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Rapid atropisomerization of cisplatin—DNA cross-link models, cis-PtA,G, (A, = two amines or a diamine, G =
guanine derivative, bold font indicating a guanine not linked to another guanine), makes their NMR spectra
uninformative. The conformers [two head-to-tail (AHT and AHT) conformers, one head-to-head (HH) conformer]
are detected in (CCC)PtG; retro models (CCC = chirality-controlling chelates designed to reduce rotation around
the G N7 to Pt bond by destabilizing the transition state). Clear trends are found with four CCC ligands, 2,2'-
bipiperidine (Bip) and N,N’'-dimethyl-2,3-diaminobutane (each with S,R,R,S and R,S,S,R configurations at the chelate
ring N, C, C, and N atoms, respectively). S,R,R,S ligands favor left-handed G base canting and the AHT form;
R,S,S,R ligands favor right-handed canting and the AHT form. The HH conformer is normally negligible unless
G = 5'-GMP. However, understanding this 5'-phosphate effect is complicated by possible interligand interactions
of the 5'-phosphate with the N1H of the cis-5'-GMP and a CCC NH; these interactions are referred to as second-
sphere (SSC) and first-to-second-sphere (FSC) communication, respectively. We now investigate the four (CCC)-
PtG, models with 1-Me-5'-GMP, a G lacking the N1H needed for SSC. The phosphate location makes FSC possible
in the major but not the minor HT form. The major form should increase from pH 3 to pH 7 because the phosphate
is deprotonated at pH 7. However, the major AHT form for the R,S,S,R pair did not change in abundance, and the
major AHT form for the S,R,R,S pair actually decreased. Thus, FSC is weak. At pH ~ 7 the HH conformer of the
S,R,R,S pair had an abundance (40—44%) higher than that in any reported cis-PtA,G, adduct. FSC involving one
1-Me-5"-GMP could play a role. The high HH abundance and use of a pH jump experiment with (S,R,R,S)-BipPt-
(1-Me-5'-GMP), allowed us to obtain the first deconvoluted CD spectrum for a cis-PtA,G, HH conformer. The CD
features for the HH conformer are much weaker than for the HT conformers. Our findings are best interpreted to
indicate that FSC is not important in aqueous solution, especially for the HT form. Weak FSC is consistent with
recent models of the cross-link in duplexes. In contrast, crystals of fluxional models often reveal FSC, but not the
more important SSC. SSC was unrecognized until our retro model studies, and the new results reinforce the value
of studying retro models for identifying interactions in solution.

Introduction

Cisplatin €is-Pt(NHs).Cl,) is widely used against a variety
of tumors; however, analogues of the types-PtX;A,
[X2 = anionic leaving ligand(s), A= one diamine or two
amine carrier ligands] are generally less activicis-PtX,A,
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compounds target primarily the DNA and bind to the N7
atom of G residues (Figure 1). The most abundant adduct, a
1,2-intrastrand cross-link between adjacent G residues, is
thought to be responsible for the anticancer acti¥ify.
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Figure 1. Guanine (left) and 1-methylguanine (right) derivatives (the arrow
and its head represent the base and the H8 atom, respectively).

Hydrogen bonding between bound G ligands and the

tions. NMR spectroscopy has been used extensively to
characterize small synthetic models both with two unlinked
residues and with oligonucleotidegVe have noted, however,
that interpretation of the NMR spectra is complicated by the
“dynamic motion problem?®:5-17 Briefly, when all nuclei

of a given species are unique, multiple conformations in fast
exchange on the NMR time scale cannot be distinguished
from one dominant conformation. One set of resonances is
expected for either case, but nuclear Overhauser effect (NOE)
cross-peak intensities will be biased toward the conformer
with the shortest distance between nuclei. CD spectroscopy
does not suffer from dynamic effects, but no CD signatures
associated definitively with a particular conformation and
useful for determining conformation had been known until

ammines of cisplatin has been an important component of recently (see below).

hypotheses concerning the mode of stabilization of distorted
DNA induced by drug binding and formation of the intra-
strand lesiorf:” 12 However, examination of an X-ray/NMR-
derived model of a duplex 9-oligonfeand an X-ray structure

of an HMG-bound 16-oligoméef both containing the

intrastrand cisplatin lesion, suggests that such hydrogen-

bonding interactions involving the PNH; groups are at best
weak for the 5phosphate of the'85 in the cross-link and
are absent for G O6. Furthermore, if the ammines are
replaced by A carrier ligands having $gN atoms bearing

two or more alkyl groups, the duplex structures suggest that

clashes will result. We hypothesiZédthat “The very small
size of the NH group, not its hydrogen-bonding ability, is
responsible for the good activity exhibited by Pt compounds
with amine carrier ligands bearing multiple NH groups.”
There is a degree of uncertainty in defining the structure

cis-Pt(NHs).(d(GpG)), a model of the major adduct formed
by cisplatin, has been studied by NMR?® and CD
spectroscopy? Earlier studies implied that faris-Pt(NHs)2-
(d(GpG)) one conformer is present almost exclusiveny.
Partly on the basis of the results fois-PtA,G, complexes
(G = N9-substituted guanine derivative, bold font indicating
a guanine not linked to another guanine), we recently
postulated that the simplesis-PtAx(GpG) andcis-PtA,-
(dGpG) adducts are highly dynamic mixtures of head-to-
head (HH) and head-to-tail (HT) conformérs?

For cis-PtA,G, models, in contrast to oligonucleotide
models, an HT form normally dominates, and the less
frequently observed HH form is usually a minor foth#3-2°
cis-PtA,G; adducts have two HT atropisomers, designated
A and A (Figure 2), distinguishable by NMR spectroscopy
only when the amine ligand(s) or ti@ ligands contain a

of duplexes bearing Pt drug lesions, and controversy existschiral elementcis-Pt(NH),G, adducts withG ligands having

as to the details of the structl¥&For this reason and because

one might gain better insight into the causes of the distortions
and interactions in duplexes by examining small models,
many investigators have been drawn to the study of small

nonduplex models by both crystallography and spectroscopy.

Unfortunately, various problems are encountered with small
models also. Crystals of very small molecules usually contain
little or no water. In the solid state, H-bonding interactions

not present in solution may occur. Also, the charged

chiral sugars could exhibit up to four sets of resonances, one
for eachC,-symmetric HT conformer and two for the HH
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whereas the electrostatic attraction normally will be less in
water. Thus, crystallography may provide misleading or
incomplete information about interactions in aqueous solu-
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N N N N N N cannot participate in & O6 hydrogen bond, originating the
Pt = Pt —_— t hypothesis that carrier ligand H-bonding is not important.
IF %1 H/ \U Ik”\ﬂ For cis-PtA;G-type adducts, the dominance of HT
H AHT

AHT H conformers over the HH form can be attributed to the better
Figure 2. Shorthand representation AHT, AHT, and HH conformations dipole (base}dipole (base) alignment and the lower base
with the carrier ligand to the rear. Arrows represent Gdases withG base steric clashes of the HT orientation vs HH orientation
H8 near the tip ands O6 near the blunt end. L. . '
In addition, the favored HT form inQCC)PtG, retro models

(SRR (R,.S,S,A) with G = 5'-GMP can possibly be stabilized by phosphate
carrier ligand NH hydrogen bonding; we call this “first-to-
HyC N/H H\NW/CHS second-sphere communication” (FSC). We found that the
o >Pt< “CHy  Hc” \p<\H G N1H is a key feature stabilizing the favored HT conformer
-~ by participating in hydrogen bonding to the phosphate group
Me,DABP! Me,DABP! of thecis-G; we call such interligand phosphateis-G N1H
interactions “second-sphere communication” (S8Qhese
N | ( N findings and the fact that the group most likely to participate
1 ~~pi” \pt/ﬂ, in H-bonding in the HH DNA adduct is the'‘phosphate
H N /_ ™~ groug®13reveal the need to assess FSC, particularly in HH

BipPt BipPt forms of models.
Characterization of the spectral and structural features of
o’.\pt/‘o Q\.\Pt/.\o the HH conformer is difficult because of its low abundance.
e \ / ~ The nucleotide 1-Me-5GMP (Figure 1) has no N1 proton;
Figure 3. Sketches of th8ipPt andMe,DABPt moieties with th6&§R,R,S hence, SSC cannot favor an HT fOFﬁ{?'-?VSLSZMeprZPt(l-
ch?ralitieé on the left and thB, SSR chir;Iities on the right. Nitrogen atoms Me-5-GMP), (Mezppz = N,N’-dlmethylplperazme) was 34%
are heavily shaded, while hydrogen atoms are lightly shaded. HH conformer, a large amounkle,ppz is not chiral and
lacks NH groups334 The absence of NH groups in the
conformer; however, these give only one set of NMR Meyppz ligand eliminates the possibility of hydrogen-
resonance®* This result has long been attributed to the bonding interactions with th& 06 atom/phosphate group.
existence of several conformers in fast chemical exchéhge. However, there is no way to assess FSC in the 1-Me-5
This hypothesis is strongly supported by observations that GMP adduct. Therefore, we have investigated the four
bulky amine ligands can slow rotation of th@ bases (SRR,9- and RSSR)-(CCC)Pt(1-Me-3-GMP), adducts.
sufficiently to allow detection of different rotamers by NMR  Our investigation provides clear assessments of the role of
spectroscopy® 25 FSC. We found high amounts of the HH form, making it

Because complications exist for both linked and unlinked possible to learn more about this important form than in
models, we have been developing methods to define spectraprevious studies. For example, by applying a pH jump cycle,
parameters (e.g., NMR shifts, CD signal shape) that allow we were able to define better the CD spectral characteristics
us to assess the nature of the conformers in solution. Weof the HH conformer.
have been constructing analogues of cisplatin with carrier
ligands designed to reduce the dynamic motion by destabiliz-
ing the transition state for PIN7 rotation but having bulk Materials. Syntheses of compounds of the forBRR,S-
in or near the coordination plane, thereby allowing the MeDABPt(SQ)(H:0), (RSSR)-Me,DABPt(SQ)(H:0), SRRS-
coexistence of multiple conformers. We have introduced the BipPt(NGs)2, and RSSR)-BipPt(NG;), have been described
term “retro modelings to emphasize that the models we elsewheré*26 1-Me-3-GMP was prepared as described previ-
are constructing are more complicated than cisplatin. ously=*

S . . Methods. A typical preparation involved treatment o2 equiv
We have been utilizing primarily two related retro-model ¢} \ie.5.aMP with 1 equiv (10 mM) of Me,DABPH(SQ)-

carrie'r Iigands.M.ezDAB (N,Nf-dimethyl—2,3—diaminobutane) (H,0) or BipPt(NOy), in D,O (0.6 mL) at pH~ 3 and 5°C.
andBip (2,2-bipiperidine) (Figure 3)>?*2’ TheMe,DABPt Reactions were monitored B4 NMR spectroscopy until either
andBipPt moieties hav§R R SandRSSR G-symmetric no free 1-Me-5GMP H8 signal or no change in the H8 signal
enantiomeric configurations, where the chiral centers point intensity was observed. Standard DN&nhd NaOD solutions (in
tothe N, C, C, and N chelate ring atoms, respectively (Figure D;0) were used for adjusting the pH (uncorrected) of the samples
3). Because the other substituents on the N control the posi-directly in the NMR tubes when necessary.
tioning of the NH groups and the chirality of the dominant 1D *H NMR spectra, obtained on a GE GN-Omega 600 or Unity
HT conformers, we call these ligands chirality-controlling 600 spectrometer, were referenced to the residual HOD peak. In a
chelate CCC) ligands. The major conformer folCCC)- - ) - -

. . . . (31) Wong, H. C.; Shinozuka, K.; Natile, G.; Marzilli, L. Ghorg. Chim.
PtG, adducts is the HT form having the carrier ligand NH Acta 200Q 297, 36-46.

located on the opposite side of teO6. The favored form  (32) Saad, J. S;; Scarcia, T.; Natile, G.; Marzilli, L. G., submitted.

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

(30) Dijt, F. J.; Canters, G. W.; den Hartog, J. H. J.; Marcelis, A. T. M.; (34) Sullivan, S. T.; Ciccarese, A.; Fanizzi, F. P.; Marzilli, L. Borg.
Reedijk, J.J. Am. Chem. S0d.984 106, 3644-3647. Chem.2001, 40, 455-462.
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Table 1. Atropisomer Percentages and H8 Chemical Shifts (ppmEC&@)PiG, Complexes at 3C and Different pH Values

complex pH %AHT (ppm) %AHT (ppm) % HH (ppm)
(SRR 9-Me,DABPt(1-Me-3-GMP), 3.6 69 (8.53) 6 (8.20) 25(8.01, 8.94)
7.6 54 (8.63) 6 (8.24) 40 (8.03, 9.15)
(RSSR)-Me,DABPt(1-Me-3-GMP), 3.3 6 (8.25) 69 (8.82) 25 (8.10, 8.94)
7.3 2(8.43) 71(9.12) 27 (8.20, 9.24)
(SRR 9-BipPt(1-Me-3-GMP), 3.3 62 (8.51) 9 (8.26) 29 (8.09, 8.94)
7.3 48 (8.55) 8 (8.27) 44 (8.13, 9.10)
(RSSR)-BipPt(1-Me-3-GMP), 3.4 6(8.24) 67 (8.74) 27 (8.11, 8.90)
7.4 5(8.41) 66 (8.90) 29(8.19,9.12)
(SRR.S)-MezDABPt(53-GMP), 3.2 82 (8.54) 6 (8.28) 12 (8.01, 8.95)
7.1 96 (8.60) 1(8.28) 3(8.05, 9.19)
(RSSR)-Me,DABPt(3-GMP),2 3.1 7 (8.27) 73 (8.73) 20 (8.09, 8.95)
7.3 14 (8.37) 71 (8.88) 15 (8.14, 9.22)
(SRR.S)-BipPt(3-GMP), 3.0 83 (8.50) 6 (8.23) 11 (7.91, 9.01)
7.0 95 (8.53) 2(8.33) 3(8.06, 9.16)
(RSSR)-BipPt(8-GMP),° 3.0 9 (8.24) 73 (8.62) 18 (8.07, 8.90)
7.0 16 (8.37) 68 (8.73) 16 (8.16, 9.16)

aReference 322 Reference 15.

typical experiment, a selective presaturation pulse (30 dB) was HH, AHT, andAHT conformers, respectively, andy, andz are
applied fa 2 s to theresidual HOD resonance. The FID was the deconvoluted intensity values of the HAHT, and AHT
accumulated for 64 transients in blocks containing 16K data points. conformers, respectively. Because the distribution of AtdT
Before Fourier transformation, the FIDs were baseline corrected conformer changed only slightly {12%), and because theHT

for dc offset before an exponential multiplication apodization and AHT conformers have roughly opposite CD features, we set
function with a 0.2 Hz line broadening was applied. NMR spectra z = —y.

were recorded at increments ©0.3—0.5 pH unit. The percent of Molecular Modeling. MMD calculations were carried out on
a conformer determined by integration is assumed to be accuratethe 1-Me-5-GMP complexes with all phosphate groups monopro-
within 2%. tonated to mimic low pH conditions as described elsewPere.

The 2D phase-sensitive NOESY spectra were performed at
5 °C with 64 scans pet; increment, a 512 2048 matrix, and a Results

500 ms mixing time. Each block of data was preceded by four N .
dummy scans, and a spectral width of 6250 Hz was applied. A The 'H NMR H8 shifts of CCC)Pt(1-Me-3-GMP),

presaturation pulse of42 s and a 10 ms delay were typically used adducts have patterns very similar to those reported for the
for each acquisition. Data were processed using Felix 97.0 (MSI) (CCC)Pt(8-GMPY), adducts (Table 1):?732A brief review

on a Silicon Graphics INDY workstation. An exponential apodiza- Of the reported interpretation of shifts, which relied on solid-
tion function with a line broadening of 1 Hz ia and zero-filling state and solution structural results, is useful before we
with 2K points for both dimensions were used before the Fourier describe the @CC)Pt(1-Me-3-GMP), results.

transformation was applied. ' In the solid state, extensive structural data are available

diuing aluots from the NMIR samples. Specra were oleaied O 18 YPICAICIS PIASG, complexes? 7 The HT forms

(A = 200-400 nm) on a JASCO 600 spéctropolarimeter at room observ.ed cluster into two groups differing in the dlr'ectlon
gf the tilt (or cant);#2444%41.e., the bases can have either a

temperature. Four scans recorded in succession were averaged t . o C
improve the signal/noise ratio. left-handed (L) or a right-handed (R) tilt, illustrated in Figure

pH Jump. This experiment was designed to determine the CD 4- The bases also can have a low or a high degree of canting.
spectrum of conformers of retro models with very slow rates of —
atropisomerizatiof® First, the lH NMR and CD spectra of (35) Yao, S.; Plastaras, J. P.; Marzilli, L. Borg. Chem1994 33, 6061~

. 6077.
(SRR.9-BipPt(1-Me-3-GMP), were recorded at pH 3. The pH (36) Cramer, R. E.; Dahlstrom, P. L.; Seu, M. J. T.; Norton, T.; Kashiwagi,

was then raised te-7, and the'H NMR and CD spectra were M. Inorg. Chem.198Q 19, 148-154.
acquired immediately. Spectra were then recorded at-pHafter (37) Marzilli, L. G.; Chalilpoyil, P.; Chiang, C. C.; Kistenmacher, TJJ.
6 h and 2 days. Next, the pH was dropped®, and thetH NMR Am. Chem. Sod98Q 102 2480-2482.

. . . . (38) Kistenmacher, T. J.; Chiang, C. C.; Chalilpoyil, P.; Marzilli, L. 3.
and CD spectra were acquired immediately. Finally, these spectra”™ * am. chem. Sod979 101, 1143-1148.

were recorded at pH 3 after 2 days. This experiment allowed us (39) Barnham, K. J.; Bauer, C. J.; Djuran, M. |.; Mazid, M. A;; Rau, T.;

t nvolute th D tra for the HH and HT conformers. Sadler, P. Jlnorg. Chem.1995 34, 2826-2832.

ohdeco ?u € | e. c fSpeC haf or the a d conformers (40) Lippert, B.; Raudaschl, G.; Lock, C. J. L.; Pilon,IRorg. Chim. Acta
The actual population of each form cﬁiR,R,S)-Blth(l-Me-B- 1984 93, 43-50.

GMP), was determined by integrating the H8 and NMR signals. (41) Schitlhorn, H.; Raudaschl-Sieber, G.; Mer, G.; Thewalt, U.; Lippert,

For each wavelength, the CD spectra at a given pH are described _ B. J. Am. Chem. S0d.985 107, 5932-5937. . _
(42) Grabner, S.; Plavec, J.; Bukovec, N.; Di Leo, D.; Cini, R.; Natile, G.

by J. Chem. Soc., Dalton Tran%998 9, 1447-1451.
(43) Orbell, J. D.; Taylor, M. R.; Birch, S. L.; Lawton, S. E.; Vilkins, L.
Ax+By+Cz=Q M.; Keefe, L. J.Inorg. Chim. Acta1988 152, 125-134.
, , _ (44) Cini, R.; Grabner, S.; Bukovec, N.; Cerasino, L.; Natile,Esr. J.
Ax+By+Cz=R Inorg. Chem.200Q 7, 1601-1607.
A'X+B'y+C'z=S (45) Sindellari, L.; Schithorn, H.; Thewalt, U.; Raudaschl-Sieber, G.;

Lippert, B. Inorg. Chim. Actal99Q 168 27—32.

. . . 46) Sinur, A.; Grabner, SActa Crystallogr., Sect. @995 51, 1769-72.
whereQ, R, andS are the observed intensity values at times 0, 6 5473 Kozelka, J.: Fouchet, M__H.?Chottgrd, JEur. JlaBiOChemlggz

h, and 2 days, respectivelp, B, andC are the fractions of the 205, 895-906.
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((S.RRS)<(CCOPG, )

.
[

AHT R (minor)

AHT R (major)

((RS.SR-CCOPG, )

Figure 4. Sketches of the HT and HH rotamers &R,R,S)- and R SSR)-(CCC)P1G, with left-handed and right-handed cant, respectively, using arrows

to represent N7-boun@ bases as shown in Figure 1. Thk;,DAB andBip ligands are shown more completely in Figure 3, but for clarity we show here

only some components shared in common. (Nitrogen atoms are heavily shaded, while hydrogen atoms are lightly shaded.) Because base canting is now well
supported by the data, we attempt to depict it fairly accurately. Sugar and phosphate groups are shown as curved lines and circled P’s, rdspectively. T
drawing indicates that the phosphate is directed towarctih& in the AHT form and toward the carrier ligand in th®HT form. However, because
considerable flexibility exists in these groups, the position is not easily defined. All distances that potentially could lead to a hydrogeniriindtede

by a dotted line. However, the evidence provides support for SSC only iAKiE forms.

For dynamiccis-PtA,G, models wher& = nucleosides and
nucleotides, theAHT forms were observed exclusively in
the solid staté®3°48all of the AHT forms had right-handed-
canted bases. A high canting degree allomBdO6—NH
hydrogen bonding has been found only when@hderivative
is not a 3-nucleotide or when the base is in an oligonucleo-
tide20-4244-46:49.50in solid-state structures of hucleotide
complexes, the direction of canting is unfavorableGoD6—
NH H-bonding, which is absent or we&Ré394648\e now
have extensive evidenaesolutionthat bases in retro models
cant and that the tilt direction and degree of tilt can be high
or low, even forG = nucleosides and nucleotides, in some
caseg>2627.3234 Also, we found that theCCC ligand
chirality determines the cant directidéh?’ the RSSR
chirality favors R canting, and th8 R,R,S chirality favors
L canting*>?732This influence of theCCC ligand on canting
has been found for afb derivatives and also for dinucleo-
tides}5—17,26,27,51

For (CCC)PtG, adducts'?>?42627.32the H8 signal of the
major HT form is downfield from the H8 signal of the minor
HT form. When theCCC ligand has theSR,R,S configu-
ration, theAHT conformer is the major form and theHT
conformer is the minor form. When tl&CC ligand has the

(48) Gellert, R. W.; Bau, RJ. Am. Chem. Sod.975 97, 7379-7380.

(49) Orbell, J. D.; Wilkoski, K.; De Castro, B.; Marzilli, L. G.; Kisten-
macher, T. Jlnorg. Chem.1982 21, 813-821.

(50) Admiraal, G.; van der Veer, J. L.; de Graaff, R. A. G.; den Hartog, J.
H. J.; Reedijk, JJ. Am. Chem. S0d.987, 109, 592-594.

(51) Ano, S. O.; Intini, F. P.; Natile, G.; Marzilli, L. GI. Am. Chem. Soc.
1998 120, 1201712022.
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enantiomeridR, SSR configuration, the preferred HT con-
former is reversed; thAHT conformer is the major form
and theAHT conformer is the minor form. In the dominant
HT form, G O6—(NH)CCC hydrogen bonding is not
possible becaus& 06 is on the wrong side of the
coordination plane from the ligand NH group (Figure 4). In
the minor HT conformerG O6 lies on the NH side of the
carrier ligand, potentially allowing participation in hydrogen
bonding (Figure 4). The 1-Me-8&5MP complexes studied
here fit this pattern.

The H8 shift is influenced by the positioning of the H8
atom with respect to the shielding cone of itieG. This
position is a consequence of two factors: the direction and
the degree of cant (tilt). The tilting of the two equivalent
bases in the direction, moving each H8 toward theG,
will lead to greater H8 shielding and hence an upfield H8
signal relative to the average H8 signal. This direction of
canting occurs for the minor HT forma\HT L and AHT
R) (Figure 4). The interaction of th& H8 with the cis-G
has a small steric effect and is associated with a rather high
degree of tilting in X-ray dat& For minor HT forms, the
CCC ligand should not impede base tilting because Ghe
06 is closer to the small NH side of the carrier ligand (Figure
4). In contrast, the tilting of the base, moving its H8 away
from the cis-G, will lead to less H8 shielding or maybe
deshielding’ and hence a more downfield H8 signal; this
occurs for the major HT formsAHT L and AHT R). This
direction of tilt places the larger six-membered rings of the
two cis-G bases closer together than in the minor HT forms
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(Figure 4) and is associated with a lower degree of canting
in X-ray data®

The equivalent bases in each HT form have H8 signals at
shifts intermediate to those of the nonequivalent bases of
the (CCC)PtG, HH form. The G base of the CCC)P1G,

HH form with O6 closest to the NH has the H8 atom
positioned toward theis-G and has a relatively upfield H8
signal, and the base with O6 closest to the NOHNCH,
group has a downfield H8 sign&#?2+26.27.32Thjs latter base

is less canted, and its H8 probably is further away from the
otherG. The H8 signal (labeled Hbl of the more cante

is the most upfield of the foulGCC)PtG, H8 signals because
this H8 is closest to the shielding region of tbis-G. The

H8 signal (labeled HE) of the less canted base has the most
downfield shift; this H8 is farthest from thes-G shielding
region and may be in the deshielding region.

Shifts of the H1 and N1-CH; *H NMR signals of the
1-Me-5-GMP ligand also provide probes of the structural
features. The Hisignal, while less dispersed than the H8
signal, follows the same trend. The NCH; group is on
the opposite end of the base (schematically, on the tail of
the arrow) from H8 (head of the arrow) (Figure 2). Canting
places either the NACH3 group or the H8 of a given base
close to the shielding cone of tieées-G. The N1-CHjs signal
follows the trend opposite that of the H8 signal. For clarity,
the N1-CH; NMR signals are labeled as HKkcanted HH
base, H8 upfield, N*CH; downfield) and HH (not so
canted base, H8 downfield, NICH; upfield). An analogous
interpretation of the consequence of this head/tail relationship
on the ™™ NMR signals of protons on different rings of
lopsided ligands has been offered for ruthenium(ll) and
rhenium(V) trimethylbenzimidazole complex®&s®® This
explanation can also be applied to Ru(ll) complexes with
other ligand¥%° and P+IMP adducts?

Characterization of Complexes. §R,R,S)-Me,DABPt-
(1-Me-5-GMP),. At 5 °C, the four H8 signals, assigned with
the NOESY spectrum at pH 7, had pH-dependent shifts
(Figure 5 and Table 1). When the pH was raised frof
to ~7, the HH, and AHT H8 signals shifted downfield
(Figure 5 and Table 1), while the HEndAHT H8 signals
shifted very slightly downfield. The HH conformer increased
in abundance significantly to 40% (Table 1), an unexpected
result for acis-PtAG, adduct, an adduct type that for decades
has been thought to favor the HT conformation almost
exclusively36-39.6061 Because the N1 proton of -&MP is

(52) Marzilli, L. G.; lwamoto, M.; Alessio, E.; Hansen, L.; Calligaris, M.
J. Am. Chem. S0d.994 116, 815-816.

(53) Alessio, E.; Calligaris, M.; Iwamoto, M.; Marzilli, L. Gnorg. Chem.
1996 35, 2538-2545.

(54) Alessio, E.; Hansen, L.; lwamoto, M.; Marzilli, L. @. Am. Chem.
Soc.1996 118 7593-7600.

(55) Marzilli, L. G.; Marzilli, P. A.; Alessio, EPure Appl. Chem1998
70, 961-968.

(56) Alessio, E.; Zangrando, E.; lengo, E.; Macchi, M.; Marzilli, P. A;;
Marzilli, L. G. Inorg. Chem.200Q 39, 294—303.

(57) lwamoto, M.; Alessio, E.; Marzilli, L. Glnorg. Chem.1996 35,
2384-2389.

(58) Alessio, E.; Zangrando, E.; Roppa, R.; Marzilli, L. I@org. Chem.
1998 37, 2458-2463.

(59) Velders, A. H.; Hotze, A. C. G.; van Albada, G. A.; Haasnoot, J. G.;
Reedijk, J.Inorg. Chem.200Q 39, 4073-4080.
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Figure 5. H8 'H NMR signals of §R,R,S)-Me,DABPt(1-Me-3-GMP),
at different pH values and &C. Asterisk: H8 signal of free 1-Me-85sMP
added at pH 7.6 to ensure complete reaction before the 2D NMR experiment.
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Figure 6. H8 region of the NOESY/EXSY NMR spectrum ddR,R,S)-
Me,DABPt(1-Me-3-GMP), at 5°C and pH 7.6.

replaced with a methyl group in 1-Mé-&MP, no further
changes were observed, as expected after the phosphate
groups were fully deprotonated (above pH 7.5, Supporting
Information).

The H8-H8 exchange cross-peaks in the NOESY/EXSY
spectrum at pH~ 7 (Figure 6) indicate interconversion
among the three conformers on the NMR time scale, as
observed for$,R,R,BMe,DABPt(3-GMP),.>’ The H8-H1'

NOE cross-peak for th\HT form has undetectably low
intensity (Figure 7). The ratio of the H8H1' NOE cross-
peak volumes of the HH conformer (HHH1'/HH4 H1') is

3.8. This is a novel spectral feature because the ratio should
be close to unity if both 1-Me*8GMP ligands have similar
structural features. The 3.8 volume ratio (Table 2) indicates
that the time-averaged H8H1' distance in the 1-Me*8GMP

with the canted base (Hs$ignal) is smaller than in the 1-Me-
5'-GMP with the uncanted base; thus, the residue with the
canted base appears to have an unusually high amount of
the syn conformationté

(SR,R,9)-BipPt(1-Me-5'-GMP),. Without the rapid
atropisomer interconversion of thide,DAB analogue, the
four H8 NMR signals of §R R,S)-BipPt(1-Me-3-GMP), at
5°C are sharp (Figure 8). When the pH was raised fre®n
to ~7, changes in the intensities and shifts of the H8 signals
occurred. A large downfield shift for the Hisignal (Figure
8 and Table 1), a lesser downfield shift for theHT H8

(60) Cramer, R.; Dahlstrom, Pnorg. Chem.1985 24, 3420-3424.
(61) Isab, A.; Marzilli, L. G.Inorg. Chem.1998 37, 6558-6559.
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Figure 7. H8—H1' region of the NOESY NMR spectrum o§RR,9)-
Me,DABPt(1-Me-3-GMP), at 5°C and pH 7.6. Thé\HT H8—H1' cross-
peak is very small and thus does not appear at this contour level. The
unlabeled peaks are transfer NOE cross-pé&aks.
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Figure 8. H8 H NMR signals of §RR,S-BipPt(1-Me-3-GMP), at
different pH values and 3C.

and HH, signals, and essentially no shift for tAaHT H8
signal were observed. After equilibrium was reached at
pH ~ 7, the abundance of the HH conformer was 448ts
marks the highest abundance of an HH conformer recorded
for a cis-PtAG, adduct

The wide separation of the H&ignals allows measurement
of the 3J4yr—p2 constants (Table 3 and Supporting Informa-
tion); a similar pattern of the Hisignals was observed
previously for other CCC)PtG, adducts’ For a given
conformer, the H1shifts and couplings are very similar for
Me,DABPt(1-Me-3-GMP), andBipPt(1-Me-3-GMP), com-
plexes at pH~ 3 and 7 (Table 3). ThéJyr—n> constants

are useful for assessing qualitatively the S or N sugar pucker.

We discuss the coupling data only BipPt(1-Me-3-GMP),
models because these complexes have sharper HNMR
signals. For a typical fre& nucleotide 2Jyy—ny is ~6.2—
6.9 Hz%65 the S/N ratio was calculated to be77/23%
Upon platination, théJy,—» values decrease to an average
value of ~4 Hz, indicating that the S/N sugar pucker
equilibrium of nucleotides changes in the direction of N

(62) Marcelis, A. T. M.; van Kralingen, C. G.; Reedijk,JJ.Inorg. Biochem.
198Q 13, 213-222.

(63) Marcelis, A. T. M.; Erkelens, C.; Reedijk, lhorg. Chim. Actal984
91, 129-135.

(64) Inagaki, K.; Dijt, F. J.; Lempers, E. L. M.; Reedijk, ldiorg. Chem.
1988 27, 382-387.

(65) Polak, M.; Plavec, J.; Trifonova, A.; ktesi, A.; Chattopadhyaya, J.
J. Chem. Soc., Perkin Trans.1D99 19, 2835-2843.
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pucker, giving an S/N ratio of-60/40%263.65°68 |nterestingly,

for (SRR,9-BipPt(1-Me-3-GMP), at pH ~ 3 and 7, the
value of 6.5 Hz for3Jyy—p2 of the 1-Me-3-GMP residue
with the canted base is correlated with a high amount of S
pucker (S/IN= ~73/27); this value is 3.7 Hz for the H1
signal of the 1-Me-5GMP residue with the uncanted base,
indicating a higher percentage of N pucker (S#N~41/
59). For theAHT and AHT conformers, the relative S/N
ratios were~55/45 and~66/34, respectively.

For SRR,9-BipPt(1-Me-3-GMP), the N1-CHs signals
of the HH conformer were separated$9.3 ppm. The N+
CHs signal of theAHT conformer was between these two
signals, while the signal of thAHT conformer partially
overlapped with the downfield signal of the HH conformer
(HH¢) (Supporting Information). The chemical shift order
of the N1—-CHjs signals of the three conformers is essentially
the reverse of the H8 and Hithemical shift order.

In the NOESY spectrum at pH 7 used for assignment,
the H8 signals at 8.13 and 9.10 ppm are connected by a
strong NOE cross-peak (Supporting Information), a previ-
ously reported characteristic of the HH conformer. However,
the HH, H1' NOE cross-peak is 2.5 times stronger than the
HHq4 H1' peak (Table 2 and Supporting Information). This
result indicates that the 1-Mé-&MP residue with the canted
base exists in theynconformation to a higher extent than
the typical P£N7 boundG nucleotide.

(R,S,S,R)-Me,DABPt(1-Me-5'-GMP),. The four H8 sig-
nals at 5°C (Figure 9) were assigned by analogy to the 5
GMP analogué? At pH ~ 3, the HH conformer ofR SSR)-
Me,DABPt(1-Me-3-GMPY), exists in higher abundance than
the HH conformer of the respective-6MP complex (Table
1). When the pH was raised te7, almost no change
occurred in the intensity of the H8 signals (Figure 9, Table
1); only a large downfield shift of the HHand AHT H8
signals and a slight downfield shift for the Htdnd AHT
H8 signals were observed (Table 1).

(R,S,S,R)-BipPt(1-Me-5'-GMP),. At 5 °C, the four H8
signals of RSSR)-BipPt(1-Me-3-GMP), were assigned
from the NOESY spectrum at pH- 7 (Table 1 and
Supporting Information). The intensity of the H8 signals of
the RSSR)-BipPt(1-Me-3-GMP), conformers did not
change over the pH range of3—7. However, at pH~ 7
the H8 signals were significantly downfieletQ.1—0.2 ppm),
Table 1.

At pH ~ 7, the NOE cross-peak between the H8 signals
at 8.19 and 9.12 ppm (Supporting Information) is charac-
teristic of the HH conformer. The HHH1' cross-peak is
slightly stronger than the HHH1' cross-peak (Supporting
Information and Table 2). This result indicates that the 1-Me-
5-GMP residue with the canted base favors teyn
conformation more than the residue with the less canted base.
However, the HH H1'/HHq H1' NOE cross-peak ratio is

(66) Lempers, E. L. M.; Bloemink, M. J.; Reedijk, lhorg. Chem.1991,
30, 201-206.

(67) Bloemink, M. J.; Dorenbos, J. P.; Heetebrij, R. J.; Keppler, B. K.;
Reedijk, J.; Zahn, Hlnorg. Chem.1994 33, 1127-1132.

(68) Bloemink, M. J.; Heetebrij, R. J.; Ireland, J.; Deacon, G. B.; Reedijk,
J.J. Biol. Inorg. Chem1996§ 1, 278-283.
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Table 2. Atropisomer H8-H1' NOE Cross-Peak Volumes (Volume Unit) a8CC)Pt(1-Me-3-GMP), Complexes at 3C

complex pH AHT AHT HH, HHy HHW/HHq4
(SRRS-Me.DABPt(1-Me-3-GMP), 7.6 2.46 a 0.85 0.23 3.8
(SRR,9-BipPt(1-Me-3-GMP), 7.3 1.69 0.147 1.44 0.57 25
(RSSR)-BipPt(1-Me-3-GMP), 7.4 a 2.49 0.94 0.64 15
aNot determined because of their low intensity.
Table 3. H1' Chemical Shifts andJyy—n2 of (CCC)Pt(1-Me-3-GMP), Complexes at 3C and Different pH Values
6(Hl’)/ppm @JH]_LHZ'/HZ)
complex pH AHT AHT HHy HHg
(SRR,9-Me,DABPt(1-Me-3-GMP), 3.6 5.82 (4.8) 5.80h) 5.67 b) 6.02 )
7.6 5.82 (4.8) 5.76h) 5.60 b) 6.03 )
(RSSR)-Me,DABPt(1-Me-3-GMP), 3.3 5.98 §) 5.98 (3.1) 5.81 (6.3) 6.07 (3.7)
7.3 5.98 &) 5.98 (3.2) 5.78 (6.4) 6.07 (3.7)
(SRR9-BipPt(1-Me-3-GMP), 3.3 5.85(4.9) 5.844) 5.72 (6.5) 6.04 (3.6)
7.1 5.81 (4.9) 5.77 (5.9) 5.66 (6.5) 6.03 (3.7)
(RSSR)-BipPt(1-Me-3-GMP), 3.4 5.97 8) 5.94 (3.0) 5.79 (6.2) 6.03 (4.3)
7.4 5.92 ) 5.95(3.1) 5.78 (6.3) 6.02 (4.2)

aCannot be determined because of overlapped sigh@supling could not be measured because of the broadening.

AHT
pH 7.3
HHg AHT HH,
AHT
pH 3.3
HH
HHq AHT,)

ppmd.4 9.2 9.0 88 86 84 82 8.0

Figure 9. H8 H NMR signals of R,SSR)-Me,DABPt(1-Me-3-GMP),
at different pH values and &C. The asterisk marks the free 1-MeGMP
signal at pH 3.3, overlapped at pH 7.3.

lower for (R.SSR)-BipPt(1-Me-3-GMP), than for SR R,S)-
Me,DABPt(1-Me-3-GMP), and §RR,S-BipPt(1-Me-5-
GMP), complexes (Table 2). Thus, tlsgnconformation is
more favorable in the latter compounds.

The HH conformer of RSSR)-BipPt(1-Me-3-GMP),
exhibits a sugar conformation similar to that &R R,9)-
BipPt(1-Me-3-GMP),, as revealed b3dyy—n2 values (Table
3). However, the major HT conformeAHdT) of (RSSR)-
BipPt(1-Me-3-GMP), has a larger percentage of the N
pucker (S/N= ~33/67) than the major HT conformekT)
of (SRR,9-BipPt(1-Me-3-GMP), (S/N = ~55/44).

CD Spectroscopy.The CD spectrum of theSRR,S)-
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Figure 10. CD spectra of §RR,S)-Me,DABPt(1-Me-3-GMP), (solid)

and RSSR)-Me;DABPt(1-Me-3-GMP), (dashed) at pH 3.4. Open and
closed circles are at pH 7.6.

(Figure 10). This relationship is consistent with theNMR
findings at pH~ 3 and 7 (Table 1) that the abundance of
the dominant conformeAHT) of (R SSR)-Me,DABPt(1-
Me-5-GMPY), is higher than that of the dominant conformer
(AHT) of (SRR,9-Me,DABPt(1-Me-3-GMP),. At pH ~
7, the intensity of the features of the CD spectrum of
(SR R,9-Me,DABPt(1-Me-3-GMP), decreased by-30%
from that at pH~ 3.

(SR,R,9)-(CCC)Pt(1-Me-5-GMP), Adducts. The CD
spectrum of §RR,S)-Me,DABPt(1-Me-3-GMP), at pH ~
3 has positive features at 285 and 227 nm and a negative
feature at 252 nm (Figure 10). The shape of this spectrum
has the characteristics of/eHT conformert>2’which is the

(CCC)P1G, adduct has features with signs opposite to those major form of SRR,S)-Me,DABPt(1-Me-3-GMP),. The

of the R SSR)-(CCC)P1G; adduct; however, the intensities

CD spectrum of §R,R,9)-BipPt(1-Me-3-GMP), at pH~ 3

of the CD features are not exactly the opposite for the adducts(Figure 11) is very similar to that o§R,R,S)-Me,DABPt-
with a given G because the intensity of the CD spectral (1-Me-3-GMP).. The CD spectrum of§RR,S)-BipPt(1-
features reflects the conformer distribution existing in the Me-5-GMP), has positive features at 288 and 228 nm and

sample solution and because the majodT and AHT

a negative feature at 254 nm.

conformers are in any case diastereomers, not enantiomers. (R,S,SR)-(CCC)Pt(1-Me-5-GMP), Adducts. For (RS-

Nevertheless, the major HT conformer o€GC)PIG,

SR)-Me,DABPt(1-Me-3-GMPY),, the shape of the CD spec-

adducts dictates the general shape of the mixture’s CDtrum (negative features at 285 and 227 nm and a positive

spectrum'>27 For example, the CD features dR,ESR)-

feature at 252 nm) (Figure 10) is characteristic oAldT

Me,DABPt(1-Me-3-GMP), are more intense and opposite conformert>2”When the pH was raised from3 to ~7 for

in sign to those of $RR,S-Me,DABPt(1-Me-3-GMP),

(RSSR)-Me,DABPt(1-Me-3-GMPY), the negative features
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features (positive features a280 nm,~12 M~*cm, and

at~230 nm, 7 M cm™%; negative feature at250 nm,—7

M-t cm™1). The CD features of thé\HT conformer are

almost opposite to those of teHT conformer (Figure 11).
Lowering the pH to~3 led to no changes in the CD

spectrum recorded immediately, but the spectrum changed

slowly with time. The CD spectrum recorded after the sample

; was left at pH~ 3 for 2 days had regained the original

P deconvoluted intenSity-

AHT Molecular Mechanics and Dynamics (MMD) Calcula-

240 280 320 (nm) tions. Calculations were performed for the three conformers

Figure 11. CD spectra of §RR.S)-BipPt(1-Me-3-GMP), at pH 7.6. In of the four adducts studied here. TA@HT conformer was

the deconvoluted CD spectra, note the strong and weak CD features of thecomputed to be the most stable conformer 8RR 9)-

HT and HH conformers, respectively. (CCC)Pt(1-Me-3-GMP), adducts, and thAHT conformer

has the lowest computed energy for tieSSR)-(CCC)-

Pt(1-Me-3-GMP), models (Supporting Information). Cal-

culated geometries were useful for designing experiments

to assess conformations. However, because solvent was not

included in the calculations, interesting computed structural

features are mentioned briefly mainly in the Supporting

Information.

deconvoluted R

at 285 and 227 nm showedsdight decrease in intensity
whereas the positive feature at 252 nm did not change. At
pH ~ 3, the CD spectrum oR,SSR)-BipPt(1-Me-3-GMP),
(not shown) was very similar to that of the respective
Me,DAB adduct (within+3 nm). Two days after the pH
was increased te-7, the CD features ofR,SSR)-BipPt(1-
Me-5-GMP), had changed in the same manner as those of
the respectivéMe,DAB complex.
pH Jump. This experiment combines the results produced
by two different Spectroscopic methods (NMR and CD) to Influence on Structure of SSC and |dent|ty of the CCC
find and assess CD features of each form in a mixture of Ligand. At the beginning of the Results, we explained why
conformers of p|atinum Comp|exé§]'he deconvoluted CD the H8 chemical shift is very sensitive to structure. At pH
Spectrum at pH\, 7 of the HH,AHT, andAHT conformers values of~3 and~7, the H8 shifts of all 12 conformers for
of the SRR 9-BipPt(1-Me-3-GMP), complex was obtained  the four SRR.§)- and RSSR)-(CCC)Pt(1-Me-3-GMP),
by the pH jump method. complexes were very similar to those of the 12 respective
At pH ~ 3, the abundances of theHT, AHT, and HH analogous conformers of the fodlrGMP complexes studied

conformers of §R R S-BipPt(1-Me-3-GMP), were 62%, pr_ev_iou:;ly (Table 13532 Thes_e results indicate that the
9%, and 29%, respectively, as determined by H8 signals €limination of SSC by replacing N1H by a methyl group
(Figure 8 and Table 1). The pH was raisecktd. An NMR had almost no influence on the base canting becagse changes
spectrum was acquired immediately, but no change in in canting would have been reflected clearly by differences
abundance had occurred. After intervafsoh and 2 days in the H8 shifts of the conformers. The shifts of the'H1

at pH ~ 7, the distribution had changed to 57%, 8%, and signals lead to the same conclusion. In addition, as far as
35% and to 48%, 8%, and 44% for tAHT, AHT, and HH we can determine because the HH form is difficult to study
conformers, respectively. After that, the pH was lowered to for the 3-GMP adducts, the sugar pucker indicated by H1
~3 and the'H NMR spectrum was recorded immediately: coupling is similar for all 12 corresponding conformers of
the distribution was unchanged. After 2 days, tHeNMR the four 1-Me-5GMP and 5-GMP adducts. Thus, whatever

spectrum was recorded again; the intensities of the H8 signalg©le & 3-PQi—cis-G interaction plays in influencing the tilt
were the same as in the original spectrum at-pi3. degree of the bases and sugar pucker, the effects are the same

The CD spectra of the solutions just described were Whether there is a PONI1H hydrogen bond or not. The

recorded; no change in intensity was observed when the pHmajor idgntifiable factor in cgntrolling. canting in these
was raised to~7 and the spectrum acquired immediately adducts is th&€CC ligand. The increase in the N pucker on
(Figure 11). The CD spectrum at pH 7 changed slowly platination has been widely fourf#2-646% At this time not

over several hours as the population of the HH conformer €N0Ugh is known to explain why sugars of sore
increased. After 2 days, no further changes were observed,der'vat'ves are more prone than sugars of ofelerivatives

indicating that equilibrium had been reached. to adopt a high percentage of N pucker. However, for cross-

Applying the equations given in the Experimental Section Itlnkhed athUﬁtE mclukdlng dtL;]pIetxeT%, tlh ﬁﬁ rfes;;rj?%ii(ésms
and combining both CD and NMR data and spectra at three ho ave Ifg d ElucNer mk et ypica ; tHgCrS' coo e
different times (0, 6 h, and 2 days), we obtained the ave nowfound the I¥ pucker to occur for in various
deconvoluted CD spectra of thAHT, AHT, and HH - - - )
conformers. The HH conformer has weak deconvoluted CD (69) 2T5aln212n E. G.i Myers, D. P.; Reedijidorg. Chim. Actal 995 240

Discussion

features (negative feature at265 nm,~—4 M~t cm?; (70) Mukundan, S., Jr.; Xu, Y.; Zon, G.; Marzilli, L. @. Am. Chem. Soc.
o o/ M—1 =1 1991 113, 3021-3027.

positive feature at-250 nm,~4 M™* cm ) The deconvo- (71) lwamoto, M.; Mukundan, S., Jr.; Marzilli, L. G. Am. Chem. Soc.

luted CD spectrum of theé\HT conformer shows strong 1994 116, 6238-6244.
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conformers of the cross-link!*6.175\MD calculations on observed for§R R,9-(CCC)Pt(1-Me-3-GMP), HH forms.
such cross-links always reveal this pucker for the low-energy One of the two 1-Me-5GMP ligands in the HH form, the
form 56161754 contrast, MMD calculations on these simpler 1-Me-5-GMP with the less canted base, has its phosphate
1-Me-53-GMP and 5GMP adducts do not provide insight group positioned so that a hydrogen bond interaction could
into factors influencing the sugar pucker. occur with thecisNH of the CCC ligand (Figure 4).
This is the first study using fou€CC ligands in parallel Therefore, we cannot exclude the possibility that a compo-
experiments. It is important to note that, although the spectranent of the larger increase in the HH form &RR9-
and distributions are slightly different, eatkhe,DABP1t(1- (CCC)Pt(1-Me-B3-GMP), adducts than thle,ppzPt(1-Me-
Me-5-GMP), adduct behaves essentially the same as the5-GMP), adduct involves FSC. The new results (Table 1)
correspondin@ipPt(1-Me-3-GMP), adduct. As discussed confirm that thedecreasen the HH form at pH~ 7 for the
below, the dynamic properties are very different. These data(SRRS-(CCC)Pt(3-GMP), complexes found in other stud-
confirm the retro-model design focusing on destabilizing the iest>3234is due primarily to the dominance of the SSC effect
transition state without altering the ground state. The resultsat pH ~ 7, favoring the more abundat®HT conformer.
suggest that wagging of the base (i.e., fluctuation of the tilt  The high abundance of th&RR,S)-(CCC)Pt(1-Me-5-
angle about an average angle) either is not large or occursGMP), HH form allows us to identify some interesting

to the same extent for adducts with the two ligands. features of this form. In particular, this left-handed HH form
(SRR,9)-(CCC)Pt(1-Me-5-GMP), Adducts. A com- has a high amount of theyn conformation of the residue
parison of the conformer distributions foISRR,9)- with the canted base. This conformation in plastic models

Me,DABPt(1-Me-3-GMP), and §R,R,S-BipPt(1-Me-5- suggests that the intraresidue £OIH, distance might be
GMP), to the distributions of the respective'-GMP short enough for hydrogen bonding. However, in our MMD
complexe¥3?is particularly informative (Table 1). In the calculations when we forced the phosphate group to be closer
previously studied$R,R,S)-(CCC)Pt(5-GMP), complexes to the NH, group, the calculated energy was high (10 kcal/
(Table 1)¥%32increasing the pH from~3 to ~7 led to a mol). Furthermore, the foulH NMR NH; signals in HO
very high dominance of the majokHT conformer. This (pH 3.3) of SR R,9-BipPt(1-Me-3-GMP), were observed
increase is attributable to SSC (Figure 4). SSC (phosphate at 6.86 ppm (less canted HH), 7.00 ppm (canted HH), 6.92
N1H hydrogen bonding) should be stronger at pH7 ppm (AHT), and 7.05 ppmAHT) (data not shown); these
because the phosphate group is deprotonated, and ixHfie shifted only slightly at pH~ 7. Because the range of shifts
conformer the phosphate group is correctly positioned to of NH, signals is consistent with the cant of the bases and
interact with the N1H group (Figure 4). In contrast, a similar cis-G shielding, it is unlikely that the canted residue has a
increase in pH from-3 to ~7 caused quite different changes POs—NH interaction, which would lead to the downfield
in the distribution of the§R,R,S)-(CCC)Pt(1-Me-3-GMP), shift of the HH NH signal of the canted 1-Me“&MP.

complexes. Instead of increasing, theHT conformer The syn conformation of the canted> and theanti
decreasedin relative abundance, and it constitutes only conformation of the less cante&d (synanti HH) could be
~50% of the atropisomer distribution at pH 7 (Table 1). caused by electrostatic repulsion between the deprotonated

This finding provides strong confirmatory evidence for the phosphate groups. In amti,anti HH form, both phosphate
important influence of SSC on the distribution of the 5 groups are on the same side of the coordination plane. This
GMP adducts. may be electrostatically unfavorable, especially because one
For the 5>GMP adducts, the increase in th&HT base is canted, bringing the two dianionic phosphate groups
conformer from a pH value o3 to a pH value of~7 came close together. However, synanti HH form avoids this
at the expense of both the HH and tA&IT conformers problem. The already high abundance of tf&RR,9-
(Table 1). The higher abundance of the HH conformer in a (CCC)Pt(1-Me-3-GMP), HH form at low pH (where the
given cis-PtA,G; series wherG = 5'-GMP than for other monoprotonated phosphate groups offer less electrostatic
G derivatives suggested a-phosphate effect favoring the  repulsion) increases on phosphate deprotonation.GOC{-
HH form. The nature of the effect was unknown, but instead Pt(5-GMP), complexes, the low abundance of the HH
of increasing on phosphate group deprotonation, the effectconformer at pH values of-3 and ~7 impeded any
diminished as judged by the decreased abundance of the HHassessment of theyn,anti conformation of the 5GMP
form at pH~ 7. This decrease in the HH form as the pH ligands!>*®?
was raised from~3 to ~7 was difficult to reconcile with (R,S,S,R)-(CCC)Pt(1-Me-5-GMP), Adducts. The R,-
the observation that the HH form is always most favored SSR)-CCC ligand stabilizes theAHT conformer favored
whenG = 5'-GMP than wherG is another derivative. For by right-handed canting. In our study d® §SR)-(CCC)-
(SRRS-(CCC)Pt(1-Me-3-GMP), complexes, which lack  Pt(5-GMP), complexes, we showed that the abundance of
the N1H necessary for stabilization of théHT conformer, the majorAHT conformer decreases and that of the minor
the HH formincreasesn abundance with an increase in pH AHT conformer increases when the pH is increased from
(Table 1), consistent with the-phosphate effect favoring ~3 to ~7.153%2 Because the minoAHT conformer is
the HH form. Similarly, instead of a decrease, the HH form stabilized by SSC, the phosphate group deprotonation will
of MeyppzPt(1-Me-3-GMP),, an adduct allowing neither  further stabilize this form. FoiR,SSR)-(CCC)Pt(1-Me-53-
SSC nor FSC, increased by 7% from 27% to 34% on GMP), complexes, the absence of any significant change in
phosphate deprotonatiGhA larger increase~15%) was the population distribution by increasing the pH frer3 to
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~7 is due to the presence of the methyl group on the N1
position. No SSC is present to stabilize theiT form.

For the previously studiedSSR)-(CCC)Pt(5-GMP),
compounds, the majakHT conformer remains the favored
and most abundant form at all pH values (Tableé>#5.1t
should be noted that if interaction of the phosphate group
with the carrier ligand NH group (FSC) were important, the
AHT conformer would have increased in abundance from
pH ~ 3 to pH ~ 7. However, both this form and the HH

form decrease when the phosphate group is deprotonated.

These results indicate that SSC in thélT form is more
important than both FSC and theghosphate effect favoring
the HH form.

As in the SR RS analogue, the 1-Me*85MP with the
less canted base in the HH form d®§SR)-(CCC)Pt(1-
Me-5-GMPY), adducts has its phosphate group positioned so
that a hydrogen-bonding interaction could occur withdise
NH of the CCC ligand (Figure 4). The HH form of the
(RSSR)-(CCC)Pt(1-Me-3-GMP), complexes is right-
handed, and thus the positioning is different from that in
the SRR,S analogue (Figure 4)RSSR)-(CCC)Pt(1-Me-
5'-GMP), appears to contain a mix of the electrostatically
unfavorableanti,anti HH form and the electrostatically
favorablesynanti HH form. The overall net electrostatic

repulsion between the two dinegative phosphate groups may(

offset the FSC made favorable by deprotonation. Thus,
phosphate group deprotonation does not stabilize the HH
form or the AHT form (becausés = 1-Me-5-GMP), and

the distribution is little changed between pH3 and pH~

7 (because FSC is weak or offset by phosphateosphate
repulsion), Table 1.

Energy Barrier Concept lllustrated by the pH Jump
Experiment. In Me,DAB adducts, thé-methyl groups can
rotate freely, and the chelate ring is rather flexible, thus
allowing greater dynamic motion, as evidenced by EXSY
cross-peaks connecting atropisomers in the 2D NOESY
spectrum (Figure 6). The flexibility of thele,DAB ligand
led us to design the more rigiBip ligand, having two
features: First, the chelate ring is part of the three-ring system
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Figure 12. lllustration of the pH jump experiment. The free energy reaction
profile is depicted by curved lines, and the conformer distribution
determined witHH NMR data) is represented by a bar graph. Solid curves
and diagonal-line bars are used f§iR,R,S)-BipPt(1-Me-3-GMP),; dashed
curves and dotted bars are used BR(R,S)-Me,DABPt(1-Me-3-GMP),.
Note that we do not know the relative vertical positions of the curves at
pH ~ 3 vs pH~ 7. The energy profiles depict the relative energies at the
pH indicated. These energy profiles change immediately upon pH change.
Upper left, pH~ 3 and start of experiment, with both adducts at equilibrium.
Distribution for (SR,R,S-BipPt(1-Me-3-GMP), (diagonal-line bars): upper
right, pH~ 7 immediately after the pH jump, a nonequilibrium distribution;
lower right, pH~ 7 after 2 days, equilibrium distribution; lower left, pH

3 immediately after the pH drop, a nonequilibrium distribution; upper left,
pH ~ 3 after 2 days, initial equilibrium distribution reestablished. Distribu-
tion for (SRR,9-Me,DABPt(1-Me-3-GMP), (dotted bars): after each pH
adjustment, equilibration occurs immediately.

begins with aged solutions at pH 3 containing the
(SR R9-(CCC)Pt(1-Me-3-GMP), adducts with the three
conformers at equilibrium. In Figure 12 (upper left), the
percentage of each conformer is shown as a bar for each

that reduces the fluxional character. Second, the CH groupssolution. The energy profile showing the ground-state

projecting toward th& coordination sites are unable to rotate
away from theG bases durings rotation around the Pt
N7 bond. Bip and Me,DAB have the same chirality

energies (bottom of each well labeled, e.aHT) and
activation barriers is shown for each adduct above the
distribution. (Each “percentage” bar for each conformer is

characteristics (Figure 3) for a given isomer. The data show plotted under the relevant ground-state energy level; for a
a great similarity in the NMR pattern and population given conformer, the level is approximately the same for
distribution, but the great difference in the flexibility of the the two §RR,S-(CCC)Pt(1-Me-3-GMP), adducts.) The
ligand leads to large differences in atropisomerization rates. energy barriers between the conformers are shown to be
Employing theCCC carrier ligands slowed the dynamic higher for theBip than theMe,DAB cases to reflect the
motion of the cisplatirDNA adducts by a billionfold;? more dynamic nature of the latter conformers. When the pH
enabling us to elucidate aspects of the BNA adducts that  is jumped from~3 to ~7, the energy profile changes
are clouded by the dynamic motion problem. The atropisomer immediately with an increase in ground-state energy for the
population distribution reflects ground-state stability, whereas AHT form and a decrease in the HH form (Figure 12, upper
the rate of interconversion of atropisomers reflects the right). The §RR,9-Me,DABPt(1-Me-3-GMP), distribution
activation energy barrier. responds immediately with a decrease in T form and
Briefly, we illustrate in Figure 12 the relationship between an increase in the HH form. In contrast, f{&@R,R,S-BipPt-
the ground-state free energies and activation barriers usefu1-Me-5-GMP),, the distribution does not change im-
for understanding the pH jump experiment performed on the mediately because the activation barriers are higher. CD
(SR R,9-BipPt(1-Me-3-GMP), complex. The experiment  spectra for §RR,S)-BipPt(1-Me-3-GMP), can be recorded
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for nonequilibrium situations; these spectra provide data for the results suggest that the CD features of the HH form of
solving the deconvolution equations given in the Experi- acis-PtA,G, conformer are related to those of the HH form
mental Section. Eventually equilibrium is reached atpH  of the d(GpG) analogu¥:?? Second, a 5phosphate effect
7 (Figure 12, lower right). The HH conformer at pH 7 favors the HH form for both 1-Me:5GMP and 5GMP
now has an abundance comparable to that of Alt¢T adducts. Third, in theSR R,9-(CCC)Pt(1-Me-3-GMP), HH
conformer. Then the pH can be dropped to create anotherforms, the cante adopts asynconformation, making the
nonequilibrium situation, but now at pH 3 (Figure 12, repulsion at pH~ 7 less severe. In the absence of SSC, the
lower left). AHT form is not stabilized at pH~ 7, so an unusually
Deconvolution of the CD Spectra.By applying the abundant HH form results from thé-phosphate effect. For
deconvolution formula forgR R,S)-BipPt(1-Me-3-GMPY),, Me,ppzPt(1-Me-3-GMPY),, the bases are not canted and both
we obtained for the first time the deconvoluted CD spectrum G ligands areanti.>* The phosphatephosphate repulsion is
of an HH conformer for ais-type PtAG, adduct. In our less severe at pH- 7 than for the RSSR)-(CCC)Pt(1-
previous studies ofCis-PtA,G,, the CD features of the Me-5-GMP), HH form, in which oneG is canted. The
dominant HT conformer determined the overall CD observed order of the abundance of the HH form is as
spectrum, which was mainly shaped liked the signal of follows: (SRR,S-(CCC)Pt(1-Me-3-GMP), > (Meyppz)-
the dominant forni>27-29.31.3334\We concluded that the Pt(1-Me-3-GMP), > (RSSR)-(CCC)Pt(1-Me-3-GMP),.
shape is determined by tieor A chirality of the HT rota- This is also the order expected for increasing phosphate
mer1527-29.31.3334Thjs interpretation conflicts with a previous  phosphate repulsion.
suggestion that the shape is dictated by the handedness (R Finally, the striking observation that FSC (phosphate to
or L) of the HT conformer?72 Deconvolution of the CD  carrier ligand NH hydrogen bonding) need not be invoked
spectrum of the $RR,S-BipPt(1-Me-3-GMP), mixture to explain the stability of theAHT form for 5-GMP
confirms our interpretation. The HH conformer has weak complexes requires comment. In the solid state, numerous
CD features (negative at265 and positive at-250 nm, examples oAHT complexes of 5GMP and several related
Figure 11). In contrast, the deconvoluted CD signal of the 5'-phosphate derivatives have been found not only for Pt
major AHT conformer is much stronger (positive features with various carrier ligands, but also even for other
at ~280 and~230 nm and negative feature 250 nm, metals36-47.7477 The nucleotides in the structures have very
Figure 11). We also found recently that the deconvoluted similar relationships, with the purine bases having the same
CD signal of the HH conformer in a cross-linked adduct has relative positions and the phosphate group always hydrogen-
weak features, while the CD features of the deconvoluted bonded to theeis ligand in a similar manner. This contrast
HT conformer are much strong&r’ Thus, the results that  between the prevalence of FSC in the solid and its relative
HH forms have weak CD features and HT forms have strong unimportance in solution supports the premise of our retro-
features probably represent a general trend. model studies that the structures in the solid state of dynamic
Conclusions.In contrast to the normal situation for simple nucleotide complexes may be very different from the solution
cisplatin cross-link models, the system we have discoveredstructure.
has a rather stable HH form. Previous data from retro models ,
indicated that a 'sphosphate group favored both theHT Acknowledgment. This work was supported by NIH
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