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Abstract: Insight into the N7/06 equatorial binding interactions of the antitumor active complex Rh,(OAc),-
(H20)2 (OAc™ = CH3CO; ") with the nucleotide 5'-GMP and the DNA fragment d(pGpG) has been obtained
by one- (1D) and two-dimensional (2D) NMR spectroscopy. The lack of N7 protonation at low pH values
and the significant increase in the acidity of NI—H (pKa ~ 5.6 as compared to 8.5 for N7 only bound
platinum adducts), indicated by the pH dependence study of the H8 *H NMR resonance for the HT (head-
to-tail) isomer of Rhy(OAC)2(5'-GMP),, are consistent with bidentate N7/06 binding of the guanine. The H8
1H NMR resonance of the HH (head-to-head) Rhy(OAc).(5'-GMP), isomer, as well as the 5'-G and 3'-G
H8 resonances of the Rh,(OAc){d(pGpG)} adduct exhibit pH-independent titration curves, attributable to
the added effect of the 5'-phosphate group deprotonation at a pH value similar to that of the N1 site. The
enhancement in the acidity of NI—H, with respect to N7 only bound metal adducts, afforded by the O6
binding of the bases to the rhodium centers, has been corroborated by monitoring the pH dependence of
the purine C6 and C2 3C NMR resonances for Rhy(OAc)2(5'-GMP), and Rh,(OAc){d(pGpG)}. The latter
studies resulted in pK, values in good agreement with those derived from the pH-dependent 'H NMR
titrations of the H8 resonances. Comparison of the *3C NMR resonances of C6 and C2 for the dirhodium
adducts Rh,(OAc),(5'-GMP), and Rhz(OAc){ d(pGpG)} with the corresponding resonances of the unbound
ligands at pH 8.0, showed substantial downfield shifts of Ad ~ 11.0 and 6.0 ppm, respectively. The HH
arrangement of the bases in the Rhy(OAc){d(pGpG)} adduct is evidenced by intense H8/H8 ROE cross-
peaks in the 2D ROESY NMR spectrum. The presence of the terminal 5'-phosphate group in d(pGpG)
results in stabilization of one left-handed Rh,(OAc){d(pGpG)} HH1 L conformer, due to the steric effect
of the 5'-group, favoring left canting in cisplatin-DNA adducts. Complete characterization of the Rhy(OAc),-
{d(pGpG)} adduct revealed notable structural features that resemble those of cis{Pt(NHs){d(pGpG)}];
the latter involve repuckering of the 5'-G sugar ring to C3'-endo (N-type) conformation, retention of C2'-
endo (S-type) 3'-G sugar ring conformation, and anti orientation with respect to the glycosyl bonds. The
superposition of the low energy Rhy(OAc){d(pGpG)} conformers, generated by simulated annealing
calculations, with the crystal structure of cis-[Pt(NHs){ d(pGpG)}], reveals remarkable similarities between
the adducts; not only are the bases almost completely destacked upon coordination to the metal in both
cases, but they are favorably poised to accommodate the bidentate N7/06 binding to the dirhodium unit.
Unexpectedly, the two metal—metal bonded rhodium centers are capable of engaging in cis binding to GG
intrastrand sites by establishing N7/06 bridges that span the Rh—Rh bond.

Introduction to a cascade of events, including transcription inhibition and
repair shielding of cisplatin-DNA cross-links that lead to cell
death? Although a wealth of information is now available for
cisplatin-DNA structured,insight into the nature of the GG
platinum adducts emerged from the X-ray structure determi-
nation of cis-DDP bound to d(pGpG)followed by those of
longer oligonucleotide$® The judicious choice of d(pGpG)

The activity of the anticancer drug cisplafinis-[Pt(NH3).-
Cl,] cissDDP} has been attributed to its ability to bind to and
modify the structure of DNA by forming intrastrand d(GpG)
head-to-heaqHH) cross-linkst These platinated sites contribute
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Chart 1. Structure and Atom Numbering of (a) Dinucleotide
d(pGpG) and (b) Nucleotide 5'-GMP.

Chart 2. (a) Structure of Metal—Metal Bonded Dirhodium
Compounds with Carboxylate Ligands and (b) Head-to-Head (HH)
and Head-to-Tail (HT) Isomers of [Rh2(OAc),]?* Core.

(@ (b)

o equatr)rial (eq) 0 (L
positions

R CH;
L X=Y,X =Y (HH)
ILX=Y,X =Y (HT)

0 lographic determinations of the adducts with 9-ethylguanine (9-
EtGH) have revealed that these bridging modes involve two
9-EtGH groups spanning the dirhodium unit through Mi#&
O~ O6 sites of 9-EtGH in &is disposition and in a HH (Chart 2b,
(b) ) or head-to-tail(HT) orientation (Chart 2b, 11}° The obvious

ls importance of the dirhodium bis-acetate unit bound to tethered
guanine bases prompted us to investigate its interactions with
the dinucleotide d(GpGY, as well as those with GG containing
DNA dodecamer®? To delineate the effect of the-ferminal
phosphate group of the d(pGpG) dinucleotide on the conforma-
tion of the adduct, we undertook the structural characterization
of the R(OAC),s adducts with 5GMP (guanosine-“&mono-
phosphate) (Chart 1b) and d(pGpG) (Chart 1a) by one- (1D)
(Chart 1a) to d(GpG) affords the formation of a neutral species and two-dimensional (2D) NMR spectroscopy; the structural
upon platination and facilitates important hydrogen bonding features of the latter adduct are compared to those sfaRt),-
interactions that stabilize the Compléﬁalient features of the {d(GpG}, which are presented in detail in the preceding article
d(pGpG) adduct, formed upoN7 binding of the adjacent  qf this issuei! Moreover, the RK(OAC){ d(pGpG} adduct is
guanine l?ases td&DpP, include a HH cross-link which results compared to that oéis-DDP by invoking molecular models.
in reduction of the dihedral angle of the bases betwe@6” To our knowledge, this is the first study of the DNA fragment

to 87 and destacking of the adjacent resid&idhe importance d(pGpG) bound to a metametal bonded antitumor complex.
of this dinucleotide adduct has been underscored by the recent

crystal structure of an HMG (high mobility group) domais/

DDP modified DNA 16-base pair oligonucleotide compféx;

in the latter the dihedral angle between the cisplatin coordinated
guanine bases is strikingly similar to the dihedral angle in the
cis[Pt(NH3){d(GpG}] crystal structuré, but considerably
larger than that observed in duplexes containing the 1,2-
intrastrand d(GpG) cross-lird:>

7 (a) Erck, A.; Rainen, L.; Whileyman, J.; Chang, I.; Kimball, A. P.; Bear,
J. L. Proc. Soc. Exp. Biol. Med. 974 145 1278. (b) Bear J. L Gray H.
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Sherwood, E.; Erck, A.; Kimball, A. P.; Bear, J. I. Med Chem.1977,
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J. L. J. Nat. Cancer Inst198Q 64, 905. (h) Hall, L. M.; Speer, R. J.;
Ridgway, H. J.J. Clin. Hematol. Oncol198Q 10, 25. (i) Bear, J. L. In

In recent years, there has been a resurgence of interest in
metalk-metal bonded dirhodium compounds with carboxylate
ligands in a lantern type structure RO,CRuL, (R = Me, Et,

Pr; L = solvent§ (Chart 2a), due to their anticancer activity
attributed to inhibition of DNA replication and protein synthe-
sis/ Apart from axial @x) binding of adenine and guanine
derivatives to the dirhodium cofean unprecedentezfjuatorial
(eg) bridging interaction of the purines has emerged from our
recent studie®!°In particular, the single crystal X-ray crystal-
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(6) Cotton, F. A.; Walton, R. AMultiple Bonds Between Metal Atoms
Clarendon Press: Oxford, 1993; Chapter 7, pp-4301.

Precious Metals 1985Proceedings of the Ninth International Precious
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Experimental Section corrected with first or second order polynomials. Two-dimensional (2D)

NMR data were processed with nmrPide.

, . The pH values of samples were recorded on a Corning pH meter
(5-GMPNg:H,0) was purchased from Acros and used without further 430 equipped with a M1412 microelectrode probe by Microelectrodes,

purification. The dinucleot_id(_e d(pGpG) was pgrchased "9”‘ Gleq Inc. The pH dependences of the chemical shifts of several purine nuclei
Research and used as the lithium salt. Concentrations of the dinucleotide

X ) e( H, 13C, 31P) were monitored by adding trace amounts of DCI and
were determined by UV spectroscopy (Shimadzu UV 1601PC spec- NaOD solutions. No correction was applied to the pH values for
— A1 . -

trophotometer) at 252 ”%2— 2'5X 10°M~em™). Deu_terlum oxide . deuterium isotope effects on the glass electfddEhe pH titration

(D20, 99.996%), deuterium chIorld_e (bcl, 99'_5%)' sodlum deuteroxide curves were fitted to the HenderseHasselbalch equation using the

(SNEI"fOD’ 99.5%) anc:] DSde (Soglumb gc,iz-DI|methyl-f-?lapeqtam—:;;—P program KALEIDAGRAPH?® with the assumption that the observed
L(I:f'ngteg \ere purc aﬁe (rjofm amdr! ge sotope Laboratories. chemical shifts are weighted averages according to the populations of

{(CH:0)sPC} was purc a}se rom Aldricn. _ the protonated and deprotonated species.

Syntheses. RIOAC)(S-GMP).. An aqueougag) solution (20 mL) MALDI (Matrix Assisted Laser Desoprtion lonization) mass spectra
0f Rhy(OAC):(H-0)2 (100 mg, 0_'21 mmo!) was treated withGMPNa> were acquired with an Applied Biosystems Voyager Elite XL mass
H>O (171 mg, 0.42 mmol) dissolved in 5 mL of,8 (pH 8.1). The spectrometer.
solution was heated at50 °C for approximately &7 days, during Molecular Modeling. Molecular modeling results were obtained
whlch time the color gradually phanged to dafk green. Small lyophilized using the software package Cefidss (Accelrys Inc., San Diego). The
aliquots of the reaction solution were monitored 1y NMR spec- conformational space of each compound was sampled by simulated

troscopy, and the heating was stopped when no unbds/ could ~ 4nnegling calculations in the gas phase, performed using the Open Force
be detected (monitored by its H8 proton). By the end of the reaction pie|y (OFF) program, with a modified version of the Universal Force

the pH had dropped to 5.6. Samples were copiously lyophilized, prior giqq (UFF), as described in the preceding paper of this issTiae

to preparation for NMR spectroscopy, to remove the acetic acid releaseds,_GMP and d(pGpG) adducts have the monoester phosphate group
during the course of the reaction. MALDI parent ion peak observed at

Materials. Guanosine-5monophosphate disodium salt monohydrate

singly protonated (in solution, the second protonation of tktefninal

m/z 1050. ) ) phosphate takes place at pH 2). In the initial models, the weakly
Rho(OAC){ d(pGpG)} . In @ typical reaction, ROAC)(H20). (2.5 boundax solvent molecules were included with a bond order of 0.1,
umol) in 1 mL of DO was treated with d(pGpG) (24mol) in 504L but it was found that they interact with thé-t8rminal phosphate of

of D2O. The pH of the solution after mixing was 7.5. The sample was o Rh(OAC){d(pGpG} adduct, thus leading to biased conformations;

incubated at 37°C for several days, and the reaction course was {hereforeax solvent molecules have been excluded from all calculations
monitored by'H NMR spectroscopy. By the end of the reactionlé performed in this study.

days), the color of the solution had changed to emerald green, and the
pH had dropped to 6.0 (lower initial pH values do not have a significant Results

impact on the rate of the reaction). Samples were copiously lyophilized 1D H NMR S ,

. . . pectroscopy. a. RR(OAC)(5'-GMP),. The
fi 9% | 250L of 99. % for 2D . .
fom 99.9% DO and redissolved In 2501 of 99.996% RO for aromatic region of théH NMR spectrum of RE(OACc)(5'-

NMR experiments. MALDI parent ion peak observearét 996 (Figure . . .
S6, Supporting Information). GMP), in D,O displays two resonances attributed to the H8

Instrumentation. The 1D*H NMR spectra were acquired on a500 Protons of the two possible isomers, HH and HT (Chart 2b).
MHz Varian Inova spectrometer wita 5 mmswitchable probehead. ~ The relative ratio of the H8 resonances for the two isomers is
The 'H NMR spectra were typically recorded with 5000 Hz sweep hot 1:1, as in the case of 9-EtG#tinstead, the ratio is 1:0.8
width and 32K data points. Suppression of the residual water peak in in favor of the HH isomer (the preference of the HH is highly
D,O spectra was accomplished by presaturation during the recycle reproducible). The set of the H8 resonances is accompanied by
delay. The 1D"*C NMR spectra were recorded on a 500 MHz Varian two upfield resonances at ~ 2.0 ppm, in the same ratio,
Inova spectrometer operating at 125.76 MHz &, and the 1P  ayributable to the methyl groups of the bridging acetate groups.
NMR spectra were recorded on a Varian 300 MHz spectrometer tpqo assignment of each H8 resonance to a particulgCRit).-
operating at 121.43 MHz foi'P. The!H NMR chemical shifts were (5-GMP), isomer was accomplished by means of 2D ROESY
referenced directly to DSS (Sodium 2,2-Dimethyl-2-Silapentane-5- . . . . ]

NMR experiments of the reaction mixture solution at pH ¥7.0;

Sulfonate), whereas th6C NMR spectra were referenced indirectly .
to DSS® 3P NMR chemical shifts were referenced to trimethyl ONly the H8 resonance of the HH isomer reveals a weak cross-

phosphate (TMP) (external) at 0 ppm. The 1D NMR data were peak to the methyl resonance of the bound acetate groups; the
processed with Varian VNMR 6.1b software. 2D NMR data correlate well with the calculated H8/€H
The 2D NMR data were collected at°& on a Varian Inova 500  distance~ 5.5 A for the HH isomer (Table S1). The corre-
MHz spectrometer equipped with a triple-axis gradient penta probe. sponding distance for the HT isomer is 6.5 A, which is a
The homonuclear experiments were performed with a spectral width distance that precludes through-space (dipolar) coupling of the
of ~5000 Hz in both dimensions. 2BH-*H] ROESY (Rotating-frame  relevant protons. The pH-dependéht NMR titration curves
Overhauser Enhancement SpectroscopY) spectra were collected withyf the H8 resonances for both ROAC),(5-GMP), isomers
mixing times of 150 and 300 ms. A minimum of 2048 points were are depicted in Figure 1: curves A and B correspond to the HH
collected int; with at least 256 points iy and 32-64 scans per and HT isomers, respectively. The downfield shift of the H8

i t. 2D H—'H] DQF-COSY (Double- t Filtered COr- . . .
neremen T~ DQ (Double-Quantum Filtere " resonances of the dirhodium adducts with respect to unbound

relation SpectroscopY) spectra, collected with decoupling in both ) s .
dimensions, resulted in a 1228 440 data matrix with 40 scans per 5-GMP (Ad ~ 0.7 ppm);® and the lack of protonation 87

increment. 2DJH—2!P] HETCOR (HETeronuclear shift CORrelation) ~ at low pH (Figure 1, curves A and B) corroborat& binding

spectra were collected with 2048 pointstin112 points int; with 512 to the rhodium centerS:2°For the HT isomer (Figure 1, curve
scans per increment. TR& NMR spectral width was approximately ~ B), the (de)protonation d1—H is quite pronounced and the
1500-3500 Hz. All data sets were processed using @@@&se-shifted

ina- izati i _fi i (14) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; BaxJA.
sine-bell apodization function and were zero-filled. The baselines were Biomol. NMR1905 6, 277
(15) Martin, R. B.Science1963 139 1198.
(13) Markley, J. L.; Bax, A.; Arata, Y.; Hilbers, C. W.; Kaptein, R.; Sykes, B.  (16) KALEIDAGRAPH, version 3.0.9; Synergy Software: Reading, PA, 1997.
D.; Wright, P. E.; Withrich, K. Pure Appl. Chem199§ 70, 117. (17) Chifotides, H. T.; Dunbar, K. R., unpublished results.
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9.0 9.8
B
: : : b A 9.6}
8.8} I
¢ e 4 w
L = -
&
= 8.6} = L
g = 9.2
& —
= ] “ 90}
" 8.8}
8.2+ 8.6}
i 2 4 6 8 10 12
8.0 I R 1 N 1 R I . I . I R pH
2 4 6 8 10 12 14 Figure 2. pH dependence of the two H8 NMR resonances for Rh
(OAC)Ad(pGpG} (A) 3-G H8 (@), and (B) 3-G H8 () in D,O at
pH 20°C.
Figure 1. pH dependence of the HBH NMR resonances for (A) HH

Rhy(OAC)(5'-GMP), (@), (B) HT Rhp(OAC)(5-GMP), (m), and (C)
unbound 5GMP () in D,O at 20°C.

inflection point hasdecreasedubstantially to g, ~ 5.6, the
latter value being comparable to thatil—H deprotonation
for the 9-EtGH adducts {, ~ 5.7)1! the aforementioned
increase in the acidity of the proton attached\tbfor the 5-
GMP adduct implieD6 binding to the dirhodium core. In'5
GMP platinated adducts, the effect of thephosphate group
deprotonation usually causes®.3 ppm downfield chemical
shift change of the H8 proton i ~ 6.3 for unbound 5GMP;
Figure 1, curve C}?22021|n the case of the HT RHOAC),-
(5'-GMP), isomer, the effect of (de)protonation of thé- 5

phosphate group is not observed (Figure 1, curve B), despite
the fact that there is no indication of dephosphorylation of the

compound in the pH-dependef#? NMR titration of the 5

phosphate group (Figure SP.22There is precedent for such

an insensitivity of the H8 resonané®,and it is expected in
view of the calculated distance between th@Bosphate group

and the purine H8 for the low energy HT conformers ofRh

(OAC)(5-GMP), (H8---OP > 7.0 A), in contrast to the
corresponding distance for the low energyAC)(5-GMP),
HH conformers (H&-OP ~ 4.9 A; Table S1). In particular,

(18) (a) Kong, P. C.; Theophanides, Ifiorg. Chem1974 13, 1167. (b) Kong,
P. C.; Theophanides, Tnorg. Chem1974 13, 1981. (c) Marcelis, A. T.
M.; Canters, G. W.; Reedijk, Recl. J. R. Neth. Chem. Sd981, 100,

391. (d) Polissiou, M.; Viet, M. T. P.; St-Jacques, M.; Theophanides, T.

Inorg. Chim. Actal985 107, 203.

(19) (a) Dijt, F. J.; Canters, G. W.; den Hartog, J. H. J.; Marcelis, A. T. M,;

Reedijk, JJ. Am. Chem. S0d.984 106, 3644. (b) Miller, S. K.; Marzilli,

L. G. Inorg. Chem1985 24, 2421. (c) Chen, H.; Parkinson, J. A.; Parsons,

S.; Coxall, R. A.; Gould, R. O.; Sadler, P.Jl.Am. Chem. So€002 124,
3064.

(20) Girault, J.-P.; Chottard, G.; Lallemand, J.-Y. and Chottard, Bi@hem-
istry, 1982 21, 1352.

(21) (a) Williams, K. M.; Cerasino, L.; Intini, F. P.; Natile, G.; Marzilli, L. G.
Inorg. Chem 1998 37, 5260. (b) Ano, S. O.; Intini, F. P. Natile, G.;
Marzilli, L. G. Inorg. Chem 1999 38, 2989.

(22) (a) Berners-Price, S. J.; Frey, U.; Ranford, J. D.; Sadler, P Amm. Chem.

S0c.1993 115 8649. (b) Bloemink, M. J.; Engelking, H.; Karentzopoulos,

S.; Krebs, B.; Reedijk, dJnorg. Chem.1996 35, 619. (c) Liu, Y.; Sivo,
M. F.; Natile, G.; Sletten EMetal Based Drugs200Q 7, 169.

plotting the'H NMR chemical shifts of the H8 for the HH
isomer, with respect to pH, gives rise to essentially a straight
line (Figure 1, curve A), due to the nearly equal in magnitude,
but of opposite directions, effects of the protonations of the 5
phosphate group and tiNl—H site. The pH dependence study
of the B3-phosphaté'P NMR resonance of the HH RIOAC),-
(5'-GMP), isomer at 20°C results in Ky ~ 5.7 (Figure S1),
the latter value comparing well with the expectd¢,p= 5.6 of
N1-H deprotonation whem6 participates in binding!

b. Rhy(OAc){d(pGpG)}. In the aromatic region of théH
NMR spectrum of the dirhodium adduct in,© at pH 7.8 and
20 °C, the two nonequivalent H8 protons of d(pGpG) give rise
to two resonances al = 9.40 and 8.89 ppm (Figure S2),
downfield shifted from those of the unbound dinucleotide at
the same pHA = 7.98 and 7.93 ppm), a fact strongly supportive
of N7 binding to the rhodium centers for both guanine bases;
the latter is further corroborated by the pH independence of the
H8 'H NMR resonances at pH values near 2 (Figuré®2y.23.24
The two resonances at= 9.40 and 8.89 ppm were respectively
assigned to the'35 and 5-G H8 protons by analysis of 2D
NMR spectroscopic daté&ide infra). The two upfield reso-
nances av = 1.95 and 1.99 ppm are in 1:1 ratio, in good
agreement with the presence of two nonequivalent bridging
acetate groups bound to the dirhodium core (Chart 3).

As it is the case forcis-[Pt(NHg){d(pGpG}]?° and other
platinum adducts with {{pGpG(pX} oligonucleotideg>26 an
effect of the first (de)protonation of the termindtfhosphate
group on the 5G H8 chemical shift is expected. For the Rh
(OAC){d(pGpG} adduct, the 5G H8 appears to be insensitive

(23) Hartwig, J. F.; Lippard, S. J. Am. Chem. S0d.992 114 5646.

(24) van der Veer, J. L.; van der Marel, G. A.; van den Elst, H.; Reedijk, J.
Inorg. Chem.1987, 26, 2272.

(25) Berners-Price, S. J.; Ranford, J. D.; Sadler, Pndrg. Chem.1994 33,
5842,

(26) (a) Spellmeyer Fouts, C.; Marzilli, L. G.; Byrd, R. A.; Summers, M. F.;
Zon, G.; Shinozuka, Klnorg. Chem1988 27, 366. (b) Bloemink, M. J.;
Heetebrij, R. J.; Inagaki, K.; Kidani, Y.; Reedijk, [horg. Chem.1992
31, 4656.
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Table 1. 13C NMR Chemical Shifts (6, ppm) for 5'-GMP, d(pGpG) and Their Dirhodium Bis-acetate Adducts in DO at 20 °C

purine carbon atoms sugar carbon atoms acetate carbon atoms
compound C6 C2 C4 C8 C5 cr c4 c3' c2 c5' -C=0 —-CH3
5-GMP? 158.93 154.03 151.56 137.59 116.00 86.93 8%.5274.30 70.68 63.39

Rh(OAC)(5-GMP)2¢  169.57 159.74 15251  139.96 118.13 87.80 85.2675.46 71.19 6346 192.16 22.33
168.42 158,70  152.47 139.60 117.98 86.94  85.1075.27 70.88 6343 192.14 22.28
Rhp(OAC)k(5-GMP)Sd  163.21  154.06  153.74 142.33  117.44 89.09 8%.4775.21 70.58 64.87 193.56 23.15
163.17 153.82 153.27 142.18 117.05 87.82 8%.2574.71 70.07 64.34 193.31 22.44

d(pGpG} 158.90 153.98 151.32 137.57 116.16 83.46 8582775 38.86 64.85
158.29 15358 151.05 137.38 11578 8297 85317036 36.76 64.05

Rh(OACK{d(pGpG)}2  170.16  160.40 151.77 137.75 118.22 192.64  22.04
169.81 159.16 151.47 13750 117.62 f f f f f 19232  21.96

R(OAC){d(pGpG}!  163.62 154.00 153.65 143.14 116.91 193.63  22.77
163.45 153.71 153.28 142.88 11671 f f f f f 19332 22.31

apH 8.0.° Resonance split into a doublet due to coupling to niéRedf the 5-terminal phosphaté.Values reported for both isomerspH 4.0.¢ Resonance
split into a triplet due to coupling to nucléiP of the phosphate mono- and diester grofig® HMQC (Heteronuclear Multiple Quantum Coherence) and
HMBC (Heteronuclear Multiple Bond Correlation) experiments are necessary for the assignment of the deoxyribose carbon atoms.

Chart 3. Structure and Atom Numbering of Rhx(OAc)>{d(pGpG)} 4 is likely to occur below pH 2.0 (wherd&l7 also becomes
CH, protonated), which indicates thidtl protonation becomes even
less favorable whe®6 is methylated instead of metalatéd.

Il. 13C NMR Spectroscopy.’3C NMR spectroscopic data
further corroborate guanin@6 binding to the dirhodium core,
and the ensuing increase in the acidityNdf—H. In Table 1, a
compendium of thé3C NMR chemical shift values for 5SMP,
d(pGpG) and their dirhodium bis-acetate adducts at different
pH values is presented. At pH 881 of Rhy(OAC)(5'-GMP),
is deprotonated (Figure 1yifle supra) and the3C NMR
resonances of C6 for the RDAC),(5'-GMP), isomers exhibit
a substantialownfield shift of Ad ~ 11.0 ppm, whereas the
resonances for C2 are downfield shifteddy ~ 6.0 ppm with
respect to unbound&MP. The considerable downfield effects
on the chemical shifts of C6 and C2 are expected in view of
the guaniné6 binding to the rhodium centers and the increase
in the acidity ofN1—H (Figure 1, X, ~ 5.6)28 If the 13C NMR

aBond distances are not scaled and angles between atoms are distorte@hemical shifts of the complexes and the unbound ligand are
to show structure clearly. compared at pH 4.0N1 is protonated (Figure 1), and the
resonances of C6 are downfield shifted+%.0 ppm, whereas
those of C2 remain nearly unaffected.

In reported cases of exclusiw7 binding of guanosine and
inosine nucleos(t)ides to cisplatin, an upfield shiftef—3 ppm
on the resonances of C6 and a downfield shifedf—2 ppm
on those of C2 have been obser¢&#28290n the other hand,
guanosine or inosine binding to Rh(l) v@6 induces a 2 ppm
upfield shift of the C6 resonance, whereas that of C2 remains
unaffected. The same binding mode of the rhodium cation, in
the presence of a strong base, induces downfield shiftséof
and 3 ppm for the guanosine C6 and C2 resonancesyand
and 6 ppm for the inosine C6 and C2 resonances, respectively
(the 13C NMR resonance of C2 is sensitive Ml—H depro-
tonation only, whereas that of C6 is sensitive(6 binding as
well asN1—H deprotonation¥éb It is therefore obvious that
the Ao ~ 11.0 and 6.0 ppndownfield shifts experienced by
the C6 and C23C NMR resonances of R{OAC)(5'-GMP),

to this effect (Figure 2, curve B); instead, its pH dependence
behavior is quite similar to that of the HH isomer of JRBAC)-
(5'-GMPY), (Figure 1, curve A); the downfield shift exerted on
the H8 resonance, due to thépghosphate deprotonation, is
nearly equal in magnitude to the upfield shift dueNé—H
deprotonation, both occurring akKp~ 5.6.

The effect ofN1—H deprotonation is not expected to be as
pronounced on the'd&5 H820 For the 3-G H8 of Rh,(OAC),-
{d(pGp@G}, it is hardly observed (Figure 2, curve A); instead,
it appears that the'35 H8 resonance is also sensitive to
the B-phosphate group (de)protonation, indicated by the
corresponding downfield chemical shift variation, being
small although reproducible, as in the casecis[Pt(NHs)2-
{d(pGpG}].2° This finding is further supported by the calculated
distance (3G H8-OP ~ 3.0 A) for the low energy conformers
of the adduct (for comparison!-& H8:-:OP ~ 4.0 A; Table
S1). The substantial decrease in thk,pralue of N1-H
deprotonation to~5.6 for Ri(OAC){ d(pGpG}, typical of the

(27) struik, A. F.; Zuiderwijk, C. T.; van Boom, J. H.; Elding, L. I.; Reedijk,

9-EtGH!M d(GpG}* and 3-GMP dirhodium adducts, reflects J.J. Inorg. Biochem199%, 44, 249.

idi d\tb 28) (a) Marzilli, L. G. In Advances in Inorganic Biochemistry Vol; ®letal
e.nhz.a'nced aCIdlty C?f the proton attache afforded by06 (@8) I(o%s in Genetic Informatlijon Transf;eEiclghorn, G. L., MarziI)I/i, L.G,, Eds,;
binding to the rhodium centers (Chart 3)olily N7were bound Elsevier: North-Holland, New York, 1981; pp 4B2. (b) Marzilli, L. G.;
to the dirhodium core, theia for N1—H (de)protonation would de Castro, B, Solorzano, Q. Am. Chem. Socl982 104, 461 and
be expected at 8.5, as in the caseisfP{(NHs){ d(pGPG}] 2 forg o e (6 Abbat b Wi Weods,lbarg. chem 1953 22

e i ; ; i (29) (a) Buncel, E.; Norris, A. R.; Racz, W. J.; Taylor, Sliorg. Chem1981,
It is interesting to note that fdD6 methylated guanine bases in 20, 98. (b) Barbarells. G.. Bertollizza, A.: Morell, M. A.: Tosi. M. R.:

d(GPMepGPMe) | the N1 protonation is not observed because it Tugnoli, V. Gazz. Chim. Ital1988 118 637.
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Table 2. H and 31P NMR Chemical Shifts (3, ppm) for Rhz(OAc)2{d(pGpG)} and d(pGpG)
-z base “po
d(GpG) species G H8 HI' i H' H2" H3' Ha' H5'/H5" sugar pG- G
Rhp(OAC){d(pGpG} HH1LS 5  8.88 6.23  0/6.4(d) 262 253 452 419 4.11/4.40 anti  1.00 —4.38
3 9.46 6.23 9.3/5.0(dd) 3.42 2.46 4.72 4.12 3.97/4.00 anti
d(pGpGYy 5 7.95 6.00 259 25F 4.92 4.32 3.81/3.86  anti 0.43 —4.00
3 8.00 6.15 2.75 2.44 4.78 4.20 4413 anti

a|n Hertz.? Relative to TMP (0 ppm)¢ pH 7.8, 5°C. 9 Not stereospecifically assignetiOverlapped resonances.

175
170 +
C

Bl
g 165+ A
o D
o 160}

155 B

150 . I . I . 1 . 1 . I

2 4 6 8 10 12 14
pH

Figure 3. pH dependence of theC NMR resonances for (A)%) C6 of
Rhy(OAC)(5'-GMP),, (B) (M) C2 of Ri(OAC)(5'-GMP),, (C) (a) C6 of
unbound 5GMP, (D) (@) C2 of unbound 5GMP in D,O at 20°C. At
each pH value, thé3C NMR chemical shifts of C6 for both R{OAC),-
(5'-GMPY), isomers differ by 1 ppm, therefore the titration curves for the
second isomer are omitted from the plot; likewise for'#&NMR chemical
shifts of C2.

are attributable to the bidentalt’/O6binding and theN1-H

deprotonation of the guanine bases, facts that have been wel

established by the crystal structure of the HT(AC),(9-
EtG), adduct®@ Accordingly, for RB(OAC),{d(pGpG} at pH

The 3C NMR resonances of C5 for all the dirhodium
compounds under study experience only small downfield shifts
upon coordination, as has been reported®@érbound purines
to other metalg® the downfield impact on thé3C NMR
resonance of C5 upo®6 binding may be partially balanced
by the expected~3 ppm upfield shift (observed in cisplatin
adducts), due t?éN7 coordination to the metdfd.28b.2%the 13C
NMR resonance of C8 is usually downfield shifted b§ ppm
due to N7 metal coordinatiort8%:29.30 Although this trend is
followed by the dirhodium adducts with-&MP (Table 1), the
13C NMR resonances of C8 for the d(pGpG) adduct are not
downfield shifted at pH 8.0, as has been noted in a few other
cases in the literaturé:3'For the dirhodium adducts of &8MP
and d(pGpG), thé3C NMR chemical shifts for C8 were plotted
with respect to pH (3.6< pH < 8.0; the titration curves for C8
have been omitted from the figures for simplicity) giving rise
to pKa~ 5.7 forN1—H (de)protonation. The observed descend-
ing curve without a steep slope for tH€ NMR resonances of
C8 is expected, in contrast to those of nuclei C6 and C2,
considering that C8 is distal to the (de)protonation posihidn
or the metalation sit©6.

Ill. 2D NMR Spectroscopy. 2D ROESY, H—1H] DQF-
COSY, and [H—3P] HETCOR NMR spectra were acquired
to assign the H8 and sugar proton resonances of thgORIt),-
{d(pGpG} adduct (Table 2).

Rho(OAC){d(pGpG)}. In the aromatic region of the 2D
ROESY NMR spectrum of RIOAC){d(pGpG}, the relatively
intense H8/H8 ROE (Rotating frame nuclear Overhauser Effect)

ross-peaks (Figure 4) provide definitive evidence that the
adduct has HH base orientation (Chart 3) usually observed for
the platinumi233and dirhodium d(GpG} adducts. The two H8

8.0, the C6 and CZC NMR resonances exhibit downfield shifts  osonances are well separated and downfield shifted (Table 2;
of Ao~ 11.0 and 6.0 ppm, respectively, with respect to unbound 5 — g gg and 9.46 ppm) from those of the unbound dinucleotide,
d(pGpG), which reflecO6 binding of the guanine bases for ;¢ 4150 supporting the HH base orientation (it is well
the aforementioned compound (an average value for each sefqiapiished from the platinum literature that all known HH

of dinucleotide carbon nuclei is given; Table 1). The impact of
N7/06 binding to the rhodium centers on the NMR spectral
properties of the purine, is effectively visualized by plotting
the 13C NMR chemical shifts of C6 and C2 for'-&MP,

adducts have at least one relatively downfield H8, whereas HT
orientation of the bases gives rise to upfield H8 resonances that
have smalAd < 0.2 ppm separation and no H8/H8 ROE cross-
peaks)0.24.25.3234 The identification of the HH adduct is further

d(pGpG) and their dirhodium bis-acetate adducts as a function supported by the H8H8 distances derived for the HH and HT

of pH (Figures 3 and S3). In Figure 3, the titration curves A

and B, which correspond to the resonances of C6 and C2 of(30) Jia, X.; Zon, G.; Marzilli, L. M.Inorg. Chem 1991, 30, 228.

Rhp(OAC)(5'-GMPY),, respectively, give rise to inflection points
at pK, ~ 5.7. This value has decreased significantly frok, p

~ 10.0 for unbound 5GMP (Figure 3, curves C, D for C6 and
C2, respectively) and is in good agreement with the value for
N1—-H (de)protonation (a ~ 5.6) derived from the pH-
dependentH NMR titrations of H8 gide supra Figure 1, curves

A and B). Similar comparisons can be made between Rh
(OAC)A{d(pGpG} (pKa~ 5.7; Figure S3; curves A, B for C6
and C2, respectively) and the unbound d(pGp®&a(® 10.0;
Figure S3, curves C and D) at all pH values.

(31) (a) Mukundan, S.; Xu, Y.; Zon, G.; Marzilli, L. Gl. Am. Chem. Soc.
1991 113 3021 and references therein. (b) Marzilli, L. G.; Saad, J. S;
Kuklenyik, Z.; Keating, K. A.; Xu Y.J. Am. Chem. So2001, 123 2764.

(32) (a) Qu, Y.; Bloemink, M. J.; Reedik, J.; Hambley, T. W.; Farrell, N.
Am. Chem. Socl996 118 9307. (b) Hambley, T. W.; Ling, E. C. H,;
Messerle, B. Alnorg. Chem.1996 35, 4663.

(33) (a) Ano, S. O.; Intini, F. P.; Natile, G.; Marzilli, L. @. Am. Chem. Soc.
1998 120, 12 017. (b) Marzilli, L. G.; Ano, S. O.; Intini, F. P.; Natile, G.
J. Am. Chem. S0d.999 121, 9133 and references therein. (c) Williams,
K. M.; Cerasino, L.; Natile, G.; Marzilli, L. GJ. Am. Chem. SoQ00Q
122 8021. (d) Sullivan, S. T.; Ciccarese, A.; Fanizzi, F. P.; Marzilli, L. G.
J. Am. Chem. So@001, 123 9345 and references therein.

(34) den Hartog, J. H. J.; Altona, C.; Chottard, J. C.; Girault, J. P.; Lallemand,
J.Y.; de Leeuw, F. A. A. M.; Marcelis, A. T. M. and Reedijk,Nucleic
Acids Res1982 10, 4715.
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Figure 4. HB8/H8 region of the 2D ROESY spectrum of ROAC),-
{d(pGpG} in D2O at 5°C, pH 7.8.

models of RB(OAc){d(pGpG} presented in the molecular
modeling section:de infra). In the HH and HT models, the
two H8 atoms are separated by 283 A and 6.56.7 A,
respectivelypnly for the HH models, the distances corroborate
the appearance of cross-peaks in the 2D ROESY NMR spectra
(ROE intensity between atoms is proportional to the distance
between them raised to the inverse sixth povier, ®).3%

The two H8 resonances of RKAc){d(pGpG} atd = 8.88
and 9.46 ppm, at pH 7.8 and°&, are assigned to'% and
3'-G, respectively, by assessing the 2D ROESY aihtH'H]
DQF-COSY spectra in conjunction with th{—31P] HETCOR
NMR spectrum of the adduct. The tw& NMR resonances at
0 = 1.00 and—4.38 ppm are assigned to the phosphate
monoester and phosphodiester groups, respectively (Figure 5,
panels B and C; typically, the' Serminal phosphate resonates
downfield from the phosphodiesté&t;26:322more details in the
3P NMR section). In the 2D ROESY NMR spectrum, the
upfield shifted resonance of the two H8 protons exhibits an H8/
H3' cross-peak and this HBas a cross-peak to the phosphodi-
ester3’P NMR resonance in the 2DH—3'P] HETCOR NMR
spectrum (Figure 5, panel B), leading to an unequivocal
assignment of the upfield H8 resonance t€5(in a ['H—31P]
HETCOR experiment of this type, an H3'P diester cross-
peak is observed for thé-& only, whereas HEH5'—31P diester
and possibly H4-31P diester cross-peaks are found for
3'-G).32a33dThe assignment of the upfield H8 proton teG is
further corroborated by théHfl—'H] DQF-COSY cross-peak
between 5G H3 and its own H4 which has cross-peaks to
H5'/H5" (Figure 5, panel A); the latter protons give rise to cross-
peaks with the terminal’§hosphate resonance in th#Hf-
31P] HETCOR spectrum (Figure 5, panel C). For thé&3sugar

= 5'-G

_J'______;_§5

e
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4.6

47 46 45 44 43 42
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— 44
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protons, there are HB14', H4/H5'/H5" cross-peaks in théi— . s Related rei f the 20H—1H] DOF-COSY and H—1P]
1 3 ; . igure 5. Related regions of the - - and {H—

H], DQ,I,: C.:OSY spectrgm (Figure 5, pane.l A); furthermore@ HETCOR NMR spectra for RI{OAc){d(pGpG} in D-O at 5°C, pH 7.8;
H5'/H5" give overlapping cross-peaks with the phosphodiester (a) H3'/H4/H5/H5" region of the H—!H] DQF-COSY spectrum, (B)
phosphate in the"H—31P] HETCOR spectrum (Figure 5, panel  phosphate diestefé (P) = —4.38 ppn) region, and (C) phosphate
B), facts supportive of the previous sugar and H8 assignments.[Tl‘grl‘;i'f]te'_f| E(_trecmcﬁ)'gfﬂpgggiﬂ:l_aé(:zsszpe)ak:s fldi?cOS l;)r%rt%n;eg:rgnin%ficgzd
The presenpe of a very weak |_,|,8/1_ROE cross-peak for'g"’: with a medium dash (------- )‘ and those fof-@ protons with a dotted
H8 along with strong H8/H2H2" and the absence of H8/H1  |ine (.......). The sugar protons that couple @ nuclei are labeled at
the top of the JH—31P] HETCOR spectra (panels B and C); they are traced
to the fH—1H] DQF-COSY spectrum (panel A) with dotted (or dashed)
lines.

(35) Derome, A. EModern NMR Techniques for Chemistry ReseaRgrgamon
Press: 1990, p 106.
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Table 3. Summary of Lowest Energy [Rh2(OAc)2]?" and cis-[Pt(NH3)2]%" Adducts with d(pGpG) Derived from Simulated Annealing
Calculations

3-G/5-G
energy % (deg)* P (deg)® 5'-G H8/ dihedral
model (kcal/mol) 5-G 3G 5'-G 3-G 3-G H8 (A) angle (deg)®
Rhp(OAC){d(pGpG)} HH1 L4 329.5 —134 —45° 27 —36 3.12 81.3
Rhp(OAC)Ad(pGpG} HH R 330.5 —54 —175 —-23 —-33 3.06 88.5
Rhy(OAC){d(pGpG} HT 335.4 11 =5 20 4 6.62 63.0
cis-[Pt(NHz){ d(pGpG}] HH1 Lf 295.5 —144 0 30 7 3.52 64.0
cis-[Pt(NHz){ d(pGpG}] HH1 R 296.3 —124 —126 26 —58 2.79 71.8
Cis[Pt(NH3){d(pGpG}]9 -89 —110 -8 —43 2.83 80.6

ay = 04—C1—N9—C4; |y| > 90° and|y| < 90° correspond to thanti and synrange, respectively, for torsion angled8® < y < + 18C¢°. P =
pseudorotation phase angle calculated from the equatioR tar{(va + v1) — (v3 + vo)/(2va(sin 36" + sin 72))(vo-4 are endocyclic sugar torsion angles;
0° < P < 36° (+ 18°) correspond to N sugars, whereas 144P < 190¢° (+ 18°) indicateS sugars; taR = tan(180+ P). ¢ Dihedral angles between-&
and 3-G were calculated by using atoms N1, N3, and N7 of the purine rih@snformer experimentally observetiThis angle is in the range to be
consideredsyn however, the H8&H2' distance is less than the H811' distance and other low-energy structures hawangles in theanti range. fin 1:1
ratio with other HH1 conformer in the crystal structdPg> 9 Crystallographically independent molecule 2 of the asymmetric3nit.

ROE cross-peaks for'& are consistent with the conclusion  shifts; for DNA adducts, one plausible explanation is hydrogen
that both sugar rings are in tlati orientatiorf® (the anti/syn bonding between the diester phosphate and amino ¢fo(ips
orientation is defined by thg = O4—C1—N9—C4 torsion this case the exocyclic amino group of the@ for which the
angle and pertains to the position of the sugar relative to the measured distance to the diester phosphate in the modelsQs
basej® typically observed incis-[PtAy(dinucleotide)] com- A). To assess such possible interactions, the temperature
plexes?432a33d.34The strong H8/H3ROE cross-peak along with  dependence study of the phosphate monoester and diéRter
strong H1I-H2" (and no H1-H2') DQF-COSY peaks imply NMR resonances for R{OAc){d(pGpG} was considered;

C3-endo (N-type) sugar conformation foi-6 (Chart 3)330:37 from the relevant plot (Figure S5), it is obvious that there is
these findings are further corroborated by the doublet coupling negligible temperature effect on theétérminal phosphaté'P
pattern of H1 (3Jyy—p2 = 0, Table 2) in the H—1H] DQF- NMR resonance, but there is linear temperature dependence of

COSY spectrum (Figure S4; this pattern could not be observedthe phosphodiestef’P NMR resonance, an indication of
in the 1D'H NMR spectrum because the two Hesonances  intramolecular effects on that grodp.
are overlapped) typical of N-type conformation for deoxyribose V. Molecular Modeling. Models of the dirhodium adducts
sugars:24:322333439n the contrary, the'ds sugar ring retains  were constructed and subjected to simulated annealing calcula-
the C2-endo (S-type) conformation encountered in B-DNA; this  tions. Conformational features determined by NMR spectros-
is implied by the appearance of a strong Hi2' DQF-COSY copy are reproduced well by the calculations.
cross-peak along with thg doublet of doublets_couplmg pattern Despite the fact that the two RIDAC),(9-EtG), isomers are
for the HY resonanc® (Figure S4). The retention of the G2 isnenergetic, in agreement with their 1:1 ratio in solution
endo conformation by the'-& sugar rings and the repuckering (inferred fromH NMR spectroscopy}! the RB(OAC)(5-
to C3-endo of the 5G sugar rings are features commonly  Gyp), HH isomer is favored over the HT by 3 kcal/mol (Table
encountered in HH cross-linked platinum dinucleotide adducts. S2) (initial structures included combinations afiti and syn

I\g-l *P NMR Spectroscopy. RR(OAc)o{d(pGpG)} . In the sugar orientations for both isomers). The qualitative energy
1D *'P NMR spectrum, the two resonancesoat= 1.00 and jtference of the two isomers concurs with the experimental
—4.38 ppm are assigned to the phosphate monoester and.q g ratio favoring the HH isomdide supra) although it is
phosphodiester groups, respectively (Table 2). Typically, the raiher high as compared to the energy difference between the
5{-term£?azl62?osphate resonates downfield from the phospho-d(pGpG) HH and HT dirhodium adducts (Table 3). Close
diester:*=22For Ri(OACR{d(pGpG}, the phosphate mo- oy amination of the HH and HT models suggests that sugar and
noester isdownfieldshifted in agreement with the doVan'e'd phosphate nonbonding interactions, which are present in the HH
shift of the 5;terrr!|nal phosphate in reported d(pGp&f and isomer only, render it preferable. To evaluate the contribution
d(pGpGpPG)’ platinum adducts, whereas the phosphate diester 4t the |atter interactions to the stability of the HH isomer, the
is upfield shifted from the corresponding resonances of the 4i-nodium guanosine models RBAC),(5-Guo), were con-
unbound d(pGpG). Usually, upfield shifted resonances of the gy cted; an energy difference of 1.3 kcal/mol is obtained in
dlnuclgotldg phosphodiester group are observedlln.HT !503%53 favor of the HH isomer. It is therefore likely that the interactions
the dirhodium adduct has the HH conformationdg infra), 4 the N9 purine substituent are the driving force for the slight
therefore the latter reason is not applicable. An upfield shift preference of the REOAC),(5-GMP), HH isomer (in the case
has been observed for the dinuclear (Pt, Pt) %kzl;elate adductyf the platinum adducts, the HT isomers dominate due to favored
[{ trans-PICI(NHs)2} of 4-H2N(CHz)sNH2} {d(GpG} . %% More- dipole base-base interactiong?-43Various distances listed in
over, upfield shifted’P NMR resonances have been observed Tapie S1 corroborate well théd NMR pH dependence data
for trans[Pt(NHz),Clz] with d(GTG)*® and for a hairpin-like  resented in the foregoing sections. Similarly, HH and HT
structure of cisplatin with d(TCTCGGTCTCY.A number of structures for RHKOAC){ d(pGpG) were considered. The H8

factors not well understood may lead to these upffi@RINMR H8 distances in the HH conformers (Table 3) support the
(36) Saenger, W. IPrinciples of Nucleic Acid StructureCantor, C. R., Ed.;
Springer-Verlag: New York, 1984; pp-1158. (40) Kline, T. P.; Marzilli, L. G.; Live, D.; Zon, GJ. Am. Chem. Sod.989
(37) Widmer, H.; Withrich, K. J. Magn. Reson1987, 74, 316. 111, 7057.
(38) Rinkel, L. J.; Altona, CJ. Biom. Struct. Dyn1987, 4, 621. (41) den Hartog, J. H. J.; Altona C.; Van der Marel, G. A.; Reedijlgur. J.
(39) Boogaard, N.; Altona, C.; Reedijk, J. Inorg. Biochem1993 49, 129. Biochem.1985 147, 371.
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relatively intense ROE H8/H8 cross-peaks observed in the 2D
ROESY NMR spectrum (Figure 4). Among the minimized HH1
and HH2 conformers of the HH adducts (1 and 2 refer to models
with 5-G and 3-G positioned to the left, respectively)the
lowest in energy are left-handed. This finding correlates with
the 3-G downfield and 5G upfield relationship of the H8H
NMR resonances (Figure S2ide suprg, and points to the
presence of an HH1 L conformer in solution, in good agreement
with all the well characterized HH1 single-strandeg ¢{ (p)-
GpG platinum adducts in solution being HH1 2p:3444
However, the 1 kcal difference in energy between the lowest
HH1 L and HH2 R conformers lends credence to the modeling
studies performed by Kozelkat al. for cis[Pt(NHs).-
{d(pGpG}],*® wherein it is suggested that the L- to R-canting
for the cisplatin adduct requires only a small amount of energy.
The equal number of L- and R-canted molecules in the solid
state forcis-[Pt(NHz){ d(pGpG} ]2 further supports this argu-
ment. The RAOAC){d(pGpG} models exhibit a conforma-
tional change of the's8G sugar ring from the usual B-DNA S-
(C2-endo) to N-type (C3endo) pucker, whereas the@ sugar

ring remains C2endo; this structural change alleviates the strain
induced by the destacking of the coordinated guanine bases.
The structural features of the RKB®AC),{d(pGpG} adduct,
resulting from the molecular modeling, are in full agreement
with those deduced from tHél NMR data, as well as with the
crystal structure otis-[Pt(NHs){d(pGpG}].3* To assess the
similarities of RR(OAC),{d(pGpG} to cis[Pt(NH3){d(pGpG}],

a comparison between 200 RBAC){d(pGpG} structures
derived from simulated annealing calculations with that of the
crystallographically determinegis-[Pt(NH3){ d(pGpG}] adduct

was undertaken. It was found that 10% of the,®HAc),-
{d(pGpG} structures have closely related conformations to that
of the crystallographically determineis-[Pt(NHs){ d(pGpG}].

The superposition of 10% of the structures with that of the
crystallographically independent left-handed molecule @isf
[Pt(NH3){d(pGpG}]3° is depicted in Figure 6A; if slight
differences in the backbone are disregarded, an even larger
number of structures compare well to the cisplatin adduct with
respect to the position of the guanine bases. The superposition
of the RB(OAC){d(pGpG} conformer (having an energy
within 2 kcal/mol from the lowest energy structure) bearing the
greatest resemblance to the crystallographically determined
structure oftis-[Pt(NH3){ d(pGpG}] with the latter is depicted

in Figure 6B. Not only are the conformational features of the
two adducts remarkably similar, but the bases are destacked toFigure 6. Superposition of the crystallographically determirgsPt-

P : (NH3)2{ d(pGpG} 1 (light blue) (left-handed molecule 2 from the unit cell
the same degree upon coordination to the metal (mterbaseWhich has four independent molecules) with (A) 20 HH1 LoMAC)-

d@hedrgl angle 3G/5-G = 81-33_ and _80-6 for the minimized {d(pGpG} conformers (10% of the total structures resulting from simulated
dirhodium conformer and the cisplatin crystal structure, respec- annealing calculations) that resemble closely the cisplatin adduct, and (B)

tively; Table 3), and favorably poised to accommodate the the most similar HH1 L RHOAc){d(pGpG} conformer. The 5G is
bidentateN7/06 binding to the rhodium centers. depicted to the left. Color code for RIOAC){d(pGpG}: Rh green, N

dark blue, O red, P yellow, C gray, H white.
The lowest energy conformers of the HH JRBAC),-
{d(TGG})} adduct are left-handed, thereby confirming the re- Discussion

cently proposed trend of the-§roup steric effeét discussed N7/06 Binding of the Dirhodium Adducts. The products

in detail in the following section. of the reaction of 5GMP with Rh(OAc), conform to the
(42) (a) Gellert, R. W.; Bau, RI. Am. Chem. Sod.975 97, 7379. (b) Cramer, behavior of those of 9-EtGH!! with the added effect of the
R. E.; Dahlstrom, P. LJ. Am. Chem. S0d979 101, 3679. (c) Cramer, R. 1_ _
E.; Dahlstrom, P. L.; Seu, M. J. T.; Norton, T.; Kashiwagi, Ikorg. Chem. 5 ’phosphate grqup. In tHﬁ NMR spectrum of the RﬁﬁQAC)z .
1980 19, 148. (d) Barnham, K. J.; Bauer, C. J.; Djuran, M. I.; Mazid, M.  (5'-GMPY), reaction solution, the presence of two isomers is
A.; Rau, T.; Sadler, P. dJnorg. Chem.1995 34, 2826. ; : ; ; .
(43) Saad, J. S.; Scarcia, T.; Shinozuka, K.; Natile, G.; Marzilli, LIr@rg. evidenced by the two downfield shifted H8 resonances, in 1.0.8
Chem.2002 41, 546.
(44) Sullivan, S. T.; Saad, J. S.; Fanizzi, F. P.; Marzilli, L. I5.Am. Chem. (45) Kozelka, J.; Fouchet, M.-H.; Chottard, J.f&ur. J. Biochem1992 205,
S0c.2002 124, 1558. 895.
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ratio, favoring the HH isomer. The chemical shifts of the H8 the unbound ligands at pH 8 (only the bound guanine bases are
protons for both adducts show pH-independent behavior at pH deprotonated at this pH) indicates substardimlvnfieldshifts

< 3.0 (Figure 1, curves A and B), a fact indicativeMif binding of A0 ~ 11 and 6 ppm, respectively (Table 1). For the
for purines. Furthermore, ttaecreasedialue ofN1—H depro- dirhodium adducts, th€C NMR resonances of nuclei C5 and
tonation for the HT isomer toky ~ 5.6 (Figure 1, curve B), C8 are moderately affected By7/0O6 coordination.

which is a value comparable to that of the 9-EtGH adduct(s) Conformational Characteristics of the Rh(OAc) d-
(pKa ~ 5.7) strongly suggest®6 binding to the metal. For  (pGpG)} Adduct. The 2D NMR spectroscopic data of the Rh
the HH isomer, the effect 006 binding on the'H NMR (OAC){ d(pGpG} adduct in solution revealed HH arrangement
chemical shift of H8 is equal in magnitude but opposite in of the base4!323* in addition to the 3G H8 downfield and
direction, to that of the 'Sphosphate group deprotonation 5'-G H8 upfield resonance relationship; these features conform
occurring at a similar pH (Figure 1, curve A; theffhosphate  to the structures ofcis-[Pt(NHs)2{d(pGpG}]*> and other
and theN1 protonations induce up- and downfield shifts of the  platinum d(pGpG) adducts in soluti@h26>44and lead to an
H8 'H NMR resonance, respectivef).The two effects of ~ HH1 L association of this variant. Althougltjs-[Pt(NHa),-
approximately equal magnitude result in a nearly pH-indepen- {d(pGpG}] has an equal population of HH1 R and HH1 L
dent’H NMR H8 resonance titration curve for the HH isomer  variants in the solid stae(indicative of the small energy barrier
and cause its H8 prOton to be more shielded than the H8 of thebetween the two VariantS, as inferred from the molecular
HT isomer at pH< 5.5 (Figure 1) where the two effects take mechanics calculations by Kozella al#5 in addition to the
place (in the 9-EtGH dirhodium isomers, the H8 of the HH present simulated annealing calculations; Table 3) the 5
isomer is slightly less shielded than the H8 of the HT isomer at phosphate group favors the HH1 L variant. THepBosphate
all pH values):* The insensitivity of the HT R{OAC)x(5'- increases the canting (and thus the shielding) of th®,%nd
GMP), H8 proton to the 5phosphate deprotonation is not it simultaneously has a deshielding effect off#% It has
unprecedented, and is attributable to the large distance betweeRmecently been postulated by Marziét al. that the degree of L
the latter group and the H8 (Table S%). canting of HH1 depends on thé-% group steric effect with

In the case of RHOAC),{d(pGpG}, the chemical shifts for  the B-phosphate group inducing less canting thaftd Eesidue
both 3- and 3-G H8 protons are nearly pH independent (at (i.e., X may be T)** In contrast to the two major right-handed
low pH this feature is indicative o7 binding to the metal; HH R variants of Ri(OAc){d(GpG},! left canting is favored
Figure 2)1°20 The lack of shifting for the 5G H8 resonance  for the RB(OAc){d(pGpG} adduct, lending thus credence to
(Figure 2, curve B) conforms to the pattern exhibited by the the proposed steric effect of thefhosphate grouff. Hydrogen
HH Rhy(OAc),(5'-GMP), H8 resonance (Figure 1, curve A), bonding between the'fphosphate group of d(pGpG) and the
which is shifted equally but in opposite directions, dued acetate oxygen atoms is not the driving force for the increase
binding and 5phosphate group deprotonation occurring at of the left canting, because all the ROAC){d(pGpG}
similar pH values; ifO6 were not bound to the dirhodium core, minimized structures give rise to acet@(-HOP(phosphate)
the expected I, of N1 (de)protonation would be~8.5 distances> 5.5 A (except for one conformer with 4.5 A); the
(comparable to that ofis-[Pt(NH3){d(pGpG}1)?°, and thus previous observation confirms the postulation of Maraitlial.
not balanced by the 'fphosphate (de)protonation usually that amine (or carrier ligand) hydrogen bonding is inconse-
observed at Ko ~ 6.0. The unexpected sensitivity of the quential to the preference of the HH1 L conformers in platinum
chemical shift of the 3G H8 proton of RB(OAC){ d(pGpG} ss DNA adducts** Accordingly, molecular modeling results
to the B-phosphate group deprotonation (Figure 2, curve A), indicate that the left-handed variants of the@WAc),{ d(TGG)}
attributed to the proximity of the latter group to the H8 (as adduct are the most stable, in agreement with the previously
indicated by the low energy conformers of the adduct; Table mentioned arguments.

S1) results in a small, although reproducible, downfield shift  sajient features that emerged from the 2D NMR spectroscopic
of the 3-G H8 'H NMR resonance as in the case of itie- data of the R{OAC),{ d(pGpG} adduct includenti orientation
[Pt(NHs)2{ d(pGpG}] 3'-G H82° of the sugars with respect to the guanine bases and repuckering
The enhancedacidity of N1—H afforded by the purind6 of the B8-G sugar ring to C3endo (N-type) conformation. The
binding to the rhodium centers has been further probed by the aforementioned features bear close resemblance to thase of
pH dependence studies for the C6 and'@2NMR resonances  [Pt(NH3){ d((p)GpG}], the latter known to exist as HH cross-
of the dirhodium adducts (nucleus C6 is near the metalation linked adducts withanti oriented 5G and 3-G sugar rings in
site O6 and the deprotonation positiddl—H, whereas C2 is  the C3-endo (N-type) and CzZndo (S-type) conformations,
proximal to the latter only). Figures 3 and S3 show the respectively. Comparison of the low energy JBDAC),-
comparison of the inflection points M1—H (de)protonation {d(pGpG} conformer with the crystal structure cifs-[Pt(NHz),-
derived from!3C NMR data for RB(OAc)x(5'-GMP), and Rh- {d(pGpG}] depicted in Figure 6B, reveals remarkable simi-
(OAC){d(pGpG} with respect to the unbound ligands. In the larities between the two adducts; not only are the bases almost
0 (3C) vs pH plots, the K, of the N1I—H (de)protonation completely destacked upon coordination to the metal in both
decreases from-10.0 for the unbound ligand te’5.7 for the cases, but they are favorably poised to accommodate the
dirhodium adducts. The pH dependence studies oFB&MR bidentateN7/0O6binding to the rhodium centers. The rigid steric
resonances resulted iiKpvalues for theN1—H (de)protonation demands of the tethered guanine bases bound to the tetrahedral
comparable to those derived from thld NMR H8 titration platinum atom incis-[Pt(NHs){d(pGpG}], reflected by the
curves and argue strongly f@6 binding to the dirhodium 5-G C3-endo sugar ring conformation arahti/anti sugar
centers. Comparison of the C6 and €2 NMR resonances of  orientation, are retained in the dirhodium adducts with bridging
the dirhodium adducts with the corresponding resonances of N7/0O6 tethered guanine bases; the interaction motif is similar
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dirhodium bis-acetate adducts; figures of pH dependence of the
5'-phosphate®®P NMR resonances for the HH and HT Rh
(OAC)(GMP), isomers in RO at 20°C; aromatic region of
1D H NMR spectrum of RE(OAc){d(pGpG} in D,O at 20
°C, pH 7.8; pH dependence of théC NMR resonances for

The loss of stacking in the coordinated bases and the resultingnuclei C6 and C2 of RIOAc){d(pGpG} and unbound
bend in the double helix, induced by the steric demands of the d(pGpG) in O at 20°C; H1' and H2/H2" regions of the 2D

bifunctional binding of DNA tccis-DDP, are features recognized
by HMG domain and other proteiR%32 It remains to be

[*H-'H] DQF-COSY NMR spectrum of RHOAC){ d(pGpG}
in D,O at 20°C, pH 7.8; temperature dependence of He

determined if these alterations in the helical structure are NMR resonances of the phosphate mono- and diester groups

maintained in the dirhodium adducts with double-stranded DNA.
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