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Typical cis-PtA,G, models of key DNA lesions formed by cis-type Pt anticancer drugs are very dynamic and difficult
to characterize (A, = diamine or two amines; G = guanine derivative). Retro models have A, carrier ligands
designed to decrease dynamic motion without eliminating any of three possible conformers with bases oriented
head-to-tail (two: AHT and AHT) or head-to-head (one: HH). All three were found in NMR studies of eight
Me,DABPtG, retro models (Me;.DAB = N,N'-dimethyl-2,3-diaminobutane with S,R,R,S and R,S,S,R configurations
at the chelate ring N, C, C, and N atoms, respectively; G = 5'-GMP, 3'-GMP, 5'-IMP, and 3'-IMP). The bases cant
to the left (L) in (S,R,R,S)-Me,DABPtG, adducts and to the right (R) in (R,S,S,R)-Me,DABPtG, adducts. Relative
to the case in which the bases are both not canted, canting will move the six-membered rings closer in to each
other (“6-in” form) or farther out from each other (“6-out” form). Interligand interactions between ligand components
near to Pt (first-first sphere communication = FFC) or far from Pt (second-sphere communication = SSC) influence
stability. In typical cases at pH < 8, the “6-in” form is favored, although the larger six-membered rings of the bases
are close. In minor “6-out” HT forms, the proximity of the smaller five-membered rings could be sterically favorable.
Also, G 06 is closer to the sterically less demanding NH part of the Me,DAB ligand, possibly allowing G O6—NH
hydrogen bonding. These favorable FFC effects do not fully compensate for possibly stronger FFC dipole effects
in the “6-in" form. SSC, phosphate—N1H cis G interactions favor AHT forms in 5'-GMP and 5'-IMP complexes and
AHT forms in 3'-GMP and 3'-IMP complexes. When SSC and FFC favor the same HT conformer, it is present at
>90% abundance. In six adducts [four (S,R,R,S)-Me,DABPtG, and (R,S,S,R)-Me,DABPtG, (G = 3'-GMP and
3'-IMP)], the minor “6-out” HT form at pH ~7 becomes the major form at pH ~10, where G N1H is deprotonated,
because the large distance between the negatively charged N1 atoms minimizes electrostatic repulsion and probably
because the G O6—(NH)Me,DAB H-bond (FFC) is strengthened by N1H deprotonation. At pH ~10, phosphate-
negative N1 repulsion is an unfavorable SSC term. This factor disfavors the AHT R form of two (R,S,S,R)-
Me,DABPIG, (G = 5'-GMP and 5'-IMP) adducts to such an extent that the “6-in” AHT R form remains the dominant
form even at pH ~10.

Introduction discovery that cisplatincfs-Pt(NHs).Cl,) shows exceptional
activity against testicular and ovarian cancers and increasing
romise against head/neck tumérs.To date, more than
000 platinum compounds have been prepared and tested in
attempts to improve the cytostatic activity and reduce the
. " __toxicity of cisplatin or its analogue, carboplafifabout 30
Isu.eL?J.Whom correspondence should be addressed. E-mail: Imarzil@ of these compounds have entered clinical tfaEhe
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Platinum complexes and their interactions with nucleotides
and nucleic acids have been studied extensively over the las
30 years. Interest in such interactions stems from the
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residues leading to a DNA distortion is widely accepted as H8 =N/
being the critical biomolecular interaction leading to a DNA \K 6
distortion responsible for the activity of cis-type platinum
anticancer drug%/.%11

Many Pt compounds form these cross-link adducts, but 2
few have good activity approaching that of cisplatin. Thus, N—H
secondary factors arising from the carrier ligand are important |{
in influencing activity.cis-PtA;X, agents (A = two amines PO4CH,
or a diamine carrier ligand; X leaving group) have lower 5-GMP R= \ﬁ’, 5-IMP
or no activity when no NH groups are preséhtlydrogen SH OH
bonding between bound G ligands and the twe-RH3
groups of cisplatin has been an important component of HOCH;
hypotheses concerning factors stabilizing the distortions in 3'-GMP R= W 3-IMP
DNA induced by the intrastrand lesidA?t” However, PO, OH
distances in an X-ray/NMR-derived model of a duplex Figure 1. Guanine (left) and inosine (right) derivatives. (The arrow and
9-oligomet! and an X-ray structure of an HMG-bound 16- its head represent the base and the H8 atom, respectively.)
oligomer?® both containing the intrastrand cisplatin lesion
with a similar structure, suggest that such hydrogen-bonding DNA distortion and less Pt geometry distortion than previ-
interactions involving the PtNH; groups are at best weak. ously suggested. Thus, controversy still exftsAlso,
Furthermore, when the two NHigands are replaced by,A  although the focus has been on duplexes, at the physiologi-
carrier ligands having $pN’s bearing two or more alkyl  cally relevant 37C, considerable “DNA breathing” is likely
groups in computer models of these duplex structures, near PDNA lesions, as suggested by NMR diétand a
unfavorable clashes resditin fact, carrier ligane-DNA study involving reagents that react only with single-strand
H-bonds are also absent in the crystal structure of a cisplatinregions:? Unusual conformers having single-strand character
interstrand adduct in which G bases in theePNA adduct ~ and affecting anticancer activity or repair mechanisms
adopt aAHT conformationt® These and other observations probably exist at 37C. Indeed, a DNA hairpin containing
led us to hypothesiz&2°that the very small size of the NH  the cis-coordinated G(N#)Pt—G(N7) intrastrand cross-link
group, not its hydrogen-bonding ability, is responsible for was shown to have a unique head-to-side conformation.
the good activity exhibited by Pt compounds with amine Finally, other “non-cis” classes of Pt compounds exhibit
carrier ligands bearing multiple NH groups. Although we activity associated with forming adducts at G in DRAZ’
propose that the solution structure of duplexes is essentially Thus exploring the fundamental chemistry of Pt-G adducts
solved!! the duplex structure contains considerably more has broad relevance.
To gain a better understanding of a number of fundamental
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Figure 2. Shorthand representation 4HT, AHT, and HH conformations
with the carrier ligand to the rear. Arrows represent Gidases withG
H8 near the tip and th& O6 near the blunt end.

conformers (Figure 2). Conformer interconversion requires
rotation about one or both PN7 bonds. In most cisplatin
adducts, this rotation is fast on the NMR time scale, making
it impossible to use NMR methods to assess which forms
are present. We refer to this and other problems in applying
NMR methods in the typical way as the “dynamic motion
problem”20:26-3% Even in large adducts, which are generally
accepted to be mainly HH, multiple conformations in fast
exchange on the NMR scale with one dominant conformation
cannot be ruled ouf. Duplex models have most recently
been studied in solution at low temperaturés(°C), where
breathing is minimat®!

The “dynamic motion problem” led us to construct
analogues of cisplatin with bulky ligands designed to reduce
the dynamic motion by destabilizing the transition state for
Pt—N7 rotation. An important feature of the design is to
minimize steric effects of the ground state equilibrium species
to allow conformers likely to be present in dynantis-
PtA,G, adducts to exist in the new adducts also. We have
introduced the term “retro-modeling’to emphasize that the
models we emplo¥f28-31.33-3% gre more complicated than
the relevant molecule, cisplatin. By reducing rotation rates
by a billionfold?83° retro models have enabled us to
understand the adducts of the highly fluxional cisplatin drug
with DNA constituents? Retro-model resulf828-32.35,36,38,39
place in doubt the following two concepts, which until
recently were widely accepted from studies on dynamic
platinum complexes: (i) The untether&ls adopt a HT
conformation in preference to the HH conformati@r{ii)
Single-stranded d(GpG) cross-links favor the HH form,
which undergoes slow PG N7 bond rotatiorf® 44
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(36) Sullivan, S. T.; Ciccarese, A.; Fanizzi, F. P.; Marzilli, L. @org.
Chem.2001, 40, 455-462.
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Chem.2002 41, 546-557.
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J. Nucleic Acids Resl982 10, 4715-4730.

(SRRS) (R.S,S,A)
HyCo M H/\N -_CH,

N~ N\ N

H/ pd P CHa  HyC /P'\ H
Me,DABPt Me,DABP!
I~p” Pt/ )
NG N

BipPt BipPt
H H
N

Figure 3. Sketches of th8ipPt andMe,DABPt moieties.

Me,DAB (N,N-dimethyl-2,3-diaminobutane) was the car-
rier ligand in the first such detailed NMR retro-model
study314548(Note that we designate diamine carrier ligands
in boldface type.Me,DAB is one of the chirality-controlling
chelates (CCC) having chiral centers on the amines and the
chelate ring carbons. Most of our work involves the
CrsymmetricalS,R,R,Sand R,SS,Risomers, in which the
chiral centers are the N, C, C, and N chelate ring atoms,
respectively (Figure 3). Thigle,DAB retro models provided
the opportunity to define the solution structure of con-
formers by NMR methods allowing us to identify the HH
form of acis-PtA,G, adduct for the first tim® and to de-
fine the absolute conformation in solutiéhin addition to
Me,DAB compounds, we have studiet (en = ethylene-
diamine), Bip (2,2-bipiperidine), anotherCCC ligand
(Figure 3), Meppz (N,N-dimethylpiperazine) Me,DAP
(N,N-dimethyl-2,4-diaminopentane), apipen (2-(amino-
methyl)piperidine8:30:31.3336.394547The atropisomerization
rate depends on the amine ligand as follows: {NH- en
> Me,DAP > Me,DAB > pipen > Me,ppz ~ BIp.

The Me,DAB ligand occupies a central position in the
series. TheMe,DABPIG, conformers interchanged too
rapidly to permit HPLC separatiof.This problem led us
to design the more rigid bicycliBip CCC ligand (Figure
3). BipPtG, adducts can be separated by HPLC and
converted to nonequilibrium metastable states useful for
studying larger adduc® At high pH, BipPtG, adducts were
difficult to study for two reasons: First, the long time needed
for equilibrium to be reached>( 1 day) made it difficult to
construct a complete profile of conformer distribution vs pH.
Second, aBipPtG, adducts approached equilibrium, H8 H/D
exchange would occur, making it impossible to probe
changes in conformer distribution and H8 shifts with the H8
signals. Thus, we return here to the NMR study of the more

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

(42) Kozelka, J.; Fouchet, M.-H.; Chottard, J.fur. J. Biochem1992
205, 895-906.

(43) Neumann, J.-M.; Tran-Dinh, S.; Girault, J.-P.; Chottard, J.-C.; Huynh-
Dinh, T. Eur. J. Biochem1984 141, 465-472.

(44) Berners-Price, S. J.; Ranford, J. D.; Sadler, lharg. Chem.1994
33, 5842-5846.

(45) Xu, Y.; Natile, G.; Intini, F. P.; Marzilli, L. GJ. Am. Chem. Soc.
1990 112 8177-8179.

(46) Kiser, D.; Intini, F. P.; Xu, Y. H.; Natile, G.; Marzilli, L. Glnorg.
Chem.1994 33, 4149-4158.

(47) Williams, K. M.; Cerasino, L.; Intini, F. P.; Natile, G.; Marzilli, L. G.
Inorg. Chem.1998 37, 5260-5268.
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Table 1. H8 Chemical Shifts (ppm) oMe,DABPt(3-GMP), and
Me,DABPt(5-GMP), Complexes at Different pH Values

complex pH AHT AHT HHy, HHqg
(S.R,R,pMe,DABPt(3-GMP), = 3.4 845 831 8.03 8.81
7.2 848 855 8.03 883
9.6¢ 842 779 753 875
(R,S,S,RMe,DABPt(3-GMP), 3.3 826 855 b b
6.9 827 857 b b
93 801 845 b b
(S.R,R,pMe;,DABPt(5-GMP), 3.2 854 828 801 895
71 854 830 8.01 9.19
104 850 8.04 7.54 9.07
(R,S,S,RMe,DABPt(5-GMP), 3.1 827 873 8.09 895
73 837 888 814 9.22
100 815 881 7.72 09.15

aAt 5 °C; all others were at room temperatubeNot determined.

convenient, moderately dynanfite,DABPtG, models with

G =5-GMP, 3-GMP, 5-IMP, and 3-IMP in the pH range

of ~3 to ~10, to examine more fully factors influencing
conformation ofcis-PtA,G, adducts. IMP’s lack the 2-NH
group of GMP’s (Figure 1), allowing us to assess the effect
of the 2-NH group. The present fundamental study focuses
on the HT forms, which now appear to be possible also in
longer single-strand addud.

Experimental Section

Materials. 5-GMP, 3-GMP, 5-IMP, and 3-IMP (Sigma) were
used as received. Preparation of ti®R,R,pMe,DABPt(SQ)-
(H-0) and R,S,S,RMe,DABPt(SQ)(H,0) complexes has been
described elsewhefé.

Methods. A typical preparation of bis adducts involved treatment
of ~2 equiv of G with 1 equiv (~10 mM) of Me,DABPt(SQ)-
(H20) in DO (0.6 mL) at pH~3. Reactions were monitored by
1H NMR spectroscopy until either no fréeH8 signal or no change
in H8 signal intensity was observed. Standard DN@d NaOD
solutions (in BO) were used for adjusting the pH (uncorrected) of
the samples directly in the NMR tubes when needed.

1D H NMR spectra, obtained on a GE GN-Omega 600

spectrometer, were referenced to the residual HOD peak. In atypical(49)

Saad et al.

the analogous conformers were obtained, but the presence
of the H2 signal doubled (to eight) the number of aromatic
singlets (Table 2). From their relative intensities, the H2
signals (usually upfield of the H8 signals) are easily assigned
to a given conformer. Shifts of théd NMR signals of the
GMP and IMP ligands provide probes of the structural
features. For IMP adducts, the H2 atom is on the opposite
end of the base from H8 (schematically, on the tail of the
arrow, Figure 2). The plane of the bases generally is not
perpendicular to the coordination plane, and the canting can
be either left-handed (L) or right-handed (R), Figure 4.
Canting places either the H2 or the H8 of a given base close
to the shielding cone of the ciS. The H2 signal follows
the opposite trend as the H8 signal. For clarity, the H2 NMR
signals are labeled as Hitanted HH base, H8 upfield, H2
downfield) and HH (not so canted base, H8 downfield, H2
upfield). An analogous interpretation of the consequence of
this head/tail relationship on thel NMR signals of protons
on different rings of lopsided ligands has been offered for
Ru(ll) and Re(V) trimethylbenzimidazole complexés
This explanation can also be applied to Ru(ll) complexes
with other ligand%*%¢ and to P+1-Me-53-GMP adducts?

pH Studies. For all Me,DABP1G, adducts, conformers
equilibrated quickly, making it feasible to follow the pH
dependence at small pH steps. Two relevant types of
ionizable groups are present in the generslPtA;(GMP),
type of adducts studied here. First, the monoanionic RDPO
ligands below pH 4 become fully deprotonated by pMA.5.
57761 The lower phosphate grougKpof 5.6 to 6.2 vs 6.3 for
free B-GMPe0:3447.60.6263035 been attributed either to H-
bonding between the phosphate group and the amine
hydrogeri*4.85or to the electrostatic effect of the positively
charged platinuni® Second, th&s N1H groups deprotonate
with pK, values of 8.7 and-9.4 for cis-PtAx(5'-GMP), vs

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

experiment, a selective presaturation pulse (30 dB) was applied (50) Alessio, E.; Calligaris, M.; Iwamoto, M.; Marzilli, L. Gnorg. Chem.

for 2 s to theresidual HOD resonance. The FID was accumulated
for 32 transients in blocks containing 16K data points. Before
Fourier transformation, the FID’s were baseline corrected for dc
offset, and then an exponential multiplication apodization function

1996 35, 2538-2545.

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

(52) Marzilli, L. G.; Marzilli, P. A.; Alessio, E.Pure Appl. Chem1998
70, 961—-968.

with a 0.2 Hz line broadening was applied. To change the sample (53) Alessio, E.; Zangrando, E.; lengo, E.; Macchi, M.; Marzilli, P. A.;

pH, a small drop of either DNor NaOD solution was added
directly to the NMR tube. NMR spectra were recorded at increments
of ~0.3 to 0.5 pH units from pH-3 to pH ~10. NMR studies
were performed at 2%C and, in those cases in which observation
of the HH and HT NMR signals required lower temperatures, at 5
°C.

Results

At pH ~3, Me;DABPt(5-GMP), and Me,DABP1(3-
GMP), complexes have four H8 signals previously assigned
to the HH,AHT, andAHT conformers (the HH conformer
has two nonequivaler®’s, giving HH, (upfield HH) and
HHq4 (downfield HH) signals) (Table 13445 For Me,DAB-
Pt(5-IMP), andMe,DABP1t(3-IMP), complexes at pH-3,

(48) Sullivan, S. T.; Saad, J. S.; Fanizzi, F. P.; Marzilli, LJGAmM. Chem.
Soc.2002 124, 1558-1559.

4926 Inorganic Chemistry, Vol. 41, No. 19, 2002

Marzilli, L. G. Inorg. Chem.200Q 39, 294—-303.

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

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

(56) Velders, A. H.; Hotze, A. C. G.; van Albada, G. A.; Haasnoot, J. G.;
Reedijk, J.Inorg. Chem.200Q 39, 4073-4080.

(57) Lippert, B.Prog. Inorg. Chem1989 37, 1-97.

(58) Martin, R. B.Acc. Chem. Re<d.985 18, 32—38.

(59) Johnson, N. P.; Butour, J.-L.; Villani, G.; Wimmer, F. L.; Defais, M.;
Pierson, V.; Brabec, VProg. Clin. Biochem. Medl989 10, 1—24.

(60) Sigel, H.; Massoud, S. S.; Corfd. A. J. Am. Chem. S0d.994 116,
2958-2971.

(61) Sigel, H.; Lippert, BPure Appl. Chem1998 70, 845-854.

(62) Saenger, WPrinciples of Nucleic Acid StructureSpringer-Verlag:
New York, 1984; pp +556.

(63) Song, B.; Zhao, J.; Griesser, R.; Meiser, C.; Sigel, H.; Lippert, B.
Chem—Eur. J.1999 5, 2374-2387.

(64) Berners-Price, S. J.; Frey, U.; Ranford, J. D.; Sadler,P Am. Chem.
So0c.1993 115 8649-8659.

(65) Reily, M.; Marzilli, L. G.J. Am. Chem. S0d.986 108 6785-6793.

(66) Song, B.; Oswald, G.; Bastian, M.; Sigel, H.; Lippert\NBetal-Based
Drugs 1999 3, 131-141.



Retro Models of Cisplatin-DNA Adducts

Table 2. H8 and (in Parentheses) H2 Shifts (ppm) kde.DABPt(3-IMP), and Me,DABPt(5-IMP), Complexes

complex pH AHT AHT HH, (HH.) HHg (HH;)
(S,R,R,5Me,DABPt(3-IMP); 3.3 8.88 (8.22) 8.80 (8.28) 8.49 (8.30) 9.23 (8.16)
7.00 8.89 (8.21) 8.90 (8.26) 8.43 (8.30) 9.25 (8.16)
9.8 8.78 (8.11) 8.31(8.26) 8.15 (8.11) 9.09 (8.02)
(R,S,S,RMe,DABPt(3-IMP), 3.0 8.71(8.30) 8.98 (8.16) b b
7.3 8.58 (8.27) 9.00 (8.09) b b
9.6 8.32(8.23) 8.69 (8.09) b b
(S,R,R,pMe,DABPt(3-IMP), 3.3 9.00 (8.17) 8.71(8.29) 8.5m)( 9.36 (8.13)
7.0 9.03 (8.17) 8.73(8.28) 8.48B)( 9.60 (8.13)
10.4 8.92 (8.02) 8.42 (8.24) 7.88)( 9.43 )
(R,S,S,RMe;DABPt(5-IMP), 35 8.65 (8.32) 9.21 (8.15) 8.56 (8.32) 9.38 (8.18)
7.2 8.76 (8.30) 9.39(8.11) 8.62 (8.29) 9.62 (8.16)
10.1 8.471) 9.22 (7.94) 8.23(8.20) 9.47 (8.06)

aAt 5 °C; all others were at room temperatubdNot determined because of overlap.

Left-handed Right-handed
L (R) AHT
pH 9.6

Figure 4. Shorthand representation of left-handed and right-handed
canting.

9.5 for free 5GMP 896163 The lower N1H [K, values of
PtG; adducts are due to the inductive effects of the Pt bound
to N7.41606367In NMP’s (NMP = nucleotide monophos-
phate), because of the electrostatic effect of the negatively
charged phosphate groups and the different position' of 3
relative to 5 groups from the base, the&Kpvalue of N1H
increases by~0.5 unit when going from nucleoside t¢-3
NMP to 5-NMP .52 For both the phosphate and N1H groups,
the K, values of free 5IMP and 3-GMP are very similab®
thus, the 2-NH group in 3-GMP has little effect.

For all Me,DABPIG, adducts studied here, we show in ppM9.0 86 82 78
Supporting Information plots of the H8 shifts vs pH for all  Figure 5. H8 'H NMR signals of 8,R,R,5Me,DABPt(3-GMP), at
observed conformers. Between p+¥.5 and pH~10, N1H different pH values and 3C. Unlabeled small peaks arise from carrier
deprotonation is typically detected by upfield-shifting of the '92nd isomerization or slight impurities.
H8 signal30:335759.6869 The study of N1H deprotonation
effects on distribution was complicated by some isomeriza- 5 °C (Figure 7) were assigned by analogy ®,R,R,B
tion of the asymmetric N centers in thée,DAB ligand Me;DABPt(3-GMP),, while the signals of their H2 partners
when the pH was raised above9.5. Isomerization was  were assigned on the basis of signal intensities. The H8 and

detected by the appearance of additional srialINMR H2 signals of theAHT conformer are more downfield and
signals. These S|gnals were still observed after the pH wasupfield, respectively, than for thAHT conformer (Table
dropped from a high value te4. 2). From pH~3 to~7, theAHT H8 signal shifted downfield

(S,R,R,9-Me,DABPt(3'-GMP),. The four H8 signals for by 0.1 ppm (this signal shifted downfield by 0.2 ppm at pH
(S,R,R,pMe.DABPt(3-GMP), at pH ~3 and 5°C were 6.5, Supporting Information); thAHT H8 and HH; signals
assigne# to the AHT (major), AHT, and HH conformers  shifted only slightly downfield £0.02 ppm), and the HH
(Figure 5). Of these signals, only teHT H8 signal shifted  signal shifted upfield by 0.06 ppm. None of the H2 signals
significantly (downfield by 0.24 ppm) when the pH was shifted downfield when the phosphate group was deproto-
raised to~7 (Table 1). This change due to phosphate nated. At pH 9.8, all H8 signals shifted upfield by 0.2 to 0.6
deprotonation was accompanied by an increase in theppm: furthermore, theAHT H2, HH,, and HH, signals
abundance of th&HT conformer (Figures 5 and 6). At pH  shifted upfield by 0.40.2 ppm, while theAHT H2 signal
>8, all four H8 signals shifted upfield, marking the N1H did not shift.
deprotonation; the conformer distribution changed greatly, The distribution of §,R,R,5Me,DABPt(3-IMP), con-
with the AHT conformer clearly dominant at pH 9.6 (Table  formers vs pH (Table 3 and Supporting Information) was
3). very similar to that of $,R,R,BMe;DABPt(3-GMP),

(S;R,R,9-Me:DABP(3"-IMP).. The four H8 signals  (Figure 6 and Table 3). Th&HT conformer dominates when
observed for §,R,R,5Me.DABP{(3-IMP); at pH~3 and  the phosphate groups are protonated (below pH 5). From

_ _ — pH ~5 to pH ~7.5, an increase in thAHT conformer
(67 SCQCU ’18% 'Sd “;’,'Sslsébﬁj' Duncan, R. E.; Tobias, RJ.SAm. Chem. population results from phosphate deprotonation. As N1H

(68) gen ;iaét_oghl |_1L9$J35; 1A‘|1t$n3§7,10§7\gan der Marel, G. A;; Reedijk, J. deprotonation begins (pH-7.5), the AHT:AHT ratio
ur. J. blochem f — . . e
(69) Elizondo-Riojas, M.-A.; Kozelka, dnorg. Chim. Acta200Q 297, Changes’ at pH-8 it is inverted, and by pH 9.8 thaHT

417-420. conformer is dominant.

Inorganic Chemistry, Vol. 41, No. 19, 2002 4927



Saad et al.

Table 3. Conformer Percentages bfe;DABPIG, Complexes at Different pH Values Measured from the H8 Signal Intensities

(S,RR,p (R,S,S,R
G pH % AHT % AHT % HH pH %AHT % AHT % HH
3-GMP 3.4 80 13 7 3.3 16 84 b
7.2 60 35 5 6.9 4 96 b
9.6¢ 37 60 3 9.3 86 14 b
3-IMP 3.3 72 17 11 3.0 13 87 b
7.2 63 30 7 7.3 5 95 b
9.8 41 56 3 9.6 83 17 b
5-GMP 3.2 92 2 6 3.1 7 71 22
7.0 98 1 1 7.3 12 70 18
10.4 20 72 8 10.0 10 69 21
5-IMP 3.3 90 2 8 35 6 72 22
7.1 97 1 2 7.2 4 77 19
10.4 16 70 14 10.1 2 79 19
aAt 5 °C; all others were at room temperatubéNot determined.
80F » A oa
A AHT
v N
60 4 44 v
4% AHT . AT
0
40} .
e A L
AHT
20} ! -
vt AHT
1 PR | P 1 1 1 PR | "
4 5 6 7 8 9 pH
AHT
Figure 6. Population distribution of the\HT and AHT conformers of J
(S,R,R,pMe2DABPt(3-GMP), as a function of pH. The HH distribution
was not included in the plot because it did not change significantly. ppm 8.8 86 84 82 8.0

ppm 9.2 8.8

8.4
Figure 7. H8 and H2!H NMR signals of 6,R,R,5Me;DABP(3-IMP),

8.0

at different pH values and 3C. The asterisks indicate compounds with

isomerizedMe,DAB.

(R,S,S,B-Me;,DABPt(3'-GMP),. At pH ~3 and 25°C,
the two H8 signals observed (Figure 8) were assightd

the AHT (major) andAHT conformers, whereas the H8
signals of the HH conformer were not detectable becauseboth the AHT and theAHT H8 signals shifted upfield by
the conformer interconversion rate was fast enough to 0.10-0.25 ppm and thé\HT conformer was highly domi-

broaden the signals of this minor conformer. The tidd
HHg4 signals are visible in th#H NMR spectrum of R,S,S,R

4928 Inorganic Chemistry, Vol. 41, No. 19, 2002

Figure 8. H8 'H NMR signals of R,S,S,RMe,DABPt(3-GMP), at
different pH values and 28C. The HH peaks are not labeled in the spectra

because they are barely visible.

@
o
T

4% AHT
v% AHT

PR B
9 pH

Figure 9. Distribution of theAHT and AHT conformers of R,S,S,R
Me,DABPt(3-GMP), as a function of pH. The HH distribution (not

included) did not change significantly.

motion. On increase of the pH to 6.9 (phosphate deproto-
nation), the AHT and AHT H8 signals shifted slightly
downfield (Table 1) and the favore’HT conformer became
highly dominant (Table 3). At pH 9.3 (N1 H deprotonated),

nant (Figures 8 and 9).

(R,S,S,B-Me,DABPt(3'-IMP) .. For R,S,S,RMe,DAB-
BipPt(3-GMP),,2° which exhibits a lesser degree of dynamic Pt(3-IMP),, the four'H NMR signals observed at pH3
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)

ppm9.2 9.0 8.8 86 84 82 80

Figure 10. H8 and H2'H NMR signals of R,S,S,RMe,DABPt(3-IMP),

at different pH values and 28C. The HH peaks are not labeled because
these are barely visible. Asterisks mark fré¢NP. Unlabeled small peaks
arise from compounds with isomerizéte,DAB.

and 25°C are assigned to the H8 and H2 resonances of the

AHT andAHT conformers (Figure 10). The HH signals were

AHT
HH4 AHT HH,
A

AHT
HHy AHT HH,
92 88 84 80 76
ppm

Figure 11. H8 H NMR signals of 6,R,R,5Me,DABPt(5-GMP), at
different pH values and 23C. Asterisks indicate peaks arising from
compounds with isomerizelle,DAB.

the pH was increased from3 to ~7, some of the H8 signals

broad for reasons given above. The H8 and H2 signals of shifted downfield (Table 2). The Htsignal experienced the

the AHT conformer are more downfield and upfield than
for the minorAHT conformer (Table 2). In the range from
pH ~5 to pH ~8, phosphate deprotonation causes shift

largest shift change (0.24 ppm), while theHT and AHT
H8 signals shifted slightly downfield; the Hiignal shifted
slightly upfield. Furthermore, at pH7 the AHT conformer

changes (Table 3). The N1H deprotonation leads to an upfieldbecame highly dominant (97%). As the pH was increased

shift for both theAHT and AHT H8 signals; a slight shift
occurred for theAHT H2 signal, while theAHT H2 signal
did not shift (Table 2). The conformer profile was very
similar for both R,S,S,RMe,DABPt(3-GMP), and R,S,S,R
Me,DABP1(3-IMP), (Figure 9 and Supporting Information).
For both adducts, the highly dominaAHT conformer at

from ~7 to ~10, all H8 signals of the HH and HT
conformers shifted upfield (Table 2). At pH 10.4, th&lT
conformer displaced thAHT form as the highly dominant
form (Supporting Information). In contrast to th&RMP
adducts, a higher pH~10 vs~9) was needed to invert the
AHT/AHT ratio for (S,R,R,pMe,DABPt(5-GMP), and the

pH ~3 becomes more favored upon phosphate deprotonationrespective 5IMP adduct (Table 3 and Supporting Informa-

(~95%), but in the pH range 8.0 (where N1H depro-
tonation becomes significant) teHT form became domi-
nant.

(S,R,R,3-Me,DABP1(5'-GMP),. The four H8 signals of
(S,R,R,BMe,DABPt(5-GMP), were assignedto the AHT
(major), AHT, and HH conformers (Figure 11). From pH
~3 to pH ~7 (phosphate deprotonation), the kkignal
shifted significantly downfield by 0.24 ppr&HT H8 signals
shifted slightly downfield by~0.02 ppm, while HH and
AHT HB8 signals did not shift (Table 1). Furthermore, the
population of the HH form dropped significantly (Table 3);
the AHT conformer became so dominant48%) that the
signals of the other two conformers were barely visible. As
the pH was increased from7 to~10 (N1H deprotonation),
all H8 signals shifted upfield (Table 1) and th&HT
conformer became highly dominant (Figure 11 and Table
3).

(S,R,R,3-Me,DABPt(5'-IMP) . For (S,R,R,pMe;,DAB-
Pt(5-IMP), at pH ~3, the four H8 and four H2 signals
(Supporting Information) are assigned to theIT (major),
AHT, and HH conformers. Each H8 NMR signal was
assigned by analogy t&(R,R,5Me,DABPt(5-GMP),. As

tion). This result is consistent with the higher N1Kvalue
for 5-NMP’s compared to the' NMP’s 52

(R,S,S,R-Me,DABPt(5'-GMP),. The four H8 signals of
(R,S,S,RMe,DABPt(B-GMP), at pH ~3 and 25°C are
indicative of the typical three conformers, the major form
being theAHT conformer (Figure 125° In the pH range of
~3 to ~7, all H8 signals shifted downfield (Table 1). At
pH ~7, the intensity of both thHT and HH H8 signals
decreased, while the intensity of th&HT H8 signal
increased (Figure 12). Between pH and pH~10, all H8
signals shifted upfield and the conformer distribution changed
only slightly (Table 3). TheAHT conformer was highly
dominant at pH 10.0.

(R,S,S,R-Me,DABPt(5'-IMP) ,. The four H8/H2 pairs of
signals of R,S,S,RMe,DABPt(5-IMP), at pH ~3 (Sup-
porting Information) were assigned on the basis of the
(R,S,S,RMe,DABPt(5-GMP), results. The AHT form
dominated. From pH~3 to pH ~7, all H8 signals shifted
downfield (Table 2) and the intensity of signals changed only
slightly. From pH~7 to pH ~10, all H8 signals shifted
upfield (Table 2 and Supporting Information); only slight
changes occurred in the intensity of the signals. At pH 10.1,
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AHT
HHgy AHT
A Aoherernod A

HT
’
HHy AHT HHy

PPM9.2 9.0 8.8 8.6 8.4 82 8.0 7.8 7.6

Figure 12. H8 '™H NMR signals of R,S,S,RMe;DABPt(5-GMP), at
different pH values and 28C. Unlabeled small peaks arise from compounds
with isomerizedVe,DAB.

the AHT conformer was still highly dominant. This behavior
was similar to that of the analogousGMP adductsThese
two (R,S,S,RMe,DABPt(5-NMP), adducts are anomalous
because the same form dominated at both high and low pH

Discussion

Characteristics of the HT Conformers. For cis-PtAG»

Saad et al.

((S,RR.S)-Me,DABPG, )

L AHT L (major) 6-in AHT L (minor) 6-out HHL

VAN

L AHT R (minor) 6-out AHT R (major) 6-in

((R.S,S,R)-(Me;DABPIG, )

HHR

Figure 13. Sketches of the HT and HH conformers &,R,R,$ and
(R,S,S,R(CCC)PIG, with left-handed and right-handed canting, respec-
tively, using arrows to represent N7-bou@dbases as shown in Figure 1.
Distribution of major and minor conformers is for pK 8. Only a small

part of theMe,DAB and Bip ligands shared by both is shown here for
clarity. We attempt to depict the base canting fairly accurately because this
feature is now well supported by the data. CirclédBd 3 represent the

3'- and 3-phosphate groups, respectively. The position is not easily fixed,
as there is considerable conformational freedom in the ribose ring and the
torsion angles linking the phosphate group to the nucleobase. However,
the illustration is designed to convey the distinct differences in the likely
positions of the 5phosphate relative to thé-Bhosphate group.

< 8 the following: the “6-in” major form iIsAHT R, and
the “6-out” minor form isAHT R. It is reasonable to attribute

type adducts, the dominance of HT conformers over the HH the greater stability of the major HT form to a preferred

form can be attributed to the better dipole (basdipole
(base) alignment and the lower bas®se steric clashes of

dipole interaction between the bases because having the
larger six-membered guanine rings close to each other as in

the HT vs HH orientation. Because such interactions involve the “6-in” form is not a sterically favorable situation. In
those parts of ligands close to the metal, we call these Minor “6-out” HT forms, G O6 is closer to the sterically

interligand interactions “first spherdirst sphere com-
munication” (FFC). The major HT conformer fode,DAB-
PiG, adducts has the carrier-ligand NH located on the
opposite side of the coordination plane fr@n063'3° The
favored form cannot participate in@ O6 hydrogen bond,
consistent with the hypothesis that carrier-ligand H-bonding
is not important!2%3°Positioning of theN-methyl substituent
appears to be the key factor in makilg,DAB a chirality-
controlling chelate CCC) ligand. The substituent on the N
controls the positioning of the NH groups, but its bulk also
controls canting directio?: The S,R,R,Shirality favors L
canting, and thé&R,S,S,Rehirality favors R canting (Figure
13)28-323839Thjs influence of theCCC ligand on canting
has been found for a6’s and also for dinucleotide’. 3238

less demanding NH part oMe,DAB ligand, possibly
allowing G O6—NH hydrogen bonding. Also, the bulkier
six-membered rings are far from each other. These favorable
FFC effects do not fully compensate for the FFC dipole
effects, which appear to be less favorable in the “6-out”
minor HT form, when compared to the “6-in” major HT
form.

In addition to the direction of canting and the relative
orientation of the five- and the six-membered rings, the bases
in the HT forms could also differ in having a low or a high
degree of canting. In the solid state, extensive structural data
are available for the typicatis-PtA,G, complexeg?70-80
The HT forms observed cluster into two groups differing in
the direction of the carit:4276.788%or dynamiccis-PtA,G,

Because the interactions responsible involve parts of ligandsmodels in whichG = nucleosides and'SNMP’s, the AHT

close to the metal, these are examples of FFC.

forms were observed exclusively in the solid st&tg?8?

Relative to the case in which the bases are both perpen-all of the AHT forms had right-handed canted bases. A high

dicular to the coordination plane, canting will move the six-

degree of canting, allowinG O6—NH hydrogen bonding,

membered rings closer in to the midpoint between the N7 has been found only when th@ derivative was not a's

atoms (“6-in” form) or farther out from this midpoint (“6-
out” form) (Figure 13). In typical cases, the “6-in” form is

NMP or when the base was in an oligonucleotitigé 78-80.8283
in solid-state structures of BlIMP complexes, the direction

favored. The consequences of L and of R canting are of canting is unfavorable fo& O6—NH H-bonding, which

different for AHT and AHT forms. In each $,R,R,
Me,DABPItG, adduct, the canting is L and we find for pH
< 8 the following: the “6-in” major form isAHT L, and
the “6-out” minor form is AHT L. In each R,S,S,R
Me,DABPItG, adduct, the canting is R and we find for pH
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is absent or weak:0738%8\e now have extensive evidence
in solutionthat bases in retro models cant, that the degree
of canting can be high or low, and that the direction of
canting can allow H-bonding, even f& = nucleosides and
NMP'S_28732,38,39
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The H8 signal of the major HT form is downfield from method of assignment of the H2 signals is similar to that
the H8 signal of the minor HT form in QCC)PiG, for the N1-CHs signals (Table 2§?
adductg83031.3945The H8 shift is influenced by the position- Phosphate Group Effects on HT ConformersWe now
ing of the H8 atom with respect to the shielding cone of the consider the effects of the phosphate grougs imucleotides.
cis G. This position is a consequence of two factors: the In addition to basebase and basecarrier ligand FFC
direction and the degree of canting. The canting of the two effects, the favored HT form inQCC)P1tG, retro models
equivalent bases in the direction moving each H8 toward with G = 5'-GMP can possibly be stabilized by phosphate
the cisG will lead to greater H8 shielding and hence an carrier ligand NH hydrogen bonding; we call this “first-to-
upfield H8 signal relative to the average H8 signal. This second-sphere communication” (FSC). These findings and
direction of canting occurs for the minor HT formAKT L the fact that the group most likely to participate in H-bonding
andAHT R) (Figure 13). The interaction of the H8 with in the HH DNA adduct is the'Sphosphate grodp*18reveal
the cisG has a small steric effect and is associated with a the need to assess FSC. In the solid state, numerous examples
rather high degree of canting in X-ray ddt&zor minor HT of AHT complexes of 5GMP and several related'-5
forms, theMe,DAB ligand should not impede base canting phosphate derivatives have been found not only for Pt
because th& O6 is closer to the small NH side of the carrier with various carrier ligands but also even for other
ligand (Figure 13). In contrast, for the major HT fornasHT metals??70-828487 The nucleotides in the structures have very
L and AHT R) the canting of the base that moves its H8 similar relationships, with the purine bases having the same
away from the ciss will lead to less H8 shielding or perhaps  relative positions and the phosphate group always hydrogen-
deshielding in the HT forfi? and hence a more downfield bonded to the cis ligand in a similar manner. This prevalence
H8 signal. This direction of canting (i.e., the larger six- of FSC in the solid contrasts with its relative unimportance
membered rings of the two ci8’s closer together than in  in solution3®
the minor HT forms, Figure 13) is associated in X-ray data  One premise of our retro-model studies is that dynamic
with a lower degree of cantirfg. nucleotide complexes will often have very different structures
The equivalent bases in each HT form have H8 signals atin the solid state and in solution. Also, we find that NH
shifts intermediate to those of the nonequivalent bases ofgroups have weak (if any) interactions with {8606 group
the (CCC)PiG, HH form. The G base of the CCC)PiG, in retro model$® Many examples ofs O6—NH hydrogen
HH form with O6 closest to the NH is canted toward the cis bonds in the solid state have been reported, both before our
G and has a relatively upfield H8 signal (HHand the base ~ work and afterward* 76787 We attribute this difference
with O6 closest to the NCibr NCH, group has a downfield  between solution and solid-state results to the fact that
H8 signal (HH).28:3031.3945Thjs |atter base is less canted and crystals of very small molecules usually contain little or no
is probably canted away from the oth@r water. The solid state could favor a hydrogen bond or even
The H8 and H2 signals of hypoxanthine are inherent & conformet’ that either may not be present or may be of
complementary probes for assessing conformation. We Minor importance in water. Moreover, the charged phosphate
recently found that, for@CC)Pt(1-Me-3-GMP), adducts, groups will be attracted to the cationic Pt center in the solid,
G N1—CHs signals follow a trend opposite to that of the Whereas the electrostatic attraction normally will be less in
H8 and H1 signals®® Because the H2 atoms of hypoxanthine Water. Thus, crystallography can often provide misleading
adducts are positioned relatively in the same place as theOr incomplete information about interactions in aqueous

N1—CHs groups (schematically, tail of the arrow), the solutions.
Previously we demonstrated that, in the aqueous environ-

(70) Cramer, R. E.; Dahistrom, P. L.: Seu, M. J. T.; Norton, T.; Kashiwagi, Ment where the electrostatic attraction of the amine phosphate

- l\’c| Ingilyg.l_ Ccr_m‘erral]Q?fJ 19_,I 1F4)18—Clh5_4. ki her T3 group to the cationic Pt moiety is weak, phosphatis G
arziih, L. G.; allipoyil, P.; lang, C. C.; Kistenmacher, . H : H
Am. Chem. Sod98q 102, 2480-2482. N1H interactions are a key factqr stab_lllzmg the favored HT
(72) Kistenmacher, T. J.; Chiang, C. C.; Chalilpoyil, P.; Marzilli, L. 5. conformer. We call such interligand interactions “second-
Am. Chem. Sod979 101, 1143-1148. , _ sphere communication” (SSC) because the interaction groups
(73) Barnham, K. J.; Bauer, C. J.; Djuran, M. |.; Mazid, M. A.; Rau, T.; . . 739
Sadler, P. Jinorg. Chem.1995 34, 2826-2832. are at the periphery of different grouffs’** These SSC

(74) Il-gi)%riergtéB‘i:SRaSgdaschl, G.; Lock, C.J. L.; PilonIRorg. Chim. Acta interactions are optimal at pH-&, conditions in which the
(75) Schidihorn, H.; Raudaschl-Sieber, G.; Mer, G.; Thewalt, U.; Lippert, phosphate group is deprotonated and the N1 is protonated.

B. J. Am. Chem. S0d.985 107, 5932-5937. The HT form favored differs foG = 5'-GMP (favoring

(79) Sabrer 5 layec, 3. Buyce ;Do & Cin . Nale 6. AT) and 3.GMP (favoringAHT). 5% We fave begun

(77) Orbell, J. D.; Taylor, M. R.; Birch, S. L.; Lawton, S. E.; Vilkins, L. to understand some of the reasons for this differéhdde
M.; Keefe, L. J.Inorg. Chim. Actal988 152 125-134. " it ic di i ; -

(78) Cini, R.; Grabner, S.; Bukovec, N.; Cerasino, L.; Natile,Esr. J. 5 phosphate group position is different ifISMP's vs 3
Inorg. Chem.200Q 7, 1601-1607.

(79) Sindellari, L.; Schithorn, H.; Thewalt, U.; Raudaschl-Sieber, G.;  (84) Miller, S. K.; van der Veer, D. G.; Marzilli, L. GI. Am. Chem. Soc.

Lippert, B. Inorg. Chim. Actal99Q 168 27—32. 1985 107, 1048-1055.

(80) Sinur, A.; Grabner, SActa Crystallogr., Sect. @995 51, 1769-72. (85) Begum, N. S.; Poojary, M. D.; Manohar, H. Chem. Soc., Dalton

(81) Gellert, R. W.; Bau, RJ. Am. Chem. Sod.975 97, 7379-7380. Trans.1988 5, 1303-1307.

(82) Orbell, J. D.; Wilkoski, K.; De Castro, B.; Marzilli, L. G.; Kisten- (86) Mangani, S.; Orioli, PJ. Chem. Soc., Chem. Comm@f85 12, 780~
macher, T. Jlnorg. Chem.1982 21, 813-821. 781.
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H. J.; Reedijk, JJ. Am. Chem. S0d.987, 109, 592-594. 10, 533-534.

Inorganic Chemistry, Vol. 41, No. 19, 2002 4931



NMP’s. In the AHT forms, the phosphate group is toward
the cis 5-nucleotide; in theAHT forms, the phosphate group
is away from the cis "snucleotide (Figure 13). For-3NMP
adducts, the '3phosphate is close to the cisrucleotide in
the AHT forms and away from it in thAHT forms (Figure

Saad et al.

(S,R,R,5Me,DABPt(3-NMP), adducts upon phosphate
deprotonation (Tables 1 and 2, Supporting Information). We
use the H2 shifts to understand more about the H8 shifts.
Although the HH and HH, signals were very small for some
adducts, they were helpful for assessing canting in the HH

13). Thus, the relative positions of phosphate groups to theform. For example, for%,R,R,5 and R,S,S,RMe,DAB-

cis G in a HT form with a given chirality are opposite for
3'-NMP vs 3-NMP adducts.

pH Dependence of H8 Chemical Shifts for NMP
Adducts. Although the shifts of the H8 signal are useful for

Pt(5-IMP), adducts, the H2 partners (HRignals) to the
HHgy signals did not shift. If the Hklshift change £0.25
ppm) for these two complexes were due to a change in
canting, it would have been also reflected on the.lKignals

assessing the conformer distribution and the canting of oneand would have led to an upfield shift for this signal. For

G base relative to the ci§, complications arise whe@ is

the B-NMP complexes, the Hiisignal arises from thab

a 5-NMP. H8 atoms are deshielded more by a deprotonatedhaving a 5-phosphate group possibly positioned to form an
phosphate group than by a protonated phosphate groupH-bOﬂd with the cis NH of the carrier ligand. This positioning

leading to a “wrong-way” (i.e., a downfield) shift of the H8
signal®® For 5-NMP’s, rotation about the glycosyl bond to
form syn and antconformers is rapid, and the H8 shifts of
the various conformers will reflect the average of the syn/
anti conformations of each. Between pt4 and pH~7,
5'-phosphate deprotonation dfEMP’s either free or bound
to Pd at the N7 position idienPd(8-NMP) complexesdien

= diethylenetriamine) leads to a downfield shift of the H8
signal. The extent of this “wrong-way” shift was comparable
for free 3-AMP, 5-GMP, and 5IMP (~0.15 ppm)38 the
Pd N7-bound 5NMP’s also showed comparable downfield
shift changes~0.26 ppm):8 The “wrong-way” shift on 5

and the alignment of th& base produce a short distance
between this Bphosphate group and the H8 atom. Our
molecular modeling calculations (data not shown) support
this suggestion. Thus, a “wrong-way” shift upon phosphate
deprotonation can explain the shift change fordH

The changes in shift upon phosphate deprotonation of the
AHT conformer were also analyzed. TAHT H8 signals
of (R,S,S,RMe,DABPt(5-GMP), and R,S,S,RMe,DAB-
Pt(8-IMP), adducts shifted by-0.15-0.20 ppm; theAHT
H2 signal of the 5IMP adduct shifted slightly upfield (0.04
ppm) (Figure 11 and Supporting Information). Plastic models
reveal that the Bphosphate groups can occupy positions that

phosphate deprotonation was attributed to an increasedpermit H-bonding to NH groups of the carrier ligands,

preference of the anti conformer (thefhosphate is closer
to H8 in this conformer), in addition to the higher deshielding
of the deprotonated phosphate gré&iRownfield shifts of
~0.2 ppm from pH~4 to pH~7 have also been observed
for platinum adducts containing-BIMP’s, a result consistent
with the “wrong-way” shift effect of the 'Sphosphate
group®-°t A negligible downfield shift (0.01 ppm) for the
H8 signal was observed upon theghosphate deprotonation
of enPt(3-GMP),;%* however, the downfield shift of the H8
signal was significantX 0.1 ppm) for theenPt(5-GMP),
complex3”®4Regardless of the syn or anti conformation of

consistent with th\HT model illustrated in Figure 13. This
H-bonding places the H8 atoms close to these phosphate
groups; thus, the H8 signal is downfield shifted by phosphate
deprotonation. Of particular note, this H-bonded model has
a structure similar to that of thAHT form observed for
enPt(5-GMP), in the solid state?

For S,R,R,BMe,DABP1(3-GMP), and §,R,R,5Me,DAB-
Pt(3-IMP), also, theAHT H8 signals shifted significantly
downfield (Tables 1 and 2). For the latter, theIT H2 signal
shifted slightly upfield. On the other hand, only a slight
downfield shift was observed for th&AHT H8 signals of

a 3-NMP, the 3-phosphate group cannot approach as closely (R,S,S,RMe,DABPt(3-GMP), and the respective' 3MP

to the H8 atom as the'fphosphate group in the anti
conformation of a 5SNMP. Thus, the result with thenPt-
(3-GMP), complex is consistent with the accepted explana-
tion of the 3-phosphate “wrong-way” shift effect.
Phosphate Group Effects on Nucleobase Signals in
Me,DAB Retro Models. We can use “wrong-way” shift

complexes. Because théhosphate groups are always far
from the H8 atoms, we believe that thédT H8 downfield
shift for (S,R,R,FMe,DABPt(3-GMP), and the respective
3'-IMP adduct is not caused by the “wrong-way” deshielding
effect. Models reveal that SSC can alter canting, and we
attribute the downfield shift of the H8 signal of theA&IT

effects to probe the relative position of the phosphate group conformers to a decrease in canting, moving the H8 away

to the H8 atom. In the HH form, the HHsignal for the
(S,R,R,$ and R,S,S,RMe,DABPt(5-NMP), adducts al-
ways shifted~0.25 ppm downfield upon phosphate depro-
tonation (Tables 1 and 2, Supporting Information). However,
a negligible shift (0.02 ppm) occurred for the kislgnal of
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from the cis base. In summary, our results clearly show that
the “wrong-way” shift occurs only for the SNMP complexes
and only when the phosphate group is close to H8.
Influence of N1H Deprotonation on the H8 and H2
Shifts. One goal of this study is to assess the influence on
conformer distribution of phosphate position when the N1H
is deprotonated. Near the end of the Discussion, we sum-
marize arguments that ti@& 2-NH, group has little influence
on properties. Upon N1H deprotonation, upfield shifts are
usually observed for the H8 signals; these upfield shifts are
dramatic ¢0.3—0.6 ppm) for the minor “6-out” conformers
that allowG O6—(NH)CCC H-bonding. Stronger H-bonding
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could cause greater canting, which will place the H8 atom
closer to the shielding cone of the €% Two factors can
affect the upfield shifts of the H8 and H2 signals at high
pH: the inductive effect caused by deprotonation of the N1H
(especially on the H2) neighboring; the effect of the Gis
when N1H deprotonation leads to changes in the canting
degree. For$,R,R,5Me,DABPt(3-IMP), at pH 9.8, the “6-
out” AHT H8 signal shifted~0.6 ppm upfield, while the
AHT H2 signal did not shift; however, the “6-iAHT H8
and H2 signals shifted by-0.1 ppm. The similar upfield
shift of the “6-in” AHT H8 and H2 signals is most likely
the result of the inductive effect caused by N1H deproto-
nation. For the “6-out’AHT H8 signal, the change G
base canting to allovc O6—(NH)Me,DAB H-bonding is
substantially responsible for the0.6 ppm upfield shift. The
absence of aAHT H2 shift is most likely due to the net
result of two effects: (i) The change @ base canting causes
the AHT H2 signal to shift downfield. (ii) An inductive effect
of N1H deprotonation causesdd T H2 upfield shift of~0.1

ppm.
For (S,R,R,pMe,DABPt(5-IMP),, the “6-out” AHT H8
and H2 signals shifted upfield by 0.3 and 0.04 ppm upon
N1H deprotonation, respectively. The shift of théelT H8
signal is due to a change {& base canting, while the shift
of the AHT H2 signal is the net shift of the inductive effect
and change G base canting (as discussed above). On the
other hand, the similar (0.310.15 ppm) upfield shifts of
the “6-in” AHT H8 and H2 signals at high pH are most likely
caused primarily by the inductive effect following N1H
deprotonation. This analysis can be applied for the rest of
adducts (Tables 1 and 2). We conclude that, for the major
“6-in” conformer of Me,DABPt(3-IMP), and Me,DABPt-
(5'-IMP), the similarity in upfield shifts{0.10-0.15 ppm)
of the H8 and H2 signals is most likely caused by the
inductive effect of N1H deprotonation. However, for the
minor “6-out” conformer the large H8 upfield shifts (6-3
0.6 ppm) and the very slight (0.04 ppm) or negligible upfield
shift of H2 signals reflect the net effects of N1H deproto-
nation (upfield) and of the change d@ base canting
(downfield).

Dependence of Conformer Distribution on pH. 3-GMP
and 3-IMP Adducts. The S,R,R,5Me,DAB ligand favors
L canting and the “6-in"AHT conformation for §,R,R,$
Me,DABPiG, complexes. For botlc = 3-GMP and 3
IMP, the changes in intensities and chemical shifts of the
H8 signals were similar throughout the pH titration. (NH)-
Me,DAB—cis G O6 H-bonding could contribute to the
stability of the minor form, but this interaction would be at
best weak. Also, SSC involving the-BO, group stabilizes
the minorAHT conformer. At pH~3, SSC is weak because

AHT L form remains at low abundance, not only at low pH
but also at pH 7.

Upon deprotonation at higher pH of the guanine six-
membered ring N1H of,R,R,5Me,DABPIG,, the “6-out”
AHT conformer became more favored. This relative increase
in stability can arise from two causes: reduction of electro-
static repulsion between the two negatively charged N1
atoms, which in an L-canted “6-oufAHT conformer are
placed farther apart than in the L-canted “6-iKHT
conformer; (ii) enhancement of t@ O6—(NH)Me,DAB
hydrogen bonding as a result of the increase in capacity of
the G O6 as a hydrogen bond acceptor. In the “6-out” form,
the O6 is positioned to form such an H-bond.

For R,S,S,RMe,DABPIG, complexes the K,S,S,R
Me,DAB ligand favors R canting, for which the “6-in” form
is the AHT conformer. For bottG = 3-GMP and 3IMP,
the changes in intensities and chemical shifts of the H8
signals were similar throughout the pH titration. The “6-in”
AHT conformer is favored by both the dipole (basd)pole
(base) alignment and SSC. Phosphate deprotonation enhances
the latter interaction, which leads to a highly dominAktT
conformer at pH~7. The “6-out” R-canted\HT conformer
has an unfavorable dipole alignment but still has the
possibility of forming aG O6—(NH)Me,DAB hydrogen
bond. At pH~10, the N1H deprotonation eliminates the SSC
PO,—cis G N1H interactions and creates electrostatic repul-
sion, thus destabilizing the “6-iPAHT conformer. On the
other hand, the “6-outAHT conformer has lower electro-
static repulsion because the negatively charged N1 guanine
atoms are farther apart, and this conformer can have better
hydrogen bonding ofG O6 with the NH of Me,DAB.
Therefore, the “6-out’/AHT conformer becomes dominant
at high pH.

Dependence of Conformer Distribution on pH. 3-GMP
and 5-IMP Adducts. Both the S,R,R,Scarrier-ligand
chirality and the 5phosphate group favor the L-canted “6-
in” AHT conformer for §,R,R,pMe,DABPt(5-NMP),
adducts. At low pH, thé\HT conformer is stabilized by the
favorable alignment of the base dipoles and favorable SSC
PO,—cis G interactions; the latter interactions are enhanced
when the 5phosphate groups are deprotonated, thus leading
to a higher abundance of the major “6-INHT conformer.

The unfavorable alignment @ bases in the “6-0utAHT
conformer makes this form less abundant; however, as
discussed above, release of electrostatic repulsion between
negatively charged N1 atoms ar@é O6—(NH)Me,DAB
hydrogen bonding greatly favor the “6-out” HT conformer

at pH~10. A noteworthy observation is that higher pH1(0)

is needed for$,R,R,pMe,DABPIG, (G = 5-GMP and 5

IMP) complexes to reach full N1H deprotonation compared
to their respective 'SGMP and 3IMP adducts. This

the phosphate group is protonated. Thus, the carrier-ligandobservation provides evidence for N1H sites with lower

effect favoring L canting and the “6-inAHT conformer
prevails. At pH~7, the abundance of th&HT conformer

acidity in the 5-GMP or 3-IMP adducts. This difference
between 5NMP and 3-NMP adducts was observed for the

increases, most likely because of the enhancement of thefree NMP’s®?

phosphate-cis G interactions when the phosphate group is
deprotonated. In adducts of-Bucleotides, L canting does

(R,S,S,RMe,DABPt(5-GMP), and R,S,S,RMe,DAB-
Pt(5-IMP), respond similarly to pH changes. For both, the

not allow such favorable SSC as does R canting. Thus, theintensity of the H8 NMR signals did not change significantly,
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and no inversion of thAHT/AHT ratio occurred as the pH
was increased te-10 (Figure 12 and Supporting Informa-
tion). The R,S,S,RMe,DAB ligand stabilizes the R-canted
“6-in” AHT conformer. Because for#iucleotides the minor
“6-out” AHT conformer is stabilized by SSC, thée-5
phosphate group deprotonation will further stabilize this
form. It should be noted that interaction of theghosphate
group with anMe,DAB NH group (FSC) is not important;
otherwise, theAHT conformer would have increased in
abundance from pH-3 to pH ~7 because this conformer

Saad et al.

Table 4. Interligand Interactions Contributing to the Stability of HT
Conformers of CCC)Pt(GMP) Adducts at Different pH Values

pH
canting G conformation 3 7 10
left-handed 3GMP AHT a a a
AHT b d
5'-GMP AHT a ab a
AHT d
right-handed 3GMP AHT a ab a
AHT d
5'-GMP AHT a ac ac
AHT b

allows such H-bonding (see Figure 13). These results indicate

that in theAHT form SSC is more important than FSC.
At pH ~10, we would have expect&s O6—NH hydrogen

aDipole (base)-dipole (base) alignment (FFC). (When a second interac-
tion is listed, the more important interaction is firstyPOy—cis G
interactions (SSCf PQy—cis amine interactions (FSCyLower electro-

bonding to dominate the interactions and lead to a favored static repulsion caused by the greater distance between the negatively

AHT conformer. However, thesdR(S,S,RMe,DABPt(5-
NMP), adducts are anomalous, and thid T form continues

to dominate. A combination of three factors might explain
this finding. First, just as the proximity of thé-phosphate
group to the ciss N1H is favorable for SSC, this proximity
could be highly unfavorable when N1H is deprotonated and
carries a + charge. Second, the movement of the 5

phosphate group away from the negative N1 would postion

it for favorable FSC interactions which are possible in the
AHT form. Finally, the H8 signals remain relatively down-
field in the AHT form; this downfield shift position could

charged N1 atoms (FFC) and/@rO6—cis amine hydrogen bonding (FFC).

Me,ppzPt(3-IMP), adducts were changed in two ways
simultaneously (absence of 2-MHjroups, which might
participate in SSC, and lack of carrier ligand NH groups that
might participate in FSC). Thus, conclusions about the
H-bonding of theG 2-NH, group required confirmation by
the studies reported here.

For Me,DABPt(3-NMP), adducts the conformer distribu-
tion and the abundance of theHT conformer were very
similar throughout the entire pH range for eithide,DAB

indicate a lesser degree of canting. In this case, N1-to-N1 chirality (Table 3). Because of these similarities, we conclude

distances are longer, minimizing the repulsive-NM1 effect.
Influence of the G 2-NH, Group on Conformer Prop-

erties. All the studies suggest that tli& N1H group is key

in SSC forcis-PtAy(GMP),.30:33.34.36.37.3F xperimental results

involving N1H deprotonation suggested that tBe2-NH,

was not a significant hydrogen-bond donor contributing to

SSC33:36.3"However, N1H deprotonation could weaken the

2-NH; to phosphate hydrogen bonding both electrostatically

and inductively. Thus, replacing the 2-Nigroup with an
H2 as in the hypoxanthine base of IMP eliminates any
possible effect of the 2-NHgroup. In the past, a few Pt
IMP complexes were studié@3”-°2Two of these complexes
were fluxional¥”-°2First, cis-Pt(NHs)2(5'-IMP), showed only
one H8 and one H2 NMR signal, reflecting signals of
conformers in fast interconversidh.Second, thecis-Pt-
(NH3)2(3'-IMP), adduct was studied by CD spectroscopy at
different pH values? At pH ~3, the CD spectrum exhibited
features characteristic of teHT conformer; these features
increased in intensity at pH7, indicating the enhancement
of the AHT abundance conformer at this pH. At pkil1,

the CD features inverted, indicating the dominance of the
AHT conformer at this high pH. Because tbig-Pt(NH;),-
(IMP), adducts are highly dynamic, their NMR spectra are
uninformative for assessing factors stabilizing the HT and
HH conformers. LaterMe,ppzPt(5-IMP), and Me ppzPt-
(3-IMP), retro models were studied by NMR and CD
spectroscopy® Conformer distribution was essentially similar
to the respective guanine adducts at p8, ~7, and~10,
suggesting that th& 2-NH, group has no role. How-
ever, relative to GMP analogueBle,ppzPt(5-IMP), and

(92) Marcelis, A. T. M.; Erkelens, C.; Reedijk, lhorg. Chim. Actal984
91, 129-135.
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that the 2-NH group in 3-GMP adducts is not important in
influencing stability of the conformers. For-BIMP adducts,

the key structural element in the nucleobase for SSC is the
N1H.

Likewise, the conformer distribution fdvie,DABPt(5-
NMP), adducts in the pH range 3 to ~10 revealed that
the S,R,R,pMe,DABPt(5-NMP), distributions were very
similar (Table 3). Except for thAHT conformer, this similar
distribution applies to theR,S,S,RMe,DABPt(5-NMP),
adducts. The 'SGMP adduct had an-8% more abundant
AHT conformer than the’'dMP adduct. Except for this case
in which the 2-NH group may have a small role, these
findings indicate that the N1H plays the key role in SSC for
5-GMP adduct$?-333637.39

Factors Stabilizing the HH Conformer for Me ,DAB-
PtG, Adducts. The HH form ofMe,DABP1G, adducts has
a higher abundance fd&8 = 5-NMP’s than forG = 3'-
NMP’s. Furthermore, the finding that the HH conformer was
also abundant in the case e ppzPt(3-GMP),%>2¢and the
results reported in this study reinforce the general finding
that the 5 phosphate group stabilizes the HH conformer.
The information in this study does not illuminate this issue
beyond the concepts presented in previous stiiiés.

Retro-Models Comparison.On the basis of the new and
previous resultd?30.31.394%he interactions contributing to the
stability of various conformers ofJCC)P1G, complexes at
different pH values are summarized in Table 4 and illustrated
schematically in Figure 13. In order of apparent relative
importance, the interactions are as follows: (a) dipole
(basey-dipole (base) interaction (stronger in the “6-in” HT
conformer and most clear below pH 8); (b) SSC (phosphate
cis G N1H interactions) contributing at low and neutral pH
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(does not exist at high pH); (c) release of electrostatic destabilizes theAHT conformer by eliminating SSC and
repulsion between the negatively charged N1 guanine atomseaves the Bphosphate free to enhance its effect favoring
in the “6-out” HT form (relevant at high pH); (d) release of the HH conformer, leading to a highly abundant HH
electrostatic repulsion between the negatively charged N1conformer. In addition, foMe,DABPt(IMP), adducts, the
atom and the 'sphosphate group, most important in favoring H2 signals served as an additional probe to determine
the AHT form (relevant at high pH); (e) amine NH hydrogen-  structural features of adducts. Results supported our previous
bonding interactions with the O6 of both deprotonafd findings® about the head/tail relationship of H8 atoms (head

in the “6-out” HT form and of one deprotonate&s of the of arrow) and others located on the opposite side of the base
HH form (contributing only at high pH because N1H (tail of arrow) (e.g., Nt+CH; in 1-Me-5-GMP or H2 in
deprotonation increases the capacity of theO6 as an IMP).

H-bond acceptor); (f) Sphosphate cis amine NH hydrogen- Another important feature of these results is the striking

bonding interactions (most relevant at neutral and basic pH)?simiIarity of Me,DABP1G, adducts and their respective
(9) amine NH hydrogen-bonding interactions with the O6 BjppiG, adduct® at low and neutral pH values. As we
of bothG'’s of the “6-out” HT form and of on& inthe HH  giscussed earlier, the dynamic properties are very different.
form (below pH 8, wherds N1H is not deprotonated). These data confirm the retro-model design focusing on
Conclusion. EachMe,DABPIG; retro model adduct at  gestabilizing the transition state without altering the ground
pH ~7 has a major HT form with the six-membered base state. The results suggest that wagging of the base (i.e.,
rings close to each other (“6-in”) and a minor HT form with - i ctuation of the canting angle about an average angle) is

the rings farther apart (“6-out”). In the minor “6-out” HT  ejther not large or else occurs to the same extent for adducts
form, the separation of the larger six-membered rings could \yith either of these two ligands.

be sterically favorable. Alsd&; O6 is closer to the sterically
less demanding NH part oMe,DAB ligand, possibly
allowing G O6—NH hydrogen bonding. These favorable FFC
effects in the minor “6-out” HT form do not fully compensate
for possibly highly favorable strong dipole effects in the
major “6-in” HT form. Second-sphere communication (SSC)
between peripheral groups also affects distribution. Phosphate
N1H cis G interactions favorAHT forms in 3-GMP and
5'-IMP complexes and\HT forms in 3-GMP and 3 IMP
complexes. When SSC and FFC favor the same HT
conformer, it is present at 90% abundance. In six adducts
[4 (S,R,R,BMe,DABPIG;; (R,S,S,RMe,DABPIG, with 3'-
GMP and with 3-IMP], the minor “6-out” HT form at pH

Finally, our results provided clear evidence for the
importance of FFC and SSC and the inconsequential influ-
ence of FSC on the properties and conformer distribution of
all Me,DABPItG, adducts. It is quite striking that the role
of hydrogen bonding of the amine NH group at neutral pH
in solution appears to be relatively minimal. Studies involv-
ing theMe,ppzPt retro models and adducts with larger DNA
fragment4® also suggest a minimal role for amine NH
H-bonding. This view is contrary to long-held beliefs, and
additional studies are needed before this conclusion will be
widely adopted. We have made an initial attempt to separate
factors influencing H8 shifts, particularly the “wrong-way”
shift effect of the phosphate group. However, studies of

~7 becomes the major form at pH10 (whereG N1H is :
. models with only oneG are needed to assess fully such
deprotonated) because the larger distance between thefactors

negatively charged N1 atoms decreases electrostatic repulsion
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