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Abstract: N7-Pt-N7 d(GpG) intrastrand cross-link adducts are formed in DNA by the anticancer drug,
cisplatin. By creating adducts with slow dynamic motion, we have identified a new abundant conformer with
the guanine bases in a head-to-tail (HT) arrangement and with both sugars in the N pucker of A-form DNA
instead of the S pucker of B-form DNA. Both features are unprecedented for such cross-links. The HT form
is one of two abundant thermodynamic and kinetic products formed by addition of d(GpG) to [(S,R,R,S)-
BipPt(H2O)2]2+ (Bip ) 2,2′-bipiperidine withS, R, R, andSconfigurations at the asymmetric N, C, C, and N
chelate ring atoms). The second form has the common head-to-head conformation (HH1) with the backbone
propagating in the normal direction, both G’santi and with N and S puckers for the 5′- and 3′-G residues,
respectively. This form has a typical NMR shift pattern: upfield 5′-G H8, downfield 3′-G H8, and downfield
31P NMR signal. In contrast, the HT (S,R,R,S)-BipPt(d(GpG)) form has several unusual or unique NMR spectral
features, including pronounced upfield shifts ofboth G H8 signals, unusually shifted 5′-G H3′ and 3′-G H2′
signals, and an unexpectedly upfield-shifted31P NMR signal. A strong 3′-G H8-H1′ NOE cross-peak, the
absence of an H8-H8 NOE cross-peak, and H1′ couplings establish that this form is an HT conformer with
a syn 3′-G, ananti 5′-G, andboth sugars having mainly N pucker. The HT base orientation in cross-links
introduces chirality, and two conformers,∆HT1 andΛHT2, are possible with normal and opposite directions
of backbone propagation, respectively. NMR-restrained molecular mechanics and dynamics calculations show
that the∆HT1 conformer has the lower energy. Of some interest, rules in the literature cannot account for the
G H8 shifts of anyBipPt(d(GpG)) form reported by us here and previously. We advance new rules that allow
successful G H8 shift predictions for these cross-links and also for cisplatin oligonucleotide adducts; these
rules are consistent with the solid-state structure ofcis-Pt(NH3)2(d(pGpG)) (Sherman, S. E.; Gibson, D.; Wang,
A. H.-J.; Lippard, S. J.J. Am. Chem. Soc.1988, 110, 7368-7381), but they conflict with widely held
interpretations ofcis-Pt(NH3)2(d(GpG)) solution structure and dynamics. Finally, our results suggest that, in
the future, the effect of the carrier ligands on the HH vs HT cross-link conformation must be considered in
drug design.

Introduction

Exceptional anticancer activity is displayed by cisplatin (cis-
PtCl2(NH3)2),1 but its analogues [cis-PtX2A2: A2 ) a diamine
or two amines; X2 ) anionic leaving ligand(s)] generally are
less active.2-7 An intrastrand DNA cross-link with Pt linking

N7’s of adjacent guanines (G) of DNA is the critical lesion
accounting for activity (all G’s mentioned here are platinated
at N7).2,5 The G bases in this cross-link are generally accepted
to have the head-to-head (HH) orientation with twoanti G’s
(HH1, Figure 1).8-16 In virtually all reports on N7-Pt-N7
d(GpG) cross-links in both single-stranded and duplex adducts,
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‡ Universitàdegli Studi di Bari.
(1) O’Dwyer, P. J.; Stevenson, J. P.; Johnson, S. W. InCisplatin:

Chemistry and Biochemistry of a Leading Anticancer Drug; Lippert, B.,
Ed.; Wiley-VCH: Weinheim, 1999; pp 31-69.

(2) Bloemink, M. J.; Reedijk, J. InMetal Ions in Biological Systems,
Vol. 32; Sigel, H., Sigel, A., Eds.; Marcel Dekker: New York, 1996; Vol.
32, pp 641-685.

(3) Bloemink, M. J.; Engelking, H.; Karentzopoulos, S.; Krebs, B.;
Reedijk, J.Inorg. Chem.1996, 35, 619-627.

(4) Sundquist, W. I.; Lippard, S. J.Coord. Chem. ReV. 1990, 100, 293-
322.

(5) Reedijk, J.J. Chem. Soc., Chem. Commun.1996, 801-806.
(6) Hambley, T. W.Coord. Chem. ReV. 1997, 166, 181-223.
(7) Zamble, D. B.; Lippard, S. J. InCisplatin: Chemistry and Biochem-

istry of a Leading Anticancer Drug; Lippert, B., Ed.; Wiley-VCH:
Weinheim, 1999; pp 73-110.

(8) Fouts, C. S.; Marzilli, L. G.; Byrd, R. A.; Summers, M. F.; Zon, G.;
Shinozuka, K.Inorg. Chem.1988, 27, 366-376.

(9) Berners-Price, S. J.; Frenkiel, T. A.; Ranford, J. D.; Sadler, P. J.J.
Chem. Soc., Dalton Trans.1992, 2137-2139.

(10) Sherman, S. E.; Gibson, D.; Wang, A. H.-J.; Lippard, S. J.Science
(Washington, D.C.)1985, 230, 412-417.

(11) Mukundan, S., Jr.; Xu, Y.; Zon, G.; Marzilli, L. G.J. Am. Chem.
Soc.1991, 113, 3021-3027.

(12) Caradonna, J. P.; Lippard, S. J.Inorg. Chem.1988, 27, 1454-1466.
(13) Neumann, J.-M.; Tran-Dinh, S.; Girault, J.-P.; Chottard, J.-C.;

Huynh-Dinh, T.Eur. J. Biochem.1984, 141, 465-472.
(14) Kline, T. P.; Marzilli, L. G.; Live, D.; Zon, G.J. Am. Chem. Soc.

1989, 111, 7057-7068.
(15) den Hartog, J. H. J.; Altona, C.; van der Marel, G. A.; Reedijk, J.

Eur. J. Biochem.1985, 147, 371-379.
(16) Admiraal, G. A.; van der Veer, J.; de Graff, R. A.; den Hartog, J.

H. J.; Reedijk, J.J. Am. Chem. Soc.1987, 109, 592-594.

9133J. Am. Chem. Soc.1999,121,9133-9142

10.1021/ja9916409 CCC: $18.00 © 1999 American Chemical Society
Published on Web 09/18/1999



the authors conclude that the HH1 conformer predomi-
nates.11,14,17-20 The G bases in the less common interstrand DNA
cross-link are in a head-to-tail (HT) arrangement (Figure 1).21,22

No definitive identification has been made of HT conformers
in N7-Pt-N7 intrastrand d(GpG) cross-links; we report such
a species as an abundant conformer for the first time.

An extensive effort involving the testing of more than 3000
compounds has been made to identify carrier ligands giving
analogues with activity superior to that of cisplatin; however,
no clearly superior carrier ligand has been found.6,23The leading
experimentally supported biological hypothesis explaining cis-
platin anticancer activity involves specific recognition of kinked
DNA adducts by proteins with an HMG domain.7,24-30 Tight
binding to the HMG-containing protein is required for such
recognition, which by inhibiting repair leads to cell death. The
most favorable protein-DNA contacts are likely to involve a
specific DNA conformation, and, indeed, even variations in the
flanking sequence influence protein binding.28 However, carrier
ligands that favor an alternative base orientation could form
DNA adducts which bind more weakly and are thus repaired,
and repair diminishes activity. Our work demonstrates that some
carrier ligands do favor alternative forms; thus, it is important
to identify the nature of these alternative forms and to understand

the features of the carrier ligand that promote populations of
atypical structures. Such non-HH1 forms may be the reason that
superior carrier ligands are difficult to identify by random
screening. However, the fluxional nature of DNA adducts (see
below) makes the presence of these alternative base arrange-
ments difficult to detect. Therefore, these forms have not been
considered in drug design or in hypotheses advanced to explain
activity.

In addition to being present in the rare difunctional adducts
of DNA in which nonadjacent bases are cross-linked, HT forms
prevail in simple cis-PtA2G2 complexes (the boldfaceG
indicating a guanine derivative not linked to other guanines by
a phosphodiester linkage).31-39 While the HH base orientation
is intrinsically achiral, the HT arrangement leads to two
chiralities,∆HT and ΛHT (Figure 1). Relative to HH forms,
HT forms are stabilized by favorable dipole or van der Waals
interactions between the two guanine bases. It has generally
been thought that the sugar-phosphate backbone linking
adjacent G bases has the primary effect of stabilizing the HH1
form and that only this form is sterically feasible. The common
HH1 conformer has two recognized variants differing in base
canting direction (left-handed, L, with the 5′-G base canted
toward the 3′-G, and right-handed, R, with the 3′-G base canted
toward the 5′-G, Figure 2). The L and R variants are believed
to dominate in typical single- and double-stranded HH d(GpG)
adducts, respectively.11,14,15,19,40-42 Thus, the literature suggests
an apparent marked dichotomy between the base arrangements
in linked (with no HT form known)43 and unlinked (with the
HH form rare, existing as minor species when found)43 adducts.

The evidence underlying this proposed dichotomy has been
interpreted assuming that the processes interconverting the HT
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Figure 1. G orientations possible in (S,R,R,S)-BipPt(d(GpG)) adducts.
In the scheme, the G coordination sites are forward, and theBip ligand
is to the rear and shown at the bottom, right. The large arrows within
the adducts represent the G bases (as shown at bottom, left), and the
small arrows indicate the direction of the propagation of the phos-
phodiester linkage.

Figure 2. Illustration of the HH1 canting variants, HH1 L (left) and
HH1 R (right), generally accepted forcis-Pt(NH3)2(d(GpG)) adducts.
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and HH1 forms of linked adducts are slow; it is implicit that
any HT form present would be detected by NMR methods or
perhaps even by chromatography. The failure to detect an HT
form led to the belief that this form did not exist. We have
raised counter-arguments to this slow dynamic motion as-
sumption.43-45 In particular, we note that, since the low
symmetry of a DNA chain makes each atom unique, NMR
methods cannot easily distinguish the presence of one conformer
in a relatively fixed state (the widely believed situation) from
the presence of a mixture of conformers in rapid dynamic
motion. Rapidly interchanging conformers also would escape
detection by chromatography. Thus, the evidence relevant to
the linked adducts is suspect. However, simplecis-PtA2G2

models have symmetrical conformers with more revealing NMR
spectra. The NMR data demonstrate that these are highly
fluxional, interconverting rapidly between forms in which the
bases rotate through∼180°.44

In adducts with thecis-Pt(NH3)2 moiety, the attachment of
each NH3 ligand to Pt by a single bond allows each ligand to
adopt numerous orientations that permit the NH groups of each
ligand to form hydrogen bonds to the nucleic acid target. The
orientation of each NH3 is independent of the orientation of
the other NH3. Also, this independence and the small size of
the NH groups diminish steric interactions with the target. As
a consequence, the barriers between the conformers are probably
shallow, makingcis-Pt(NH3)2 adducts especially fluxional.
Furthermore, the guanine bases are likely to wag back and forth
with the relative canting of the bases with respect to each other
fluctuating with time (Figure 2). Thus, it is not clear whether
the propensity of the (NH3)2 carrier ligand to favor the HH1
conformer is similar to or different from those of other carrier
ligands.

Retro Models. The cisplatin species is one of the simplest
possible molecules. It is the simplicity of the molecule and the
dynamic nature of the adducts which has impeded the elucida-
tion of its properties. In fact, since the features are very simple,
we are finding that many previous interpretations of these
properties are not correct. In contrast to the simplification
involved in most modeling of biological/medical systems, we
are using a “retro-modeling” approach, wherein we introduce
complexity into the carrier ligand both to make the spectral
properties more informative and to diminish the dynamic
motion.

The specific key feature in our retro-modeling efforts to detect
and to characterize new cross-link forms is our use of specially
designed ligands that are able to decrease fluxional motions by
virtue of possessing rigid bulk along the coordination plane.
Since these ligands lack significant bulk above and below the
coordination plane, many conformations are possible for nucleic
acid adducts. Furthermore, we have incorporated secondary
amines near chiral carbons; these carbons restrict the amine
configuration to a particular chirality.34-39,45,46 This design
strategy has evolved to our recent use of 2,2′-bipiperidine
(Bip);45,46 the coordinatedBip ligand has two energetically
favored C2-symmetrical geometries, withS,R,R,Sor R,S,S,R
configurations at the asymmetric N, C, C, and N chelate ring
atoms. TheS,R,R,Sconfiguration is shown in Figure 1. Since
ligands such asBip were found to control the chirality of the
HT conformers,36 we call them chirality-controlling chelate

(CCC) ligands. (Note that we denote diamine carrier ligands
in boldface type.)

New Forms and Properties Revealed by CCC Complexes.
The outstanding ability of theBip ligand to reduce fluxional
motion, validating our design, was first established in studies
of the distribution of the initially formedBipPt(5′-GMP)2
rotamers.43,46,47More recently, the special features of theBip
ligand allowed us to discover a novel (R,S,S,R)-BipPt(d(GpG))
cross-link that was formed in abundance comparable to that of
the accepted HH1 conformer in the reaction of d(GpG) with
[(R,S,S,R)-BipPt(H2O)2]2+.45 This second major adduct was also
an HH conformer (HH2, Figure 1); HH2 differs from the widely
recognized HH1 form primarily in the propagation direction of
the sugar-phosphodiester-sugar linkage. Otherwise, this back-
bone linkage has a similar structure in both HH conformers of
the (R,S,S,R)-BipPt(d(GpG)) cross-link. Even the “normal” HH1
conformer was unusual; this conformer favors the R variant,
whereas all previously studied and well-characterized HH1
conformers in single strands appear to be the L variant in
solution.

The study of (R,S,S,R)-BipPt(d(GpG)) provided the first
definitive evidence for a second HH conformer and the first
evidence for this second backbone propagation in a cross-link,
a finding that doubled the number of HH conformers to be
considered in evaluating intrastrand adducts. If we define the
direction of backbone propagation with respect to the HH forms,
then the∆HT form can be designated as∆HT1 and theΛHT
form asΛHT2 (Figure 1). The numbers refer to normal (1) and
the new (2) propagation directions. These four designations
(HH1, HH2,∆HT1, andΛHT2) are the principal way in which
we shall denote conformers. All four conformers have numerous
variants differing in base canting or in torsion angles involving
the glycosyl bond, the phosphodiester group, and the deoxyri-
bose ring. For simplicity, we will usually designate only the
syn/anti glycosyl torsion angle for the 5′-G and the 3′-G residues.
Thus, there are four possible combinations for each form, giving
a total of 16 combinations.

All examples of the 16 combinations are not likely to be
found. Usually there are only one or two forms with>30%
abundance. However, other forms may be intermediates in the
dynamic pathways by which the more stable HT and HH
conformers interconvert via rotations about the Pt-N7 and
d(GpG) single bonds. Such species and such rotational motions
may be critical features in the pathway for the formation of
cross-link lesions whencis-type Pt drugs react with DNA.32,33,48-50

We report here our findings on the products of the reaction
of d(GpG) with [(S,R,R,S)-BipPt(H2O)2]2+, the enantiomer of
the previously studied [(R,S,S,R)-BipPt(H2O)2]2+.45 This reaction
yielded two major products, the normal HH1 form and a new
form. Unlike the novel (R,S,S,R)-BipPt(d(GpG)) HH2 con-
former, however, the novel (S,R,R,S)-BipPt(d(GpG)) conformer
has a distinctly different and new H81H NMR chemical shift
separation and an unusual upfield31P NMR signal.1H NMR
data indicate that the new (S,R,R,S)-BipPt(d(GpG)) HT con-
former has asynG; this is the first time that such a species has
been observed as a major conformer in an N7-Pt-N7 d(GpG)
cross-link. Of additional importance, the spectral properties we
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have observed require a new interpretation of the solution
structure ofcis-Pt(NH3)2(d(GpG)) and of the factors influencing
the spectral features of this simplest model and of larger
oligonucleotide adducts containing thecis-Pt(NH3)2(d(GpG))
cross-link.

Experimental Section

Materials. Deoxyguanyl(3′-5′)deoxyguanosine (d(GpG)) from Sigma
was used as received. The purity of the free bipiperidine ligand isomers
(prepared by hydrogenation of bipyridine)51 was checked by HPLC
using aRR-DACH DNB column.

The general preparation of theBipPtCl2 andBipPt(NO3)2 complexes
has been described elsewhere.45 Here, theR,Risomer ofBip was used.
Anal. Calcd for (S,R,R,S)-BipPtCl2 (C10H20Cl2N2Pt): C, 27.7; H, 4.6;
N, 6.4. Found: C, 27.6; H, 4.7; N, 6.3. Anal. Calcd for (S,R,R,S)-
BipPt(NO3)2 (C10H20N4O6Pt): C, 24.6; H, 4.1; N, 11.5. Found: C, 24.8;
H, 4.1; N, 11.5.

Methods. In a typical in situ preparation, d(GpG) (1 equiv) was
treated with (S,R,R,S)-BipPt(NO3)2 (1 equiv,∼0.8 mM) in D2O (2-4
mL) at pH 3.5 and 0°C; concentrated (∼3 mM) or pH 7 conditions
were sometimes employed. Reactions were monitored by1H NMR
spectroscopy until no free d(GpG) signal or no change in H8 signal
intensity was observed. Samples were eventually lyophilized and
redissolved in 99.96% D2O for 2D NMR experiments.

1D NMR spectra were obtained on a GE GN600 Omega spectrom-
eter and referenced to the residual HOD peak (1H)52 or trimethyl
phosphate (31P). The saturation transfer experiments used a 16K block
size and a presaturation pulse sequence with a 500-ms delay. For
homonuclear 2D data, a 256 (or 512)× 2048 matrix was typically
collected at 5°C with a 6250-Hz spectral width and processed using
Felix 2.3 (Molecular Simulations, Inc.). Each acquisition included a
2-s presaturation pulse and a 10-ms delay. Data were apodized using
an exponential multiplication with a line broadening of 1-2 Hz in t2
and a 90° phase-shifted squared sine bell along 256 points int1. The
evolution dimension was zero-filled to 2K prior to Fourier transforma-
tion.

Phase-sensitive nuclear Overhauser enhancement spectroscopy
(NOESY) data53-55 were collected with 128 scans pert1 increment,
300 ms mixing time. A 2D double-quantum filtered correlation
spectroscopy (DQF COSY)56 experiment was performed using 256
scans pert1 increment. In processing, the first point int1 was multiplied
by 0.5.

Relevant parameters for the 2D1H-31P reverse chemical shift
correlation (RCSC) experiment57 include the following: 5°C, 160 scans
per t1 increment, a 2200-Hz spectral window (includes the H3′, H4′,
and H5′/5′′ regions) in the1H dimension, a 1000-Hz spectral window
in the 31P dimension, and a 100-ms relaxation delay. The data were
processed using a 90° phase-shifted squared sine bell alongt2 and t1
(1024 and 128 points, respectively).

The HPLC analysis was performed with a Waters system equipped
with a U6-K universal injector, a model 626 solvent delivery system,
UV/vis detector models 481 and 486, and a Millennium 2010
workstation. Operating conditions were as follow: column, LiChrosorb
RP18 5µm, 250 × 4 mm i.d.; column temperature, 30°C; mobile
phase, water (0.02 M ammonium acetate buffer, pH 5.5) and aqueous
methanol (2:1 v/v, 0.02 M ammonium acetate buffer, pH 5.5), 60:40
(v/v); flow rate, 0.70 mL/min; detector set at 254 nm; operating
pressure, 2300 psi. The lyophilized sample, dissolved in water, gave a

chromatogram showing three main peaks, assigned by relative abun-
dance, with retention times of∼15 (HH), 28 (HT), and 32.5 min
(unknown) with a relative abundance, HH> HT > unknown. The three
eluted fractions were concentrated to a small volume (0.5 mL) and
stored in the refrigerator (-20 °C). The unknown species eluting at
32.5 min is a minor product that was observed only after times longer
than those required for equilibration of the HH and HT forms.

For kinetic studies, the HPLC fraction of the pure HH or HT isomer
and ammonium acetate buffer (∼0.4 M) was brought to the desired
pH (pH 3.4 by addition of nitric acid (0.5 M) and pH 7.0 by addition
of ammonium hydroxide (0.9 M)) and kept at 40°C. An aliquot was
injected, at∼1-h intervals, into the chromatograph, and the percentage
of each peak was measured by integration of the corresponding peak
area.

Molecular mechanics and dynamics (MMD) calculations were
performed using the procedures described previously.45 The force field
used for modeling was recently developed in this laboratory.58

Results

Product Formation and Redistribution. Two major (S,R,R,S)-
BipPt(d(GpG)) products in the reaction mixture of d(GpG) with
[(S,R,R,S)-BipPt(H2O)2]2+ were indicated by two pairs of large
H8 NMR signals (Figure 3; NMR spectral changes ceased after
∼8 h under these conditions, pH∼3.5, 0°C). The signals did
not shift from pH 3.5 to 1.3, indicating N7 coordination by both
G residues in both products.59 Initially we refer to the two main
products only by the relative HH or HT base orientations
determined by 2D NMR data (see below). Also below, we show
that the two products interconvert very slowly under normal
formation reaction conditions (0.8 mM, pH 3.5, 0°C). The final
HT:HH H8 signal ratio of 60:40 (at 0-5 °C) after the NMR
spectral changes are complete is a kinetically (not thermody-
namically) determined ratio.

The present study focuses on the properties and conformation
of the two major (S,R,R,S)-BipPt(d(GpG)) conformers that exist
at equilibrium, with the primary emphasis on the unprecedented
∆HT1 conformer. The complicated process of cross-link forma-
tion from reactants itself deserves separate study in the future,
and it will be mentioned here only in the context of understand-
ing the nature of the two major adducts. A third kinetic product,
characterized by a pair of downfield H8 signals, is initially (∼20
min into the reaction) present at about the same level as the
two main products, but it soon becomes a minor species and

(51) Sato, M.; Sato, Y.; Yano, S.; Yoshikawa, S.; Toriumi, K.; Itoh, H.;
Itoh, T. Inorg. Chem.1982, 21, 2360-2364.

(52) Hoffman, R. E.; Davies, D. B.Magn. Reson. Chem.1988, 26, 523-
525.

(53) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, R. R.J. Chem. Phys.
1979, 71, 4546-4553.

(54) Kumar, A.; Ernst, R. R.; Wu¨thrich, K. Biochem. Biophys. Res.
Commun.1980, 95, 1-6.

(55) States, D. J.; Haberkorn, R. A.; Ruben, D. J.J. Magn. Reson.1982,
48, 286-292.

(56) Bodenhausen, G.Prog. NMR Spectrosc.1981, 14, 137-173.
(57) Sklena´r, V.; Miyashiro, H.; Zon, G.; Miles, H. T.; Bax, A.FEBS

Lett. 1986, 208, 94-98.

(58) Yao, S.; Plastaras, J. P.; Marzilli, L. G.Inorg. Chem.1994, 33,
6061-6077.

(59) Girault, J.-P.; Chottard, G.; Lallemand, J.-Y.; Chottard, J.-C.
Biochemistry1982, 21, 1352-1356.

Figure 3. H8 1H NMR signals of (S,R,R,S)-BipPt(d(GpG)) at pH∼3.5,
20 °C (× marks signals of a third d(GpG) adduct mentioned in the
text and observed reproducibly. The very small broad minor signals at
∼8.45 and∼8.25 ppm were not usually observed. The small broad
minor signals at∼8.2 and∼8.0 ppm arise from a slight excess of
d(GpG)).
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appears to redistribute into both the HH and HT products. We
believe that the greater amount of the HT form over the HH
form observed during all but the earliest stage of the formation
reaction is largely due to the preferential formation of the HT
form by this third product. When the spectral changes are
complete (typically several hours for various reaction condi-
tions), this third product is present in too small an amount to
characterize. Thus, it is kinetically favored but thermodynami-
cally unfavored. Furthermore, the H8 signals of this third adduct
did not shift when the pH was lowered to 1.3, indicating N7
coordination of both G’s.

All evidence clearly points to the two main products being
monomers, as found previously for (R,S,S,R)-BipPt(d(GpG)).45

The MALDI mass spectrum of an NMR sample has a mass ion
atm/z962, close to the value of 959 expected for the (S,R,R,S)-
BipPt(d(GpG)) monomer. Comparison of the 1:1 reaction at
pH 3.5, 0°C, monitored by1H NMR spectroscopy, carried out
under dilute (0.8 mM) and concentrated (∼3 mM) conditions
gave the same main products and product distribution after∼8
h, another indication that the products are monomers. Further-
more, whenrac-BipPt(NO3)2 was treated with d(GpG) using
dilute conditions and 0°C, the only product H8 signals observed
after 150 min corresponded to those of the products of reactions
with the separate [BipPt(H2O)2]2+ enantiomers (Supporting
Information).45 This observation rules out the possibility that
the main products are 2:2 adducts since new H8 signals attri-
butable to a mixed (S,R,R,S)-BipPt:(R,S,S,R)-BipPt:(d(GpG))2
species would have been observed. Also, the reaction of
[(S,R,R,S)-BipPt(H2O)2]2+ with d(GpG) at pH 7 formed prima-
rily the same products as the reaction at pH 3.5, with the HT
conformer more abundant (HT:HH) 55:45), indicating that
the chirality of the N center in theBipPt moiety is preserved
and that pH has little influence on product formation.

Saturation transfer experiments showed that no transfer of
magnetization occurred between the H8 signals of the (S,R,R,S)-
BipPt(d(GpG)) conformers at 55°C, indicating slow intercon-
version of the two conformers. However, at∼55 °C, the relative
intensities of the H8 signals changed, and the HH product
became the major conformer (60-65% after 2 h). This ratio
did not change further up to 24 h at 55°C. Equilibration at 40
°C of the HH and HT forms, separated by HPLC, gave pH-
independent equilibration rate constants (3.65× 10-5 s-1 at
pH 3.4 and 3.46× 10-5 s-1 at pH 7, Supporting Information).
From an average of these rate constants (∼3.5 × 10-5 s-1), a
half-life of 330 min was calculated for the redistribution of pure
HH (or HT) form to an equilibrium mixture at 40°C. The HPLC
data demonstrate that theBip configuration, as expected, is the
same in the HH and HT forms since a change in configuration
would require base-catalyzed inversion at one NH, and the rate
would be faster at pH 7.

Base Orientations.In the foregoing section, we established
that the (S,R,R,S)-BipPt(d(GpG)) products are isomers. In this
section, we present the key features that show that the bases in
the HT form, indeed, have the HT arrangement unprecedented
for an N7-Pt-N7 d(GpG) cross-linked adduct.

An H8-H8 NOE cross-peak has been observed for all known
N7-Pt-N7 d(GpG) cross-links so studied. In the (S,R,R,S)-
BipPt(d(GpG)) NOESY spectrum (Figure 4), the presence of
this cross-peak for the HH form is the primary evidence
indicating that this product has the common HH base orientation,
while the absence of this cross-peak for the HT product strongly
suggests the HT N7-Pt-N7 d(GpG) cross-link. Furthermore,
all known HH forms have at least one relatively downfield
(>∼8.5 ppm) H8 signal.2,8,11,15,19Indeed, the HH form of the

(S,R,R,S)-BipPt(d(GpG)) adduct has one downfield (∼9.1 ppm)
H8 signal, supporting the presence of the HH base orientation
in this form. However,both H8 signals of the HT form were
upfield. This unusual finding indicates a unique N7-Pt-N7
d(GpG) cross-link conformation with both H8’s in a highly
shielding environment; this H8 shielding (caused by the ring
current of the cis G) counteracts the H8 deshielding effect of
N7 platination.

Other aspects of the experimental data suggest that the HT
form is very unusual. First, all clearly defined HH N7-Pt-N7
cross-links have a31P NMR signal downfield of the typical-4.2
ppm value of unstrained phosphodiester groups;60 see, for
example, the HH conformers of (R,S,S,R)-BipPt(d(GpG)) (Table
1).45 The upfield31P shift of the HT form at-4.6 ppm (Table
1) is thus evidence that the HT form is not an HH form. Second,
the 5′-G H3′ and 3′-G H2′ signals of the HT form have unusual
chemical shifts (Table 1). Third, the 3′-G sugar proton coupling
pattern indicates that this residue has a sugar with a high
percentage of N character in the HT form, whereas N7-Pt-
N7 d(GpG) HH intrastrand cross-links have a 3′-G sugar pucker
with little N character. Finally, we note that the H8 signal
separation in the HT conformer (0.18 ppm) is unusually small,
an uncommon feature for HH forms.61,62

NMR and Conformational Assignments.DQF COSY and
NOESY data were used to assign1H NMR signals (Table 1)
and determine the HH and HT conformations. The specific
details are provided in Supporting Information. At 25°C, 31P
NMR signals at-2.8 and-4.6 ppm were assigned to the HH
and HT conformers, respectively, on the basis of signal
integration. Here we mention only the presence of a strong 3′-G
H1′-H8 NOE cross-peak (Figure 4) and the absence of any
3′-G H8-H2′/2′′ NOE cross-peaks, results indicating that the
3′-G is in asynconformation. This conformation is defined by
theø (C4-N9-C1′-O4′) angle. The values from the modeling
studies (see below) forø and the pseudorotation phase angle,
P, are given in Table 2, and the definitions are described in
depth in the Supporting Information.

Sugar Pucker.All HH N7-Pt-N7 GpG intrastrand cross-
links have a 5′-G N sugar.10,45,59,63Normally, one indication of

(60) Gorenstein, D. G. InPhosphorus-31 NMR. Principles and Applica-
tions; Gorenstein, D. G., Ed.; Academic Press: Orlando, FL, 1984; pp 7-36.

(61) Hambley, T. W.; Ling, E. C. H.; Messerle, B. A.Inorg. Chem.1996,
35, 4663-4668.

(62) Dunham, S. U.; Lippard, S. J.J. Am. Chem. Soc.1995, 117, 10702-
10712.

Figure 4. H8-H8 and H8-H1′ regions of the 2D NOESY spectrum
of (S,R,R,S)-BipPt(d(GpG)) at pH 3.5, 5°C. The H8-H8 NOE cross-
peak of the HH conformer and the 3′-G H8-H1′ NOE cross-peak of
the HT conformer are boxed and circled, respectively.
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this pucker is a strong H8-H3′ NOE cross-peak. For the HT
form, no 5′-G H8 sugar (including H3′) NOE cross-peaks were
identified, and thesyn3′-G residue had no H8-H3′/2′/2′′ NOE
cross-peaks, as expected since 3′-G H8 is on the opposite side
of the sugar from these protons. Thus, we used coupling data
to evaluate sugar pucker. The H1′ coupling patterns in the 1D
1H NMR spectra (7-45 °C) indicate that the 5′ sugar has
predominantly an N pucker (both HH and HT) and that the 3′
sugar has predominantly an S (HH) or N (HT) pucker. Typically,
N sugars have only the H1′-H2′′ cross-peak in the DQF COSY
spectrum.64 There are only H1′-H2′′ DQF COSY cross-peaks
and no H1′-H2′ COSY cross-peaks for the 5′-G sugar residues
of both HT and HH forms. Thus, the sugar of the 5′-G residue
of the HT form, like that of the HH form, favors the N pucker.

The presence of 3′-G H1′-H2′ COSY coupling in the HH
form (Supporting Information) and the 1D NMR coupling data
(Table 1) are consistent with the HH form having a mainly 3′-G
S sugar pucker, normal for a cross-link. However, the HT 3′-G
COSY coupling pattern (strong H1′-H2′′ and H3′-H2′ cou-
plings and weak H1′-H2′ and H2′′-H3′ couplings) indicates
a large percentage of N character.64 It is unprecedented for both
sugars of an N7-Pt-N7 cross-link adduct to have an N pucker.

Molecular Modeling Calculations. Models potentially con-
sistent with our results were constructed and subjected to MMD
calculations using restraints generated from NMR data, leading
to five model types (Table 2). Improbable conformers were not
modeled. For example, since1H NMR data indicated that the
HT form had only onesynresidue, nosyn,synstarting structures
were modeled. In other cases, simple analysis of plastic models

shows that a particular conformer was improbable. For example,
the ΛHT2 conformation with twoanti G residues has both G
bases canted such that the six-membered ring of the base is
unfavorably close to one piperidine ring of theBip ligand. The
overall energy of each model structure is the sum of a number
of energy terms, some of which may not be weighted correctly
in the force field. Thus, all but large energy differences in the
modeling results should be interpreted with caution. For
comparison, other models were evaluated without the use of
restraints; these are discussed below.

Model 1 has HH G’s and the normal backbone propagation
(HH1) (Figure 5). Model2 differs from model1 in the direction
of propagation of the backbone (HH2). Both of these models
were restrained using the HH form data. The restrained HH2
model was calculated to be less stable than the restrained HH1
model by∼3 kcal/mol (Table 2), suggesting that the HH form
observed here does not have the HH2 conformation.

Of the four (S,R,R,S)-BipPt(d(GpG)) HT models subjected
to restrained MMD/energy minimization studies, the∆HT1
model with asyn 3′-G (4) had the lowest calculated energy
(Table 2). Indeed, this restrained HT model was calculated to
be∼0.5 kcal/mol more stable than the restrainedanti,antiHH1
model (Figure 5).

Model4 (Figure 5) has a 5′-G O6-NH(Bip) hydrogen bond,
which cants the 5′-G base toward the 3′-G; the 3′-G base is
only very slightly canted (6°) toward the 5′-G base. The 5′-G
and 3′-G sugars have puckers close to N (Table 2, Figure 5,
and Supporting Information). Theø torsion angle values for
the 5′-G and 3′-G moieties are in theanti and syn ranges,
respectively (Table 2). The out-of-plane bending angle for 3′-G
was slightly larger than that for 5′-G (Supporting Information).

(63) Iwamoto, M.; Mukundan, S., Jr.; Marzilli, L. G.J. Am. Chem. Soc.
1994, 116, 6238-6244.

(64) Widmer, H.; Wu¨thrich, K. J. Magn. Reson.1987, 74, 316-336.

Table 1. 1H and31P NMR Assignments for (S,R,R,S)-BipPt(d(GpG)) from 2D NMR Dataa and Relevant Data from the Literature

d(GpG) species G H8 H1′ JH1′-H2′/JH1′-H2′′
b H2′ H2′′ H3′ H4′ 31P

(S,R,R,S)-BipPt(d(GpG)) HH1 5′ 7.88 5.92 0.0/7.1 (d) 2.28 2.71 4.99 4.01 -2.8
3′ 9.11 6.27 9.6/4.2 (dd) 2.77 2.48 4.71 4.21

(S,R,R,S)-BipPt(d(GpG))∆HT1 5′ 7.77 6.17 0.0/5.4 (d) 2.72 2.58 3.90 - -4.6
3′ 7.91 6.01 3.0/8.0 (dd) 3.29 2.44 4.95 3.99

(R,S,S,R)-BipPt(d(GpG)) HH1c 5′ 8.76 6.32 0.0/6.8 (d) 2.48 2.73 4.82 4.13 -3.2
3′ 8.22 6.23 9.5/4.9 (dd) 2.32d 2.37d 4.54 4.16

(R,S,S,R)-BipPt(d(GpG)) HH2c 5′ 8.30 6.17 0.0/7.4 (d) 2.94 2.76 4.49 3.97 -2.6
3′ 8.70 6.15 8.3/5.0 (dd) 2.35 2.78 4.66 4.46

cis-Pt(NH3)2(d(GpG))e 5′ 8.26 6.18 0.6/7.3 2.62 2.73 4.62 4.07 -3.4
3′ 8.57 6.22 8.1/6.0 2.71 2.56 4.72 4.23

d(GpG) 5′ 7.75f g 8.2/6.7 (dd)g

3′ 8.00f g 9.2/5.6 (dd)g

a All shifts in ppm; data for 5°C, pH 3.5 unless stated otherwise.b In hertz; at 5-7 °C; digital resolution) 0.4 Hz. c Reference 45.d H2′/2′′
signals could not be distinguished.e 1H shifts reported at 23°C, pH 6.5;31P shift reported at 27°C, pH 6.5.19 f Assignments from ref 68.g This
study; H1′ shift values are 6.1 and 5.97 (not known which is 5′-G or 3′-G), pH 7.2, 7°C.

Table 2. Summary of (S,R,R,S)-BipPt(d(GpG)) Restrained andcis-Pt(NH3)2(d(GpG)) Unrestrained MMD Calculations

øb(deg) Pc (deg)

model conformer
syn
Ga

energy
(kcal/mol) 5′-G 3′-G 5′-G 3′-G

5′-G H8-
3′-G H8 (Å)

1 HH1 10.1 -90 -100 33 132 2.80
2 HH2 13.6 -80 -120 -13 152 3.18
3 ∆HT1 5′-G 11.3 -147 -132 28 144 4.76
4 ∆HT1 3′-G 9.5 -154 62 53 66 4.60
5 ΛHT2 5′-G 9.9 15 -19 15 4 5.20
cis-Pt(NH3)2 HH1 -1.3 -172 -136 23 120 2.97
cis-Pt(NH3)2 HH2 -4.0 -90 172 -26 158 3.17
cis-Pt(NH3)2 ∆HT1 3-G′ -3.2 -160 61 55 71 4.68
cis-Pt(NH3)2 ΛHT2d 5′-G′ -1.3 41 -8 24 5 4.46

a syn G residue in starting model.b ø ) C4-N9-C1′-O4′. c P ) pseudorotation phase angle calculated from the equation, tanP )
((ν4 + ν1) - (ν3 +ν0))/(2ν2(sin 36° + sin 72°)) (ν0-4 are endocyclic sugar torsion angles); 0° e P e 36° ((18°) corresponds to an N sugar, while
144° e P e 190° ((18°) indicates an S sugar.71 d The ΛHT2 conformer minimized with twosynG residues, regardless of which G residue was
syn in the starting structure.
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Similar structural features, including canting, sugar puckers, and
H8-H8 distances, were found for the unrestrained∆HT1 4
models.

Discussion

Coexistence of Multiple Cross-Link Conformers.Prior to
our retro-modeling studies withBipPt(d(GpG)) adducts, all
studies with Pt amine complexes proposing or establishing
clearly defined N7-Pt-N7 d(GpG) intrastrand cross-link
structures describe HH1 variants with twoanti G’s, except for
one case with asynG.63 The only HH conformation recognized
as a possibility for the N7-Pt-N7 d(GpG) intrastrand cross-
link was HH1. In both recent and earlier studies, alternative
d(GpG) N7-Pt-N7 cross-link forms were subjects of specula-
tion; however, in these speculations the nature of the putative
forms was left undefined. Distinct, resolved, multiple forms of
simple single-strand GG cross-links were not known.17,18There
is recent evidence for two forms of an adduct of cisplatin with
a double-stranded oligonucleotide.17,18 Multiple conformers of
self-complementary duplexes have also been observed.20 As
mentioned in the Introduction, we recently discovered a second
class of conformers, HH2, in our studies on (R,S,S,R)-BipPt-
(d(GpG)).45 The new results presented here for the complex of
the enantiomericBip ligand with theS,R,R,Schirality reveal

both the existence and the nature of yet a second type of novel
conformer,∆HT1. Both of these novel forms have a stability
comparable to that of the well-known HH1 conformer.

We obtained clear evidence for a third N7-Pt-N7 form in
this study (cf. Figure 3) and in our previous study of (R,S,S,R)-
BipPt(d(GpG)).45 The third form found in this study can
rearrange in minutes at very low temperature, but it is present
at too low a level to characterize. Since this form has spectral
features different from any in the literature, we have no good
basis for speculation as to its conformation. In our study of the
(R,S,S,R)-BipPt(d(GpG)) adduct,45 we noted that the minor form
had H8 signals very similar to those of the∆HT1 form found
here for (S,R,R,S)-BipPt(d(GpG)).45 Thus, even for (R,S,S,R)-
BipPt(d(GpG)), an HT form is present, but it is a minor form.
The large body of poorly understood spectral features43 in the
literature has led to speculation about dynamic mixtures of
multiple conformers of adducts with clinically used drugs. Our
experimental results withBipPt(d(GpG)) adducts and our
calculations oncis-Pt(NH3)2(d(GpG)), to be discussed below,
also suggest that such dynamic mixtures could exist. Thus,
spectral features of adducts withCCC ligands such asBip are
of clear value for better characterization of conformers that are
potentially formed by clinically used drugs. We return to this
important topic after we discuss the new results from the present
study.

The HT Conformer. Both the experimental evidence and
the MMD calculations clearly indicate that the HT form is the
anti,syn∆HT1 conformer, with a 5′-G N sugar normal for a
cross-link but with an unprecedented high percentage of N
character for the 3′-G sugar (Table 1). The NMR-restrained
anti,syn ∆HT1 model4 has N sugars (or near N sugars) for
both the 5′- and 3′-G residues (Table 2), although this MMD
model was not derived with either coupling constant or
intraresidue H8-H2′/2′′/3′ NOE restraints; these types of
restraints would influence the sugar pucker in the model. Thus,
even without restraints to generate atypical sugar puckers,
especially for 3′-G, the ∆HT1 model has sugar puckers in
agreement with experimental data. A striking feature emerging
from our modeling is that an N sugar was found for the 3′-G
residue only for HT models.

In most cross-link adducts, the position of the G base relative
to the sugar is difficult to determine because G H8-sugar proton
NOE cross-peaks are generally weak. In the restrainedanti,syn
∆HT1 model 4, the syn 3′-G residue has a short H8-H1′
distance (2.5 Å), consistent with the strong 3′-G H8-H1′ NOE
cross-peak. Furthermore, no 3′-G H8-H2′/2′′/3′ NOE cross-
peaks were observed experimentally, and these distances are
all >4.2 Å in this ∆HT1 model. Also in this model, the long
5′-G H8-H1′/H2′/2′′/3′ distances (>3.4 Å) are in good agree-
ment with the relatively few NOE cross-peaks observed
experimentally.

The relative G base/sugar positioning of theanti,syn∆HT1
model4 also explains the unusual shifts of the 5′-G H3′ signal
at 3.9 ppm and the 3′-G H2′ signal at 3.3 ppm of the HT form
(Table 1). Similar shifts have been reported in a hairpin-like
structure with a 3′-G syn residue.63 These unusual1H NMR
shifts may be diagnostic for identifying 3′-G syn residues in
intrastrand cross-link d(GpG) adducts. The downfield shift of
the H2′ signal in syn residues has been noted in a variety of
systems.63,65-68 Of these systems, an upfield H3′ signal was
found only in the hairpin-like structure.63 In the restrained∆HT1

(65) Kaspa´rková, J.; Mellish, K. J.; Qu, Y.; Brabec, V.; Farrell, N.
Biochemistry1996, 35, 16705-16713.

(66) Mao, B.; Cosman, M.; Hingerty, B. E.; Broyde, S.; Patel, D. J.
Biochemistry1995, 34, 6226-6238.

Figure 5. Minimum energy models of (S,R,R,S)-BipPt(d(GpG)) from
NMR-restrained MMD calculations:anti,syn∆HT1, 4 (top), andanti,-
anti HH1, 1 (bottom).
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model, the 5′-G H3′ proton points into the 3′-G base shielding
cone, and the 5′-G H3′ to 3′-G six-membered ring distance is
3.2 Å (Figure 5 and Supporting Information); this positioning
and distance would shield this H3′, thus accounting for the
observed upfield signal. However, the 5′-G H3′ to 3′-G six-
membered ring distance is also∼3.2 Å in the other (S,R,R,S)-
BipPt(d(GpG)) HT models. The 5′-G H3′ to 3′-G six-membered
ring distance is very long in the restrained HH1 and HH2
(S,R,R,S)-BipPt(d(GpG)) models (>6.6 Å). Thus, this upfield
5′-G H3′ shift strongly supports the conclusion that we have,
indeed, found an unusual HT form.

The -4.6-ppm31P signal of the HT form is only slightly
upfield from the-4.2 ppm value normally observed for an
unstrained phosphodiester group.60 We are reluctant to suggest
the cause for the upfield shift, since factors influencing such
shifts are complicated and the even larger shift changes for HH
forms are still not well understood. We note, however, that our
31P shift is similar to that of another d(GpG) adduct with one
syn G. This adduct formed by [{trans-PtCl(NH3)2}2{µ-H2N-
(CH2)3NH2}]2+ has different Pt’s bound to each G.68

Transient and Minor HT Conformers. In addition to the
abundant form, there are seven other hypothetical HT conform-
ers with variousanti/syn G residue combinations. We briefly
note that calculations suggest that two of them,ΛHT2 with two
syn G residues and∆HT1 with two anti G residues, are the
best HT candidates for the observed transient or minorBipPt-
(d(GpG)) adducts (Table 2); these might exist in significant
abundance with other carrier ligands. In our calculations on the
anti,anti ∆HT1 conformer, we could not use NMR restraints
(which would force one G residue to becomesyn). The lowest
energy unrestrained model had two G O6-NH(Bip) hydrogen
bonds, with a calculated energy of 9.6 kcal/mol, a value that is
∼3 kcal/mol higher than that of the unrestrained analogue of
the anti,syn ∆HT1 model4. The high energies calculated for
the other HT models relative to that of theanti,syn∆HT1 model
are consistent with the presence of only one abundant HT form.

The HH Form. The H8-H8 NOE cross-peak (Figure 4) for
the (S,R,R,S)-BipPt(d(GpG)) HH form indicates a short (2.88
Å) H8-H8 distance. The H8-H8 distance of the HH1 model
(2.8 Å) is in better agreement with the experimental H8-H8
distance than is the distance of the HH2 model (3.18 Å). Our
analysis of H8 shifts (see below), as well as other NMR spectral
data (Supporting Information) and energetics (Table 2), leaves
no doubt that the HH form has theanti,antiHH1 conformation.

Carrier Ligand Effects on the ∆HT1 Conformer. The
observation that several N7-Pt-N7 d(GpG) conformers are
relatively stable raises new issues relevant to cisplatin adducts.
In particular, we examined the role of the carrier ligand in
influencing the nature of the conformation ofanti,syn∆HT1
N7-Pt-N7 cross-links by performing MMD calculations on
models of (R,S,S,R)-BipPt(d(GpG)),cis-Pt(NH3)2(d(GpG)), and
(S,R,R,S)-BipPt(d(GpG)). For consistency, the calculations
(Supporting Information) were performed without NMR re-
straints so that structures not observed experimentally could be
compared to theanti,syn ∆HT1 conformer observed here.
Calculated energies of the models with different carrier ligands
cannot be compared, except for isomers with the same number
of terms, including hydrogen bond restraints. The latter were
introduced to assess structural features of variants; e.g., (S,R,R,S)-
BipPt(d(GpG)) models restrained by one and by two G O6-
NH hydrogen bonds were evaluated.

Several structural features are similar for the various∆HT1
models (Supporting Information). Even without restraints, the
synconformation of the 3′-G residue in the starting models of
the d(GpG) cross-links was conserved in all the lowest energy
structures. All the∆HT1 models had N sugars for the 5′-G
residue. Theanti,syn ∆HT1 model of cis-Pt(NH3)2(d(GpG))
(Table 2) is structurally very similar to both the restrained and
unrestrainedanti,syn∆HT1 (S,R,R,S)-BipPt(d(GpG)) model4
(Supporting Information). Thus, the computed structure of this
∆HT1 model ofcis-Pt(NH3)2(d(GpG)) is realistic, and such a
conformer should have NMR features similar to those of the
(S,R,R,S)-BipPt(d(GpG)) HT form. Furthermore, we find that
this conformer has one of the lowest energies of thecis-Pt-
(NH3)2(d(GpG)) models (Table 2), suggesting that it could be
part of a dynamic mixture ofcis-Pt(NH3)2(d(GpG)) conformers.

Unlike in theanti,syn∆HT1 form of (S,R,R,S)-BipPt(d(GpG))
or cis-Pt(NH3)2(d(GpG)), the G orientations in theanti,syn
∆HT1 form of (R,S,S,R)-BipPt(d(GpG)) do not allow G O6-
NH hydrogen bonds to form (Figure 6). The unrestrained
anti,syn∆HT1 (R,S,S,R)-BipPt(d(GpG)) model was 1 and 3.3
kcal/mol less stable than the unrestrained HH1 and HH2
(R,S,S,R)-BipPt(d(GpG)) models, respectively. Thus, thisanti,-
syn ∆HT1 (R,S,S,R)-BipPt(d(GpG)) conformer would be ex-
pected to be unfavorable, a conclusion consistent with the
experimental evidence that no HT form has a significant
abundance and only HH forms dominate. We conclude that the
carrier ligand can have a major influence on conformer
distribution in solution.

New Rules for H8 Shifts. The difficulty of assessing the
position of the G bases by either coupling constants or NOE
NMR data led Kozelka and Chottard to conduct a very
enlightening and influential study employing computational
methods to correlate conformational data from published X-ray
and NMR structural investigations.69 This 1992 article offered
rules (K/C rules) for interpreting almost all the existing H8 shift
data ofcis-Pt(NH3)2(d(GpG)) adducts in both single strands and(67) Norman, D.; Abuaf, P.; Hingerty, B. E.; Live, D.; Grunberger, D.;

Broyde, S.; Patel, D. J.Biochemistry1989, 28, 7462-7476.
(68) Qu, Y.; Bloemink, M. J.; Reedijk, J.; Hambley, T. W.; Farrell, N.

J. Am. Chem. Soc.1996, 118, 9307-9313.
(69) Kozelka, J.; Fouchet, M. H.; Chottard, J.-C.Eur. J. Biochem.1992,

205, 895-906.

Figure 6. Schematic representation of the four variants observed as
well as the two variants not observed. The relative position of the O6
of each canted guanine base relative to thecis NH of the Bip carrier
ligand is also illustrated. Note that the (S,R,R,S)-BipPt(d(GpG))∆HT1
conformer has the potential to form two G O6-NH hydrogen bonds.
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duplexes. Furthermore, the rules were later used to interpret
much of such oligonucleotide NMR shift data published
subsequently.43

A full appreciation of the K/C rules requires that the reader
consult the original article. For our discussion, we summarize
relevant points here. A key aspect of the K/C analysis is that
the cis-Pt(NH3)2(d(GpG)) moiety is always the L variant in
single strands, but it changes to the R variant in duplexes (Figure
2). An inductive effect (∼0.4 ppm) causes all H8 signals to
shift downfield relative to an uncoordinated G, giving a shift
of ∼8.5 ppm. This shift is modulated by the phosphate group
on the 5′-G and by the ring current of thecis-G (calculated by
using cis-Pt(NH3)2(guanine)2 as a model). Forcis-Pt(NH3)2-
(d(GpG)) itself (L variant), the uncanted 3′-G base has an∼8.6
ppm H8 shift; this downfield position reflects the ring current
deshielding by thecis-G (∼0.1 ppm). The H8 shift for the canted
5′-G base is∼8.3 ppm; this upfield position is caused by the
ring current shielding (∼0.2 ppm) by the uncantedcis-G. In
the K/C proposal, the 5′-phosphate on the 5′-G of cis-Pt(NH3)2-
(d(pGpG)) (L variant) does not affect the canting but has a
nearly equal∼0.2 ppm downfield shifting effect onboth H8
signals. Forcis-Pt(NH3)2(d(YpGpG), where Y contains at least
one entire residue, the 5′-phosphate (attached to the 5′-G) is
repositioned relative to Pt(NH3)2(d(pGpG)) (Figure 2). The
phosphate now affects mainly the H8 shift of the uncanted
remote 3′-G (downfield H8∼9 ppm). The H8 signal of the
canted 5′-G is now farther upfield (∼8 ppm). Compared to the
typical single-strand species with a 5′ residue, the H8 shift in a
duplex (R variant) is relatively less downfield (∼8.7 ppm) for
the uncanted G (now 5′) and is relatively less upfield (∼8.2
ppm) for the canted G (now 3′).

We adapted these K/C rules to explain our recent NMR data
on HT conformers ofcis-PtA2G2 retro models; in such
complexes, theG bases are not linked, but dynamic motion is
restricted by chiral bulky A2 carrier ligands.36,38,39,43,47The rules
were also useful to us in assessing the canting direction ofG
bases in HH conformers; forcis-PtA2G2 models, such HH
conformers have been found exclusively in retro models.

Despite the apparent wide applicability of the K/C rules, we
have been puzzled for some time concerning the quantitative
interpretation of H8 shifts of the HH form of ourcis-PtA2G2

retro models.36,46,47 The K/C paper itself noted that, whereas
the computations suggested that the L and R variants ofcis-
Pt(NH3)2(d(GpG)) were similar in energy, the rules developed
required that only the L variant dominated. OurBipPt(d(GpG))
complexes having differentBip chirality afford, for the first
time, a closely related pair of HH1 isomers, one with an L and
one with an R variant.Results in Table 1 for these isomers
cannot be understood with the K/C rules.

We believe that the K/C rules fail to account for our new
results both because the K/C analysis ignores the phosphate
group linking the two G’s and because thecis-Pt(NH3)2(d(GpG))
moiety is assumed to be one variant in all cases. We offernew
rules first and then justify these by explaining all existing data.
In our rules, the H8 shifts for G’s lacking a 5′-phosphate group
are 8.7 (uncanted) and 7.8 ppm (canted). These values (which
incorporatecis-G ring current effects) are based on our direct
experimental measurements onBipPt(d(GpG)) conformers that
exist mainly as one variant (Figure 6). Under our new rules,
there is only the normal intraresidue 5′-phosphate effect, which
shifts the H8 signal downfield by∼0.3 to ∼0.4 ppm in the
typical anti G residue; there is no remote interresidue effect.
Consequently, the H8 shifts of G’s bearing a 5′-phosphate group

are 8.1-8.2 ppm and 9.0-9.1 ppm for canted and uncanted
bases, respectively.

We compare the K/C analysis and our analysis first for the
longer single-strandcis-Pt(NH3)2(d(GpG)) adducts, since these
seem to be mainly one variant, HH1 L (Figure 2). To explain
the 3′-G H8 shift, which is typically very downfield (∼9 ppm),
the K/C analysis had to invoke an unusual, very large remote
interresidue 5′-phosphate effect. Furthermore, the 5′-G H8 shift
is typically upfield at∼8.1 ppm; the normal intraresidue 5′-
phosphate effect would have to be very small. However, for
the (S,R,R,S)-BipPt(d(GpG)) HH1 L variant, the 3′-G H8 shift
of 9.1 ppm is also very downfield,but there is no residue 5′ to
the 5′-G in (S,R,R,S)-BipPt(d(GpG)). Thus, the residue 5′ to
thecis-Pt(NH3)2(d(GpG)) cross-link in longer oligonucleotides
doesnot have a through-space shifting effect as proposed in
the K/C analysis. Rather, by our new rules, the characteristic
downfield shift is a result of the lack of canting (normal shift
∼8.7 ppm) and the 0.3-ppm deshielding effect of the phosphate
between the cross-linked G’s. The 5′-G in the HH1 (S,R,R,S)-
BipPt(d(GpG)) conformer is fully canted, with a shift very close
to the value of 7.8 ppm predicted by our rules for a residue
lacking a 5′-phosphate. The H8 shifts of both the 5′-G and the
3′-G are exactly what is expected by our analysis if the longer
oligonucleotides are>90% the HH1 L variant. (The equilibrium
in Figure 2 lies to the left.) Thus, our analysis supports the K/C
analysis in the conclusion that the HH1 L variant is favored for
the cis-Pt(NH3)2(d(GpG)) cross-link in longer single-strand
oligonucleotides. However, we dismiss as unlikely the K/C
proposal that the phosphate on the 5′-G has an unusual position,
allowing the group to affect the 3′-G H8 shift.

Our analysis suggests thatcis-Pt(NH3)2(d(GpG)) is a dynamic
mixture of various forms of comparable populations, in contrast
to the longer adducts, which exist mainly as the HH1 L variant.
Since a phosphate group has an effect on the G H8 shift when
it is in the 5′ position, in a mixture of fluxional d(GpG) species
the 3′-G H8 signal is likely to be downfield, as found in d(GpG)
itself.68 We calculate an average shift for the 3′-G H8 signal of
cis-Pt(NH3)2(d(GpG)) as 8.55-8.65 ppm [8.1-8.2 and 9.0-
9.1, divided by 2] vs 8.57 ppm reported by K/C. For the H8
signal of the 5′-G (no 5′-phosphate), the average is 8.25 ppm
vs the experimental value reported (8.27 ppm). This 5′-phosphate
effect can account completely for the difference between the
H8 shifts ofcis-Pt(NH3)2(d(GpG)). There is no need to invoke
preferential canting of the 5′-G; its H8 signal is somewhat
upfield because the 5′-G lacks a 5′-phosphate group. Put simply,
canceling effects from dynamic mixture and the d(GpG)
phosphate were both ignored in the K/C analysis ofcis-Pt(NH3)2-
(d(GpG)).

The structure ofcis-Pt(NH3)2(d(pGpG)) has an equal popula-
tion of HH1 R and HH1 L variants.70 We believe that a mixture
of variants also exists in solution. However, the K/C rules
require that the HH1 L variant (5′-G canted) dominate. When
HH1 conformational space was searched computationally in the
K/C study, the 5′ terminal phosphate group was found to be
positioned such that it could have an equal∼0.2 ppm downfield
shifting effect on both H8 signals, accounting for the differences
in shift of cis-Pt(NH3)2(d(pGpG)) relative to that ofcis-Pt(NH3)2-
(d(GpG)). However, our new rules indicate that the effect of
the 5′-phosphate group is twofold: this group has a downfield
shifting effect only on the 5′-G H8 signal and at the same time
increases the population of the HH1 L variant (with a canted

(70) Sherman, S. E.; Gibson, D.; Wang, A. H. J.; Lippard, S. J.J. Am.
Chem. Soc.1988, 110, 7368-7381.

(71) Saenger, W.Principles of Nucleic Acid Structure; Springer-
Verlag: New York, 1984; pp 1-556.
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5′-G, Figure 2). Thus, compared tocis-Pt(NH3)2(d(GpG)), the
normal 5′-phosphate downfield shift effect on the 5′-G H8 shift
is somewhat counteracted by an upfield shift due to the net
increase in 5′-G canting, whereas the 3′-G H8 signal shifts
downfield because the 3′-G base is in the less canted position
more frequently. In summary, along the seriescis-Pt(NH3)2-
(d(GpG)) to cis-Pt(NH3)2(d(pGpG)) to longer adducts, the
percentage of the time that the base is canted increases for the
5′-G and decreases for the 3′-G. This new interpretation differs
from that proposed in the K/C analysis.

H8 Shifts for Non-HH1 Conformers. For theanti,syn∆HT1
(S,R,R,S)-BipPt(d(GpG)) conformer, the fully canted 5′-G
(Figures 5 and 6) has an H8 shift (7.77 ppm) very close to the
value of 7.8 ppm predicted by our rules based on HH1
conformers. The 3′-G is also canted. Furthermore, this residue
has asynconformation, diminishing the intraresidue phosphate
effect so that the shift is similar to that of a canted G lacking
a 5′-phosphate. The very unusual HH2 (R,S,S,R)-BipPt(d(GpG))
form deserves special mention. The canted bases (5′-G in HH1
and 3′-G in HH2) and uncanted bases (3′-G in HH1 and 5′-G
in HH2) might be expected to have different shifts due to the
phosphate effect. However, the H8 shifts of the canted bases
are similar, as are the H8 shifts of the uncanted bases. Models
show that, because the chain propagation direction in HH2 is
opposite to normal, the phosphate is relatively closer to the 5′-G
and farther from the 3′-G in the HH2 form than in the HH1
form. Thus, our new H8 shift analysis applies even to non-
HH1 forms; these shiftscannotbe explained with the previously
accepted K/C rules.

Summary and Implications. Unique and unexpected results
have arisen from our study of the reaction of the chiral
enantiomers of [BipPt(H2O)2]2+ with d(GpG). We report here
the first unambiguously identified HT atropisomer of a d(GpG)
adduct with a single Pt. We believe that our studies ofBipPt-
(d(GpG)) retro models have changed the landscape with regard
to the underlying principles that have guided the interpretation
of solution studies of guanine N7-Pt-N7 adducts, including
cis-Pt(NH3)2 adducts. Previously well-accepted interpretations
of solution results do not apply toBipPt(d(GpG)) adducts. This
finding led us to develop new interpretations of published data
on cis-Pt(NH3)2(d(GpG)), oncis-Pt(NH3)2(d(pGpG)), and on
longer oligonucleotides with acis-Pt(NH3)2(d(GpG)) cross-link.
Ironically, our new analysis, based on solution results with
adducts containing specially designed carrier ligands, allows us
to rationalize computational, solution-state, and solid-state results
on cis-Pt(NH3)2(d(GpG)) adducts in a more consistent manner
than do previous interpretations based on thecis-Pt(NH3)2

adducts themselves. This success verifies the value of the retro-
modeling approach.

Our study has a number of implications. The most obvious
implication is thatcis-Pt(NH3)2(d(GpG)) is not only the HH1
L variant, as previously thought, but a mixture of forms. Also,
the NMR shift analysis must also apply to duplex adducts. The
cis-Pt(NH3)2(d(GpG)) moiety is an R variant in duplexes; thus,
the shift of the 3′-G H8 signal of∼8.2 ppm is characteristic of
a canted G affected by the d(GpG) phosphate. We believe that
the structure of the cross-link within a duplex is most probably
very close to that of the HH1 R variant reported forcis-Pt-
(NH3)2(d(pGpG)) since this structure correctly positions the

d(GpG) phosphate group so as to affect the 3′-G H8 shift.70

The H8 shift (8.7 ppm) of the 5′-G in duplexes is remarkably
invariant and is similar to the shift of an uncanted G lacking a
5′-phosphate group.43 Our analysis indicates that this G is not
canted.

The most important implication of our work is that lesions
in DNA duplexes produced by less active Pt drug candidates
with some carrier ligands may have high equilibrium percentages
of HT or other conformers that differ from the HH1 R variant
favored bycis-Pt(NH3)2. Such lesions, which could also be
kinetic products, may be more subject to repair thancis-Pt-
(NH3)2 lesions. In most cases, not enough information is
available to assess why a particular drug candidate was not as
effective ascis-Pt(NH3)2Cl2. There is also usually no information
to allow one to assess the conformation of adducts. However,
our results shed some interesting light on one reported3 drug
candidate,bmicPtCl2, which has moderate activity against P388
in a mouse model [bmic ) (bis(N-methylimidazol-2-yl)-
carbinol)]. Thebmic carrier ligand lacks NH groups; lack of
NH groups is a hallmark of low anticancer activity. Because
thebmic carrier ligand is notC2 symmetrical,bmicPt(d(GpG))
can havetwo HH1 conformers; however, the authors of that
study observedfiVe distinct species by NMR spectroscopy. At
the time thebmic paper was published in 1996, we had not
reported our discoveries of the unprecedented HH2 and HT
conformers. Thus, the authors utilized the prevailing concepts
in the field and concluded that the fivebmicPt(d(GpG)) forms
were all differently canted variants of one of the two HH1
conformers. We believe the barrier to wagging is too low for
this to be the explanation, since the canted variants should
interchange too rapidly to be distinguished by the NMR methods
employed. Two of the five species had upfield31P NMR signals;
we believe that these two have an HT conformation. The other
three forms have shifts indicative of HH conformers, and we
suspect that one has the HH2 conformation.

On the basis of our results on theBipPt(d(GpG)) adducts
and our reinterpretation of results on other N7-Pt-N7 d(GpG)
cross-link adducts in the literature, it is now reasonable to
advance the following new interrelated carrier ligand hypoth-
eses: “The lower activity of cisplatin analogues is a consequence
of non-HH1 conformers of N7-Pt-N7 d(GpG) cross-link DNA
adducts. Non-HH1 conformers are more subject to repair than
HH1 conformers. Non-HH1 conformers exist in dynamic
equilibrium and at higher populations in adducts formed by
analogues than in those formed bycis-Pt(NH3)2Cl2. The presence
of NH groups on carrier ligands favors the HH1 conformer.”
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