously observed for the HH1, HH2, a®HT conformers.
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Figure 3. Stick representation &,5-MebipyPtCh, showing the number-
ing scheme for th®,5-MexbipyPtCh ligand.

to the well-known HH1 conforme¥e,ppz (N,N-dimeth-
ylpiperazine) is a unique N-donor bidentate ligand having
its bulk essentially in the coordination plane and having no
NH groups?® Both Bip andMe,ppz are sg N donors. The

Bhattacharyya et al.

was found to be slow for thg,5-Me,bipyPiG, adducts (bold

G = unlinked guanine derivative such asGMP) (Sup-
porting Information). Slow atropisomerization fois-PtA,G;
adducts is characteristic of retro mod#tg3:343640 The5,5-
Me,bipyPt(d(G*pG*)) adduct allows us to examine the
generality of the coexistence of multiple conformers in Pt-
(d(G*pG*)) adducts having the extended 17-membered
macrocyclic ring.

Experimental Section

Materials. d(GpG) (Sigma) was used without further purification.
5,5-Me;bipy was obtained from Aldrich, andis-PtCL(DMSO),
was prepared by a known meth#id.

Synthesis of 5,5MebipyPtCl,. A solution of 5,5-Me,bipy
(0.042 g, 0.24 mmol) andis-PtCL(DMSO), (0.101 g, 0.24 mmol)
in methanol (150 mL) was heated at reflux for 24 h. The yellow
solid obtained after filtration was washed with ether and chloroform
and dried in vacuo; yield, 0.088 g (83% NMR (ppm) in DMSO-
ds: 9.27 (s, H6), 8.42 (d, H4), 8.23 (d, H3), 2.49 (s, §HX-ray
quality yellow crystals of5,5-Me,bipyPtCL were obtained by
mixing equimolar amounts &,5-Me,bipy andcis-PtCL(DMSO),
in acetonitrile (5 mL). The crystals had the same unit cell parameters
as the reported crystal structdfeAnal. Calcd for GoH1,CloNoPt:

C, 31.98; H, 2.66; N, 6.22. Found: C, 32.08; H, 2.64; N, 6.21.

NMR Spectroscopy.NMR spectra were recorded on Bruker 500
and 400 MHz instruments. A-11.5 s presaturation pulse was used
in I1H NMR collections in order to reduce the HOD peak, and the
residual HOD signal was used to reference the spectra (relative to
TMS). IH-decoupled'P NMR spectra were referenced to external
trimethyl phosphate. All NMR data were processed using the
XWINNMR and Mestre-C softwares.

Matrixes (512x 2048) were collected in correlation spectroscopy
(COSY) and 500 ms nuclear Overhauser enhancement spectroscopy
(NOESY) experiments, both conducted atG with a spectral
window of ~6000 Hz, and a presaturation pulse~af s to reduce
the HOD signal. Typically, 32 scans were collected per block. An
exponential apodization function with a line broadening of 0.2 Hz
and a phase-shifted 98ine bell function were used to process the
NOESY t, andt; data, respectively.

adducts between d(GpG) and a platinum(ll) complex bearing Preparation of 5,5-Me;bipyPt(d(G*pG*)). A sample (2 mM)

an unsymmetric carrier ligand having one€ smd one sp
hybridized N-donor (2-pyridylmethylamine) have been re-
ported to have limited dynamic motion resulting from the
one nearly in-plane pyridine ring.We have now investi-
gated5,5-Me,bipyPt(d(G*pG*)) (Figure 3), a retro model
having an sp N-donor carrier ligand, 5;&dimethyl-2,2-
bipyridine 6,5-Mezbipy).

Both Me,ppz and 5,5-Me;bipy are achiral ligands and
have no NH group. Furthermorg,5-Mezbipy has protons
(H6, pointing to the 5G* and H8, pointing to the 3G*)

of d(GpG) prepared in fD (720uL) was treated with 8@L of a
5,5-Me,bipyPtCL solution (20 mM) in DMSOed; to give a 1:1
ratio of Pt/d(GpG), and the solution (pit 4, uncorrected) was
kept at room temperature. The mixed@®DMSO-ds (90%:10%)
solutions were used for better solubility of tBe5-Me,bipy PtCl
complex and also to avoid intermolecular stacking interactions.
Reactions were monitored by using the G H8 NMR signals until
all free d(GpG) had been consumed; when necessary, ;Bre
Me,bipyPtCl solution was added. After the G H8 signals indicated
complete reaction, the pH was lowered~d.3. The absence of

that can be used as probes for elucidating conformer(36) Xu, Y.: Natile, G.: Intini, F. P.: Marzilli, L. GJ. Am. Chem. Soc.

structures. Because it is planar, tBé5-Me,bipy ligand
should not sterically limit the number of conformers 8-
MeobipyPt(d(G*pG*)). However, the bulk of theb,5-
Me.bipy ligand, with two in-plane pyridine rings, is expected

to destabilize the transition state for rotation about both Pt-

G* N7 bonds and to eliminate the dynamic motion problem.
The rate of atropisomerization of the HH and HT conformers

(35) Munk, V. P.; Diakos, C. I.; Ellis, L. T.; Fenton, R. R.; Messerle, B.
A.; Hambley, T. W.Inorg. Chem 2003 42, 3582-3590.
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(37) Marzilli, L. G.; Marzilli, P. A.; Alessio, E.Pure Appl. Chem1998
70, 961—-968.

(38) Saad, J. S.; Scarcia, T.; Shinozuka, K.; Natile, G.; Marzilli, Lln@rg.
Chem.2002 41, 546-557.

(39) Benedetti, M.; Saad, J. S.; Marzilli, L. G.; Natile, Balton Trans.
2003 5, 872-879.

(40) Sullivan, S. T.; Ciccarese, A.; Fanizzi, F. P.; Marzilli, L. @org.
Chem.2001, 40, 455-462.

(41) Price, J. H.; Williamson, A. N.; Schramm, R. F.; Wayland, Blri®rg.
Chem.1972 11, 1280-1284.

(42) Miskowski, V. M.; Houlding, V. H.; Che, C.-M.; Wang, Ynorg.
Chem.1993 32, 2518-2524.
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significant chemical shift changes for the G* H8 signals confirmed HH1
Pt—G N7 binding?343 ¥

Circular Dichroism (CD) Spectroscopy.Samples in water were AHT
~0.03 mM in d(G*pG*). Spectra were recorded from 400 to 200
nm at a scan speed of 50 nm/min on a JASCO J-600 CD HH
spectropolarimeter. Three scans were recorded and averaged for
each sample.

Molecular Modeling. Molecular modeling and dynamics (MMD)

N

calculations were carried out as described elsewHere. ) i 9:50 ) 850  PPM 750 i
Figure 4. H8 signal region of a 1BH NMR spectrum ob6,5-MebipyPt-
Results (d(G*PG).
Outlined here for thé&,5-Me,bipyPt(d(G*pG*)) adduct 3.GHa-Hpe  5-G'HB-HZ'
are procedures for assigning signals and determining con- (HH1)— (1) ;
formations on the basis of 2D NMR data. Detailed explana- 3%;*,_',‘:)”2—%) é) - M
tions appear in the Supporting Information. For e&ch- 5'-G*H8-H2" @ a0 50
Me,bipy Pt(d(G*pG*)) conformer, NOESY and COSY data 5-SHaH2 y é_ | 5.G*H8-H2'
were used to assess structural features such as sugar puckers ~ , {H2) ] ' (AHT)
(S or N), G* nucleotide conformation (anti or syn), and the (HH1) | 13.50
relative orientation of the two bas&4262ntraresidue H8& o ' @—m)—ms'-c(s;:_z:-)Ha'
H3 NOE cross-peaks are characteristically observed for . . e
N-sugars but not for S-sugars. For all conformers of L * . laso
d(G*pG*) adducts, the sugar residue of tHe@ typically o 900 850 pPm8.00
adopts an N-pucker. G* nucleotide conformations can be 3'((;,.,:2')"'—3-—'@'-' R
assessed by intraresidue H8ugar signal NOE cross-peaks; §-G*HB-H3] ;- /@ BG—5.00
strong H8-H2' and H8-H2" cross-peaks and weak (or 5-.G(*'~"H"1'32.2.|3- . '
unobservable) H8H1' cross-peaks are characteristic of an (HH1) ™7 , '
anti conformation, while stronger H8H1' NOEs compared 56'23,.?1)6 jal ppm
to the H8-H2' or H8—H2" NOEs are typically found for 3-G*H8-H1'| ' l6.00
. B (HH1) v
syn residues. Because the G* H8 atoms are closer to each 3.G*H8-H1 % ) ¥ | 3iGtHe-HT!
other in the HH conformers than in the HT conformers, . (HH2) * ) (AHT)
observation of an H8H8 cross-peak is characteristic of an 5'?’,.,':‘82')"” %Pg,gi 6 H?-F’O PPm 8.00
HH conformer, whereas the absence of such a cross-peak is “(HHY)
indicative of an HT conformer. Theis-PtAy(d(G*pG*)) Figure 5. NOESY spectrum d,5-Mezbipy Pt(d(G*pG*)) (500 ms mixing

conformers typically give rise to characteristic NMR signal time) showing cross-peaks between the G* H8 and sugar proton signals of

shift changes relative to the signals of free d(GpG). TRe  the HH1, HH2, andAHT conformers.

NMR signal and one or both H8 signals are all ppm

downfield for HH conformerg?20.4548 The 3P NMR signal of the MeppzPt(d(G*pG*)¥° and 8,R,R,BBipPt(d(G*pG*))

is upfield, and the H8 signals are almost unshifted for the adduct€® HH conformers have very weak CD signals and

AHT conformer?3:25.26.49 do not contribute significantly to CD spectra. The CD signal
5,5-Mesbipy lacks any chirality, and therefore, NMR  of 5,5-MesbipyPt(d(G*pG*)) (Supporting Information) clearly

methods (which rely on a knowledge of carrier-ligand shows a negative feature a280 nm, indicating that this

absolute configuration) are not useful for determining HT adduct has an abundaAtHT conformer.

conformer chirality. However, in such cases, the chirality = 'H NMR Spectroscopy. Equimolar amounts o6,5-

of the HT conformer can be assessed by CD spectros€opy. MesbipyPtChL and d(GpG) were allowed to react in.®f

A negative CD feature at+280 nm is characteristic of the = DMSO-ds solution (90%:10%). Within~30 min, three new

AHT conformer ofcis-PtA,G, complexes?3340.50.5nd also pairs of G* H8 signals were observed for th&-Me,bipy Pt-

(d(G*pG*)) adduct. After 5 days, no free d(GpG) signals

(43) Neumann, J.-M.; Tran-Dinh, S.; Girault, J.-P.; Chottard, J.-C.; Huynh- \vere observed, and after 15 days, the spectrum remained
Dinh, T.; Igolen, JEur. J. Biochem1984 141, 465-472.

(44) Yao, S.; Plastaras, J. P.; Marzilli, L. Borg. Chem1994 33, 6061 relatively unchanged (Figure 4).
) 6077. c i . § < G In a NOESY spectrum, multiple G* H8 to sugar proton
45) Fouts, C.; Marzilli, L. G.; Byrd, R.; Summers, M. F.; Zon, G _
Shinozuka, K.Inorg. Chem 1988 27, 366-376. cross peaks were observed for three abunda_nt conformers
(46) den Hartog, J. H. J.; Altona, C.; van der Marel, G. A.; Reedijk, J. (Figure 5). Although a very small fourth species (4%, G*
Eur. J. Biochem1985 147, 371-379. i ~ * _
(47) van der Veer, J. L.; van der Marel, G. A.; van den Elst, H.; Reedijk, HB signals,~8.05 ppm’ one G* H8 .CI’OSS peak) was not
J.Inorg. Chem.1987, 26, 2272-2275. evaluated further, signals were assigned for the abundant

(48) %tgiurﬂ%négz.frébég, Y.; Zon, G.; Marzilli, L. @. Am. Chem. Soc. ~ HH1, HH2, andAHT conformers with a distribution of
- : ~520 0 0 i
(49) sullivan, S. T.. Saad, J. S.; Fanizzi, F. P.; Marzilli, L.JGAm. Chem. 52%, 10%, and 34%, respectively (Table 1).
So0c.2002 124, 1558-1559.
(50) Marzilli, L. G.; Intini, F. P.; Kiser, D.; Wong, H. C.; Ano, S. O.; (51) Wong, H. C.; Intini, F. P.; Natile, G.; Marzilli, L. Gnorg. Chem.
Marzilli, P. A.; Natile, G.Inorg. Chem.1998 37, 6898-6905. 1999 38, 1006-1014.
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Table 1. 'H and3!P NMR Signal Assignments (ppm) for tfe5-Me,BipyPt(d(G*pG*)) Adduct at pH~ 4 and 5°C

conformer G* H8 H1 H2 H2" H3 H4' H6/H6 base-sugar 31p
HH1 5 8.76 6.38 2.45 2.78 5.02 4.12 7.70 anti —2.64
3 9.14 6.29 2.61 2.46 4.64 4.08 7.80 anti
HH2 5 8.83 6.28 3.04 2.81 4.78 4.47 7.73 anti —2.23
3 9.07 6.31 2.40 2.84 4.71 4.18 7.43 anti
AHT 5 8.01 6.23 2.94 2.61 3.73 4.06 7.84 anti —4.74
3 8.18 6.15 3.31 2.53 4.64 4.01 7.83 syn

For the5,5-Mezbipy Pt(d(G*pG*)) HH1 conformer, a's
G* H8 to 3-G* H8 cross-peak, a characteristic feature of
HH conformersg324was observed (not shown). The G* H8
H2' and G* H8-H2" cross-peaks were stronger than the
G* H8—H1' cross-peaks (Figure 5), indicating a predomi-
nantly anti conformation for both'85* and 3-G* nucle-
otides. As with the HH1 conformers of other Pt(d(G*pG*))
adductg>2?% a strong H8-H3' cross-peak indicates that the
5'-G* sugar has an N-pucker (Figure 5). The N-pucker for
the 3-G* is universal in such cross-linkg3:24.26.47.48a 3.

3P NMR Spectroscopy.Compared to the free d(GpG)
signal (~—4.0 ppm), the5,5-MeybipyPt(d(G*pG*)) 3P
NMR signals are downfield for the HH1 and HH2 conform-
ers and upfield for thAHT conformer (Table 1). Thes&P
NMR shift relationships are similar to those observed for
other Pt(d(G*pG*)) adduct&:26

Discussion

The 5,5-Mesbipy carrier ligand is unique for a Pt-
(d(G*pG*)) adduct because it is a planar, aromatié Np

G* H8—H3' cross-peak was observed, but its weakness donor, in which the significant bulk of the ligand is located

suggested a mainly S-character for the33 sugar (Figure

essentially in the coordination plane. To understand the

5). NOE cross-peaks to the G* H8 signals allowed us to effects of this ligand, we compare the properties of3t&-

assign the signals of tHe5-Mebipy H6 (closer to the 5
G*) and H8 (closer to the 3G*) protons (Table 1).

For the5,5-MeybipyPt(d(G*pG*)) HH2 conformer, the
observation of an H8H8 cross-peak (not shown) and H8-

Me,bipyPt(d(G*pG*)) adduct with the results reported for
other adducts. In this section, the conformers of the
MeoppzPt(d(G*pG*)), BipPt(d(G*pG*)), ands,5-Mesbipy Pt-
(d(G*pG*)) adducts are compared on the basis of the

to-sugar peaks is consistent with the usual HH2 anti,anti following points: (i) conformer distribution, (ii) conforma-

conformation. A 5G* H8—H3' cross-peak was observed,
indicating an N-pucker for the' 85* sugar. No 3-G* H8—

tional features of the sugar phosphodiester backbone, and
(i) base canting of the conformers.

H3' cross-peak was observed, indicating an S-pucker for the  Distribution of Conformers. For Me,ppzPt(d(G*pG*))?2°

3'-G* sugar. A weak5,5-Me,bipy H6'—3'-G* H8 cross-
peak was observed, but no H6'-G* H8 cross-peak was
detected.

The third pair of G* H8 signals (8.01, 8.18 ppm) appears
upfield to the G* H8 signals of the HH1 and HH2
conformers. This pair showed no H818 NOE cross-peak.

(R,S,S,RBipPt(d(G*pG*))2* and 6,R,R,BBipPt(d(G*pG*))
adductg? the HH1 conformer is always more favored than
the HH2 or theAHT conformer?3-26:4° The distribution of
conformers fo5,5-Meqbipy Pt(d(G*pG*)) (52% HH1, 10%
HH2, and 34%AHT) is similar to that observed for
Me,ppzPt(d(G*pG*)) (50% HH1, 20% HH2, and 30%

These features indicate that the bases of this conformer adopAHT). We believe that the similarity in the amounts of the

the HT arrangemert 2> The CD signal of the5,5-
MebipyPt(d(G*pG*)) adduct has a negative feature-@80
nm (Supporting Information); therefore, the HT conformer
hasA chirality. For 3-G*, the H8—H2' and H8-H2'"'cross-
peaks were stronger than the H81' cross-peak, indicating
an anti 53-G* conformation, and the H8H3' cross-peak
(Figure 5) indicates a'85* N-sugar pucker. For'3G*, a
strong H8-H1' cross-peak and the absence of-H&'/
H2"cross-peaks indicate a syrr@G* conformation, and the
absence of an H8H3' cross-peak indicates &6&* S-sugar
pucker. These'5and 3-G* nucleotide and sugar conforma-
tions are consistent with the findings for th&iT conformer

of other adduct8>2¢ The energy-minimized model of the
AHT conformer of the5,5-Me,bipyPt(d(G*pG*)) adduct
reveals a 5G* anti and 3-G* syn conformation and'sG*

N and 3-G* S sugar puckers (Supporting Information). These

AHT conformer observed for these adducts provides evi-
dence for only minimal contact of the (d(G*pG*)) moiety
with the 5,5-Mezbipy andMe,ppz carrier ligands. Because
the ammonia protons @iis-Pt(NH)(d(G*pG*)) are farther
from the d(G*pG*) moiety than are th&le,bipy H6/6
protons of 5,5-MexbipyPt(d(G*pG*)), it is likely that a
similar AHT conformer exists as part of a dynamic mixture
of cis-Pt(NHs)(d(G*pG*)) conformers.

In contrast to our conclusions for tHg5-MejbipyPt-
(d(G*pG*)) and Me,ppzPt(d(G*pG*)) adducts, the con-
former distributions for th&ipPt(d(G*pG*)) adducts indi-
cate that a nonplanar chiral carrier ligand can indeed
influence distribution. No evidence for an HH2 conformer
was observed for theS(R,R,BBipPt(d(G*pG*)) adduct
(65% HH1, 35%AHT). For the R,S,S,RBipPt(d(G*pG*))
adduct, in which theAHT conformer was at best a very

results agree with the experimental results and also with minor form, the abundances of the HH1 and HH2 conformers

previously reported MMD computatio%?® Both the 5

G* H8—H6 and the 3G* H8—H6' cross-peaks were
observed (Supporting Information), consistent with the
similar 5-G* H8—H6 and the 3G* H8—H6' distances, 3.65
and 3.72 A, respectively, of th&HT MMD model.
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(~65% HH1,~35% HH2) were high. We attribute these
findings to unfavorable interactions with the piperidine rings
of the S,R,R,BBip ligand in the HH2 conformer and the
(R,S,S,RBip ligand in theAHT conformer. In the absence
of carrier-ligand effects, the distribution of conformers in
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the Pt(d(G*pG*)) moiety is~50% HH1,~35% AHT, and According to the H8 shift method for assessing canting
~15% HH2. In other words, the long-known HH1 conformer of the HH1 conformers in d(G*pG*) adducts in which the
accounts for about only half of the population of d(G*pG*) carrier-ligand donors are two %pl’s, the H8 signal of an

adducts. uncanted G* base was proposed to have a shift@D (3-
Comparison of the Sugar Phosphodiester Backbone of ~ G*) and~8.7 (3-G*) ppm?23 Because of the inductive effect
5,5-MexbipyPt(d(G*pG*)) and cis-PtA,(d(G*pG*)) Con- of the Pt(ll), these shifts are relatively downfield from those

formers. The 8-G* residue of all the conformers &,5- of free d(GpG). The G* H8 shifts of the HH1 conformer of
MebipyPt(d(G*pG*)) was found to adopt the N-sugar theMeyppzPt(d(G*pG*)) adduct, 8.93 (3G*) and 8.51 (5>
pucker universally found for the'&* sugar incis-PtAc- G*) ppm, indicate that both bases have low canting with a

(d(G*pG*))-type cross-links®24264748Thus, the favored  slight 6-out canting of the '8G* (left-handed)® Before
N-pucker observed for the'&* sugar appears to be applying this shift method, we wished to allow for any
independent of the carrier ligand. For the three aburl@ht  difference in the inductive effect between a Pt(Il) with an
Mezbipy Pt(d(G*pG*)) conformers, the absence or weakness sg? N-donor carrier ligand and one with an2sN-donor

of the 3-G* H8—H3' cross-peak indicates that the-G* carrier ligand. We compared guanosine (Guo) complexes to
sugar has the S-pucker favored by theé=3 in free d(GpPG)  avoid complications arising from the presence of phosphate
and also in the abundant conformersviEppzPt(d(G*pG*))- groups. The H8 shifts of thaHT, AHT, and HH conformers
andBipPt(d(G*pG*))-containing adductS-** Moreover, the  of 5 5-Me,bipyPt(Guo) were ~0.3 ppm more downfield
sugar proton signals of the three conformers of 8- than those of the correspondiMg.ppzPt(Guo) conformers
Me.bipyPt(d(G*pG*)) andMe.ppzPt(d(G*pG*)) adducts  (supporting Informationd? Thus, Pt(ll) in the5,5-Mebipy

had similar chemical shifts. Such similar chemical shifts ¢omplexes has the greater inductive effect, which we attribute
indicate that the sugar phosphodiester backbone structuresgy ihe poorer electron-donating ability of the aromaijg-

of the adducts are similar. _ ~ Mesbipy carrier ligand compared to that dfe,ppz.
Although theBip carrier ligand can influence base canting Canting in the HH1 Conformer. For the HH1 conformer

(see below), the structure-sensiti® NMR chemical shifts : .
: of the5,5-MebipyPt(d(G*pG*)) adduct, the H8 shifts (9.14
observed for the three more-abundant conformerS,5¢ opm for the 3G* H8 and 8.76 ppm for the 'BG* H8)

MeobipyPt(d(G*pG*)) adduct (Table 1) agree with those of . : .
the corresponding conformers found for teR, R, BBipPt- |nd|cat_e two essentially uncanted bas_es. However, these G
(d(G*pG¥),2 (R,S,S, RBipPt(d(G*pG*)) 2 andMe,ppzPt- H8 shifts are~0.2 ppm more downfield than the corre-

' o ' sponding shifts of the HH1 conformer dfle,ppzPt-

(d(G*pG*)) adducts® The similarity observed for thé'P . . . i
. . d(G*pG*)).26 The H8 shifts adjusted for inductive effects
NMR data, combined with the NOESY dat ker, ( ive ef
a'a, comoinec wi € ala on sugar pucker are~8.5 (3-G*) and ~9.0 ppm (3-G*), suggesting slight

leaves little doubt that the carrier ligand has minimal )
g base 6-out, 3G* base uncanted) in the

influence on the sugar phosphodiester backbone structure f0|L canting_ (3-G e
any given conformer. 5,5-MebipyPt(d(G*pG*)) HH1 conformer. It was con-

H8 Shifts and Base Canting.In addition to the HH or  cluded previously that thile,ppzPY(d(G*pG*)) HH1 con-
HT base orientation, another significant parameter that formgr showed slight L canting. Co-n5|stentW|th this analysis,
involves the G* bases is base canting. The G* bases are noth€ difference between the H8 signals (0.38 ppm) for the
oriented exactly perpendicularly to the coordination plane, °5-Me2bipyPt(d(G*pG*)) HH1 conformer is very similar
and the degree and direction (left- or right-handed, Figure © this difference (0.42 ppm) for thide ppzPt(d(G*pG*))
2) of canting differ depending on the carrier ligand, the HH1 conformer; such a result is expected when the canting

presence or absence of a linkage between the bases, and aldd Similar, as we conclude here. For a canted HH1 conformer,
the single-stranded or duplex character of the DNA. The the distance between the H8 proton of the more-canted 6-out
chemical shifts of the G* H8 signals can be used efficiently G* base and the H6/Hgproton of 5,5-Me:bipy will be

to assess the degree and direction of carffirig. general, greater than that between the H8 proton of the other G* (less
the G* base cants so that the six-membered ring of the purinecanted) base and the H@6 proton, resulting in unequal
points away from theis-G*. For such a “6-out” canted G*  Volumes for the 5G* H8—H6 and 3-G* H8—HE' cross-
base, the H8 is close to thes-G*, and this H8 signal is  Peaks. For th&,5-MezbipyPt(d(G*pG*)) HH1 conformer,
shifted upfield by the anisotropic effect of this-G* base?2  the volume of the 3G* H8—HE' cross-peak was only 20%

In an uncanted base, the H8 atom is positioned away fromdreater than that of thé-&* H8—H6 cross-peak (Supporting
the cis-G* base and farther out of the coordination plane Information). This slight difference in volume supports the
containing the heavy platinum atom. As a result, the shift of shift analysis that there is some slight L canting. L canting
the H8 signal is downfield because there is less shielding is typically favored in single-strand adduéts.

(or even deshielding) by theis-G* and possibly deshielding After accounting for the G* H8 shift differences due to

by the anisotropic Pt ator§.52-54 the carrier ligand, the canting is similar for the HH1
(52) Carlone, M.; Fanizzi, F. P.; Intini, F. P.; Margiotta, N.; Marzilli, L conformers of thé,5-Mebipy P(d(G*pG)) andMe;ppzPt-
G.. Natile, G.Inorg. Chem200Q 39, 634-641. N " (d(G*pG*))?¢ adducts. However, the G* H8 signals of the
(53) Elizondo-Riojas, M.-A.; Kozelka, Jnorg. Chim. Acta200Q 297, canted base in the HH1 conformer of these two d(G*pG*)
417-420. adducts are downfield from those of the canted base in the

(54) Sundquist, W.; Lippard, S. Coord. Chem. Re 199Q 100, 293~ . .
322. HH1 conformer oBipPt(d(G*pG*)) adducts. The relatively
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upfield shifts (7.9 to 8.2 ppm) for the G* H8 signal of the
canted base of the HH1 conformer of B Pt(d(G*pG*))
adduct®?* demonstrate that this base is more canted
compared to the'3G* base of the HH1 conformer of the
5,5-MezbipyPt(d(G*pG*)) and theMe,ppzPt(d(G*pG*))
adducts.

Base Canting of the AHT Conformer. The G* H8
signals of the5,5-Me,bipyPt(d(G*pG*)) AHT conformer
are significantly more upfield than those of the HH1 and
HH2 conformers (Table 1). If one applies the H8 shift

Bhattacharyya et al.

consistent with R-canting for the HH2 conformer. In the
R-canted HH2 conformer, the H63'-G* H8 distance is
smaller (larger NOE) than the H&'-G* H8 distance. Past
studies have suggested a preference for R-canting in the HH2
conformer?*~26 The difference in shift (0.24 ppm) between
the G* H8 signals of thé&,5-Me,bipyPt(d(G*pG*)) HH2
conformer is larger than this difference (0.06 ppm) for the
Me,ppzPt(d(G*pG*)) HH2 conformer, suggesting slightly
greater R-canting in th&,5-MeybipyPt(d(G*pG*)) HH2
conformer. Compared to theR(S,S,RBipPt(d(G*pG*))

method used above for assessing canting of the G* basesadduct, which has significant base canting in the HH2

for the HH1 conformer, the H8 shifts ef7.8 ppm reported
for the AHT conformer of theMe,ppzPt(d(G*pG*)¥® and
(S,R,R,BBipPt(d(G*pG*)) adduct® would be indicative of

a highly canted G* bas&.However, for theb,5-Me,bipy Pt-
(d(G*pG*)) AHT conformer, G* base canting can be
assessed by using the G* H816/6 cross-peak volumes.
For this conformer, the'85* H8—H6' and the 5G* H8—

H6 cross-peak volumes were very similar. After accounting

conformer, the canting is relatively low for th&,5-
MebipyPt(d(G*pG*)) HH2 conformer.

Conclusions.Our data show that the same abundant HH1,
HH2, and AHT conformers as found in Pt(d(G*pG*))
adducts having SpN-donor ligands can also form in@as-
PtAy(d(G*pG*)) adduct having a planar, aromatic?dg-
donor carrier ligandg,5-Mesbipy). From the distribution
of conformers of the5,5-MeybipyPt(d(G*pG*)), BipPt-

for the difference in abundance of the conformers, these (q(G*pG*)), andMe,ppzPt(d(G*pG*)) adducts, we conclude

5'-G* base in the HH1 conformer (Supporting Information).
By this criterion, both the '3G* and the 5G* bases of the
AHT conformer of theb,5-MeybipyPt(d(G*pG*)) adduct
are only slightly canted.

The G* H8 shifts of theAHT conformer of the5,5-
Me,bipyPt(d(G*pG*)) adduct (Table 1) were more down-
field (~0.3 ppm) than the nearly identically shiftet &ind
3'-G* H8 signals (~7.78 and~7.90 ppm, respectively) of
the AHT conformer of theMe,ppzPt(d(G*pG*)¥® and
(S,R,R,BBipPt(d(G*pG*)) adductg® However, allowing for
the poorer electron-donating effect 86{5-Mesbipy (de-
scribed above), this comparison of the G* H8 shifts indicates
that the G* bases in thaHT conformer of these three
adducts undoubtedly cant in an almost identical mafitérs
Our finding that the NOE data indicate little canting in the
5,5-MesbipyPt(d(G*pG*)) AHT conformer suggests that the
G* bases are not canted in th®HT conformer of the
MeoppzPt(d(G*pG*)) and 6,R,R,BBipPt(d(G*pG*)) ad-
ducts. Furthermore, in recent studies of adducts with bulky
ligands appearing to allow no possibility for a high degree
of G* base canting, thAHT conformer nevertheless forms
and has upfield G* H8 signals at8 ppm?® It thus appears
that the H8 shift method, which appears to be so useful for
the HH conformers, fails for theAHT conformer. One
possible way to explain the relatively upfield G* H8 signals
without invoking high G* base canting is to hypothesize that
the AHT conformer has a highly compressed distorted form
with unusual anisotropic effects from the Pt atom ordlse

ligand. NMR results in this study also show that the structure
of the sugar phosphate backbone differs for the three
abundant conformers, but for a given conformer, the
backbone structure does not depend on the carrier ligand.
This conclusion is in agreement with observations made
earlier?®

In previous studies, the G* H8 shift was the only simple
gauge for base canting. In adducts with §®&-Mejbipy
ligand, the 5G* H8—H6 and 3-G* H8—H6' cross-peaks
are useful as probes for determining G* base canting. From
assessments of both these cross-peaks and the G* H8 shifts,
the results for the5,5-Me,bipyPt(d(G*pG*)) adduct are
quite consistent with the few reported previous studies and
indicate that HH1 and HH2 conformers prefer left- and right-
handed canting, respectively. The new results provide clear
support for previous conclusions with tBg Pt(d(G*pG*))
adducts, confirming that the chirBlp carrier ligands, which
have secondary amine donors and a less symmetrical
distribution of bulk, influence both G* base canting and the
relative stability of conformer& 24

The main consequence of the presence of the aromatic
s N-donor ligand in the nevi,5-MesbipyPt(d(G*pG*))
complex is a slight downfield shift of the G* H8 signals,
attributed to inductive effects of Pt(Il) increased by a lower
electron-donating ability of the aromat¢5-Me,bipy ligand
compared to carrier ligands in previously studied adducts.
After accounting for the effect of the less-electron-donating

G* base. Further work is needed to determine the details of 5:3-Me:bipy carrier ligand, the G* H8 shifts of thaHT
the structure and the reasons for the unusual shifts of theconformer of the5,3-MezbipyPt(d(G*pG*)) adduct are

AHT conformer.

Base Canting of the HH2 Conformer.NOESY data for
the HH2 conformer 06,5-MesbipyPt(d(G*pG*)) show an
H6' —3'-G* H8 cross-peak, but no HE5'-G* H8 cross-peak,

(55) Saad, J. S.; Benedetti, M.; Natile, G.; Marzilli, L. G. Manuscript in
preparation.
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similar to those of theAHT conformer of theMe,ppzPt-
(d(G*pG*)) and G,R,R,BBipPt(d(G*pG*)) adducts. Such
comparable chemical shifts of the G* H8 signals suggest
that the structural features of theHT conformer are not
affected by the carrier ligand and that even Bip carrier
ligand has no influence on base canting in this conformer.
The 3-G* H8—H6 and 3-G* H8—H6' cross-peak volumes
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for the 5,5-Mesbipy Pt(d(G*pG*)) AHT conformer provide Supporting Information Available: Descriptions ofH NMR
the first direct experimental evidence indicating that the base signal assignments of the conformers for th&-Me;bipyPt-
canting is low. Our new results suggest that the Pt(d(G*pG*)) (d(G*pG*)) adduct; CD spectra 05,5-Me;bipyPt(d(G*pG*));
17-membered macrocyclic chelate ring moiety of fidT molecular modeling of thé\HT and HH1 conformers, showing

conformer has an unusually distorted compressed structure,G nucleotide orientations similar to those indicated by tH&MR

that this distorted 17-membered d(G*pG*) chelate ring is 9@ for5,5-MezbipyP(d(G*pG*)); comparison of the G* H8 shifts

S . of the Me,ppzPtG, and5,5-MebipyPtG, adducts G = 5'-GMP,
intrinsic to all addupts \.Nlth a\HT base. qrrangement, an.d 3-GMP, and Guo); G* H8-H6/H6 cross-peak volumes of the three
that the G* bases in this ring make minimal contacts with

L ) - . o 5,5-Me,bipyPt(d(G*pG*)) conformers; and G* H8H6/HE dis-
the carrier ligand, including th&,5-Mesbipy carrier ligand tances for the5,5-MesbipyPt(d(G*pG*)) AHT conformer for

studied here. varying C5-N7—Pt—cisamine N dihedral angles (deg) in an MMD
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