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The fac-[Re(CO)3(H,0)s]* cation, the putative DNA-hinding species accounting for the biological activity of related
Re(l) complexes, binds reversibly to N7 of 6-oxopurine nucleotide monophosphates (NMPs), in contrast to Pt(Il)
anticancer drugs. A relatively high amount of NMP is needed to convert all of the fac-[Re(C0O)s(H,0)3]* to adducts.
The Re/nucleotide 1:1 adduct forms more rapidly and builds up to a higher concentration for guanosine
5'-monophosphate (5'-GMP) and inosine 5’-monophosphate (5'-IMP) than for the respective 3'-monophosphates
(3'-GMP and 3'-IMP). These results are attributable to the 5'-positioning of the 5'-NMP phosphate group that
allows it to approach the metal inner sphere for more favorable cation electrostatic and aqua ligand H-bonding
interactions, both in the initial productive ion pair encounter complexes and in the N7-bound 1:1 adducts. A higher
reactivity of 5'-GMP over 3'-GMP is known for cisplatin. In contrast, more Re/nucleotide 1:2 adduct was formed by
3'-GMP (and 3'-IMP) than by 5'-GMP (and 5'-IMP). Because the 3'-phosphate group cannot closely approach the
metal inner coordination sphere, the greater stability for the 3'-GMP 1:2 adduct reflects the more favorable G
N1H-phosphate interligand GMP—GMP interactions for 3'-GMP vs 5'-GMP (G = guanine base derivative). This
type of interaction is known for platinum adducts. In 1:2 adducts the bound nucleotides are inequivalent, prompting
us to perform mixed 5'-GMP/3'-GMP experiments, leading to the observation of major (M) and minor (m) mixed
Re/5'-GMP/3'-GMP 1:1:1 adducts. The order of abundance at equilibrium in a typical experiment was M > bis
3'-GMP > m = bis 5'-GMP. This stability order was rationalized by invoking the phosphate interactions described
above. When methionine and 5'-GMP were allowed to compete for fac-[Re(CO)s(H.0)s]*, the Re/5'-GMP 1:1 adduct
was the kinetic product and the S-bound Re/methionine adduct was the thermodynamic product, a result opposite
to that typically found for cisplatin.

Introduction cis[PtA,X;] compounds A, = two amines or a diamine
carrier ligand; X= anionic leaving group) correlates with
the number of NH groups. Models have suggested to us that
this correlation could be related to the small size of the
hydrogen atom rather than its hydrogen-bonding ability.
Indeed, as the bulk of the diamine carrier ligand increases,
anticancer activity decreases.Carrier-ligand bulk also
influences the relative stability of single-strand vs duplex
forms of oligonucleotides with the intrastrand cross-fnk.
*To whom correspondence should be addressed. E-mail: Imarzil@lsu.edu. The great long-term clinical success of cisplatin makes it

The success of cisplatiié-[Pt(NH;).Cl]) in the treatment
of various cancers has led to intensive efforts to determine
its mode of action in order to guide development of other
metal-based chemotherapeutic dri§S.he primary intra-
cellular target of cisplatin is DNA, with the major DNA
lesion being an intrastrand N‘Pt—N7 cross-link between
two adjacent guanine residu&s$.The anticancer activity of

@ ‘3";"3“9- D.; Lippard, S. NNat. Re. Drug Discavery 2005 4, 307— imperative to continue the search for other potential inorganic
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and Biochemistry of a Leading Anticancer Drugppert, B., Ed.; Am. Chem. So001, 123 2764-2770.
Wiley-VCH: Weinheim, 1999; pp 247291. (7) Jamieson, E. R.; Lippard, S.Ghem. Re. 1999 99, 2467-2498.
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chemotherapeutic agents. This search has focused primarily H
on Pt(Il), a square-planar, inert, and redox-stable metal center
and one of a limited number of metal centers having all of
these properties. Metal centers forming inert, redox-stable
complexes typically have an octahedral geometry. Octahedral R
complexes are generally more bulky and more sterically
crowded than square-planar compleXés mentioned, bulk
decreases the anticancer activitycis [PtAX,] compounds.
Octahedral complexes do not bind so well as Pt(ll) com-
pounds to DNA and have a high propensity to bind to
biomolecular targets other than cellular DNA; protein binding
over nucleic acid binding can cause considerable toxicity,
preventing the use of octahedral metal complexes as anti-
cancer agents.Several octahedral metal complexes do,
however, have modest anticancer properties, with some of
the most promising complexes containing Re(l), Ru(ll),
Ru(lll), or dinuclear Rh(I)/Rh(Il) metal centePs??

With th_e goal of_ gaining a better understanding of the 0:PO OH
coordination Chemlstry _Of QCtahedral metal <_:omp|_exes rel- Figure 1. Guanine (left) and hypoxanthine (right) derivatives. The arrow
evant to nucleic acid binding, we chose to investigate the and its head represent the base and the H8 atom, respectively.
fac-[Re(CO)(H.0)s] " cation. Dinuclear complexes, such as
[Rex(CO)(u-OH)s] ~ and [Re(u-OH)(u-OPh}(CO)] ~, sup- nine (9-MeG), guanosine (Guo) and 2-deoxyguanosine
pressed the growth of murine and human leukemias and(dGuo)%2! Second, both bind these guanine derivatives at
lymphomas in cell culture studié$. Subsequent mass N7, and the bases in 1:2 adducts adopt both head-to-head

—

5'-GMP
(R'= OH)

5'-IMP
(R'= OH)

1

5'-dGMP
(R'=H)

HOCH,

3'-GMP R T 3'-IMP

spectrometry studies demonstrated thab{RE)s(«-OH)s]

is readily cleaved under protic conditions to yield flae-
[Re(COX(H,0)s] " cation, leading to a suggestion that this
cation may be the species possessing anticancer propgérties.
The three water ligands fiac-[Re(CO}(H,0);] ™ are readily
substituted by a variety of donor atoms, thus providing
available sites for cross-linking interactions with DNA
base$??* Notable similarities in the reactions/adducts of
cisplatin andfac-[Re(CO)}(H.0)s]* include the following:
First, both form MG 1:1 and 1:2 adducts with 9-methylgua-

(9) Zobhi, F.; Blacque, O.; Schmalle, H. W.; Spingler, B.; Alberto|rirg.
Chem.2004 43, 2087-2096.

(10) Alessio, E.; Mestroni, G.; Bergamo, A.; Sava, Gurr. Top. Med.
Chem.2004 4, 1525-1535.

(11) Chifotides, H. T.; Dunbar, K. RAcc. Chem. Re2005 38, 146—
156.

(12) Chifotides, H. T.; Koshlap, K. M.; Pez, L. M.; Dunbar, K. RJ.
Am. Chem. So003 125 10714-10724.

(13) Frausin, F.; Scarcia, V.; Cocchietto, M.; Furlani, A.; Serli, B.; Alessio,
E.; Sava, GJ. Pharmacol. Exp. TheR005 313 227-233.

(14) Galanski, M.; Arion, V. B.; Jakupec, M. A.; Keppler, Burr. Pharm.
Des.2003 9, 2078-2089.

(15) Guichard, S. M.; Else, R.; Reid, E.; Zeitlin, B.; Aird, R.; Muir, M.;
Dodds, M.; Fiebig, H.; Sadler, P. J.; Jodrell, DBlochem. Pharmacol.
2006 71, 408-415.

(16) Hayward, R. L.; Schornagel, Q. C.; Tente, R.; Macpherson, J. S.; Aird,
R. E.; Guichard, S.; Habtemariam, A.; Sadler, P.; Jodrell, Bahcer
Chemother. PharmacoR005 55, 577—583.

(17) Velders, A. H.; Bergamo, A.; Alessio, E.; Zangrando, E.; Haasnoot,
J. G.; Casarsa, C.; Cocchietto, M.; Zorzet, S.; Sava, Gled. Chem.
2004 47, 1110-1121.

(18) Yan, Y. K.; Melchart, M.; Habtemariam, A.; Sadler, P.Chem.
Commun2005 4764-4776.

(19) Yan, Y.-K.; Cho, S. E.; Shaffer, K. A.; Rowell, J. E.; Barnes, B. J,;
Hall, I. H. Pharmazie200Q 55, 307—313.

(20) Zobi, F.; Alberto, R.; Spingler, B.; Fox, T. echnetium, Rhenium
and Other Metals in Chemistry and Nuclear Medigih&colini, M.,
Mazzi, U., Eds.; SGEditoriali: Padova, Italy, 2002; Vol. 6, pp-97
105.

(21) Zobi, F.; Spingler, B.; Fox, T.; Alberto, Rnorg. Chem.2003 42,
2818-2820.

(22) Jiang, C.; Hor, T. S. A,; Yan, Y.-K.; Henderson, W.; McCaffrey, L.
J.J. Chem. Soc., Dalton Tran200Q 18, 3197-3203.

(HH) and head-to-tail (HT) orientatior¥$! Third, the rate
constant for the binding of Guo fac-[Re(CO}(H.0);] " is
very similar to that for Guo binding tais-[Pt(NH3)2-
(H20),)?*.2* Fourth, both readily bind N- and/or S-containing
ligands such as Guo and thiourga:>

However, compared to Pt(ll) compounds, tfee-[Re-
(COX(H,0)3] " cation may have a higher affinity for oxygen
donors?® and its binding equilibria are likely to be more
dynamic and less complete:*° Therefore, the likelihood
that an investigation of the interaction @dc-[Re(CO)-
(H20);]" with 6-oxopurine nucleotide monophosphates
(NMPs) would prove to be informative led us to study the
binding of guanosine 'Smonophosphate (8MP) and
guanosine 3monophosphate (Z5MP). We also performed
studies with inosine monophosphate&I(@P and 3-IMP)
and 2-deoxyguanosine 'Snonophosphate {(8IGMP) to
assess the effect of the €RIH, substituent and/or N7
basicity (Figure 1).

Experimental Section

Materials and Sample Preparation. Stock solutions (50 and
200 mM) of fac-[Re(CO}(H,0)3]OTf in water were prepared by

(23) Edli, A.; Hegetschweiler, K.; Alberto, R.; Abram, U.; Schibli, R.;
Hedinger, R.; Gramlich, V.; Kissner, R.; Schubiger, P.@xgano-
metallics1997, 16, 1833-1840.

(24) salignac, B.; Grundler, P. V.; Cayemittes, S.; Frey, U.; Scopelliti, R.;
Merbach, A. E.; Hedinger, R.; Hegetschweiler, K.; Alberto, R.; Prinz,
U.; Raabe, G.; Klke, U.; Hall, S.Inorg. Chem2003 42, 3516-3526.

(25) den Hartog, J. H. J.; Altona, C.; van der Marel, G. A.; Reedijk, J.
Eur. J. Biochem1985 147, 371—379.

(26) Dijt, F.; Canters, G. W.; den Hartog, J. H. J.; Marcelis, A. T. M.;
Reedijk, J.J. Am. Chem. S0d.984 106, 3644-3647.

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

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

(29) Miller, S. K.; Marzilli, L. G. Inorg. Chem.1985 24, 2421-2425.

(30) Wirth, W.; Blotevogel-Baltronat, J.; Kleinkes, U.; Sheldrick, W. S.
Inorg. Chim. Acta2002 339, 14—26.
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published procedures and maintained at p#.83! 5'-GMP, 3- coordination are informative. Extensive studies witis-

GMP, 8-IMP, 3-IMP, 5-dGMP (disodium salts), andD (99.9%) [PtA,G;] complexes indicate that, upon coordination via N7

(Sigma-Aldrich) were used as received. The H8 fds 3-GMP to Pt, theG H8 singlet shifts downfield more for a PYNMP

was exchanged to D8 by incubating a solution of the nucleotide in 1-1 gqduct than for a 1:2 adduct with cis nucleotigl@is

o 32 i i . . .

E)Zgr;; elgg bC):/ fr%rt :r;'evggirzct)ilggogigda; ;h:;'”g'tggoéiﬂng Egken pattern can be explained by an inductive effect of the metal,

5-GMP) or D8-3-GMP (d-3-GMP) as the disodium salt. causing H8 deshielding that is offset somewhat by H8
shielding from the anisotropic cis purine bases in 1:2

Except as noted, a typical preparation involved treatment of an . ]
appropriate amount of NMP in 0.3 mL of,8 with 0.4 mL of adducts® Upon formation of a 1:1 adduct, the Hdoublet

fac[Re(COY(H0)s]OTf (~50 or~10 mM, depending on required shifts downfielc_i slightl_y (inductive effe_ct); conversely, the

final concentration); a small amount (0.1 mL) of@was added ~ H1'" doublet shifts upfield upon formation of a 1:2 adduct

to establish a lock signal. Dilute HCI or NaOH stock solutions (in  (base anisotropic effect). AN7, R,} macrochelate, in which

H,0) were used to adjust the pH (uncorrected) of the samples to the 3-nucleotide is coordinated via both N7 ang Ras an

~3.6 in the NMR tubes as required. H1' singlet because the sugar pucker is forced to be virtually
NMR Spectroscopy.All NMR spectra were obtained on either  100% N33-3% However, this{N7, P,} macrochelate is rare,

a Bruker DPX400 spectrometer (400.1 MHz) or a Varian INO- occurring for 5- but not for 3-monophosphate$-3’ Direct

VAS00 spectrometer (500.1 MHz); both were equipped with a jnner-sphere coordination of phosphate oxygen to Pt causes
variable-temperature probe that was equilibrated atQ%unless the P, 3P NMR signal to shift~4 to 12 ppm down-
otherwise indicated. 1BH NMR spectra were referenced to the field 2‘2,34,35,38,39

residual HOD peak, and presaturation was used to reduce the .
residual HOD peak. Each FID was accumulated for 64 transients, At pH ~3.6 (used here) the.Rgroup (Figure 1) of the

each containing 16K data points. Before Fourier transformation, ffée@ NMP is protonated and carries a single negative charge,
an exponential apodization window function with a 0.2 Hz line the same as that of the phosphodiester group in DNA. Also,
broadening was applied. 1D proton-decoupt&® NMR spectra ~ because deprotonation faic-[Re(CO}(Hz0)s] " begins around
({*H} —21P) were referenced to external trimethyl phosphate (TMP); pH 4, the choice of pH-3.6 avoids formation ofac-[Re-
each FID was accumulated for 64 transients, each containing 32K (CO)»(H,O),(OH)] andfac-[Re(CO}(H,O)(OH),] ~ specie$?

dgta ppints. Beforg Four.ier transfo.rmation, an gxponential apodiza— The fact that the guanine base bound to a metal iJaot
tion window function WI.h a 2 Hzline broadening was applied. symmetrical with respect to rotation about the-M7 bond

One hundred twenty-eight scans per block (256 blocks) were oo tor rotamers. For square-planar metal geometries,

collected in a 2D rotating frame nuclear Overhauser effect there are two distinct rotamers at most for a qiverGM/ 1
spectroscopy (ROESY) experiment conducted at@Gdy using a 9 )

spectral width 0~4000 Hz and a 500 ms mixing time. All NMR adduct. When the metal moiety lacks high symmetry, these

data were processed with either XWINNMR (Bruker) or Vnmr) Fotamers are not equivalent, and thus there are two conform-
(Varian) software. ers. Introduction of a chiral sugar at teeN9 also influences
Circular Dichroism (CD) Spectroscopy. CD samples were  the number of conformers. For octahedral or square-planar
prepared from the respective NMR samples and dilutedtanM M/G 1:2 adducts with two cis N7-coordinated identiGis,
GMP with deionized water (pH3.6). Three acquisitions, collected head-to-head (HH) and head-to-tail (HT) conformers are
from 400 to 200 nm on a JASCO J-710 CD spectropolarimeter at possible. HH conformers and HT conformers have the two
a scan speed of 50 nm/min, were averaged to improve the signal-Hg atoms on the same and opposite sides, respectively, of
to-noise ratlo. o . the N7—M—N7 plane. When the starting complex has high
Although NMR data |_n_d|cate that _the exchange rat(_a is _slow, We symmetry, one HH and two HT conformers are possible.
empl_oyeo_l a set of gdqmonal experiments to determine if the_ re- An additional HH conformer can exist if the complex has
ethpraﬂon after dilution would affect the CD results. For this, lower symmetry (as in the adducts studied here, see Figure
an aliquot (5uL) of a Re/NMP NMR sample {ac-[Re(CO})- . , . . ;
(H,0)5]*] = 25 mM, r = 1:2) was added to 0.3 mL of 4 (pH 2) or if Tﬁ two G’s a_re not identical, such as in d(GpG)
~3.6) and the sample immediately transferred to the CD instrument, 2ddUcts'®**If the starting complex has lower symmetry and
Ten acquisitions, collected from 280 to 230 nm, were averaged to the twoG’s are not identical, two 1:2 adducts with two cis
improve the signal-to-noise ratio. CD spectra were recorded from N7-coordinated nonidenticdb’s can form, each having 2
2 min to 2 days after dilution. The CD spectrum of the diluted
sample did not change significantly from 2 man3 h after dilution. (33) Girault, J.-P.; Chottard, G.; Lallemand, J.-Y.; Chottard, JB(@-
At 6 h after dilution, the CD spectrum had changed considerably. (34) chemistryl982 21, 1352-1356.

. Reily, M. D.; Hambley, T. W.; Marzilli, L. GJ. Am. Chem. Soc.
These results indicate that CD spectra measured promptly after 1985/ 110, 29993007?/

dilution are representative of the NMR solution and can be used to (35) Reily, M. D.; Marzilli, L. G.J. Am. Chem. Sod.986 108 8299-
assess the chirality of the dominant HT conformer. 8300

(36) Kuo,.L. Y.; Kanatzidis, M. G.; Marks, T. J. Am. Chem. S0d.987,
109 72077209.

Results and Discussion (37) Torres, L. M.; Marzilli, L. G.J. Am. Chem. Sod.991, 113 4678~
4679.
Characteristic Features of Meta-NMP Adducts. Shift (38) Bose, R. N.; Goswami, N.; Moghaddas, I8org. Chem.199Q 29,
changes of théH and3P NMR signals of the NMP upon 3461-3467.

(39) Bose, R. N.; Slavia, L. L.; Cameron, J. W.; Luellen, D. L.; Viola, R.
E. Inorg. Chem.1993 32, 1795-1802.

(31) He, H.; Lipowska, M.; Xu, X.; Taylor, A. T.; Carlone, M.; Marzilli, (40) Ano, S. O.; Intini, F. P.; Natile, G.; Marzilli, L. GI. Am. Chem. Soc.
L. G. Inorg. Chem.2005 44, 5437-5446. 1998 120, 1201712022.

(32) Schweizer, M. P.; Chan, S. I.; Helmkamp, G. K.; Ts'o, P. OJP. (41) Marzilli, L. G.; Ano, S. O.; Intini, F. P.; Natile, GI. Am. Chem. Soc.
Am. Chem. Socd 964 86, 696—700. 1999 121, 9133-9142.

4928 Inorganic Chemistry, Vol. 46, No. 12, 2007



Reaction offac-[Re(COX(H.0)3]* with Guanine Derivatives

with cis-[PtA,G;,] complexes with unlinkeds nucleotides

have shown that, while the HH conformer does form, the

twoHT conformersAHT andAHT, are typically favored?4356-56

In addition, Pt/5>GMP 1:2 adducts adopt the HH conforma-

tion more readily than do Pt/&GMP 1:2 adductd’ 4857

Overview of Products Formed byfac-[Re(CO)s(H»0)s] ™

and NMPs. In describing the'H and 3P NMR spectral

results for NMP binding tdac-[Re(CO}(H,O)s]t, we state
o the nature of the adducts formed before presenting all the
c evidence and the reasoning for such designations. In general
‘\\\\\Co OC//,,, ‘\\\\\Co for a given NMP, two principal adducts were formed: a 1:1
Re. ~ Re! adduct,fac-[Re(CO}(H-0),(NMP)], and a 1:2 adducfac-

H2

(e]e)

0
C//,,"

| | [Re(COX}(H-0)(NMP)]~ having inequivalent NMPs (Figure

OH, o 2). We also found evidence for the formation of both a

HHa AHT dinuclear 2:1 complexfac-[Rey(CO)(H20)s(NMP)] (in
which a phosphate oxygen and N7 are each boundc-a
[Re(COX}(H.0),]t moiety), and a trinuclear 3:1 compleéagc-
[Re3(CO)(H20)s(NMP)]* (in which two phosphate oxygens
and N7 are each bound tdac-[Re(CO)(H.0),] " moiety).

o o When two different NMPs (NMP and’'NIP) were present

C C in the reaction mixture, two 1:2 adducta¢c-[Re(CO}(H,0)-

\\\\\\CO (NMP)(N'MP)]-, formed, as expected because the coordina-

OC/

7, »
Rl
OH
H

\\\\\ e /,’h, . . . .
€. —~ Re tion positions are not equivalent (Figure 2).
| 5-GMP Reaction Products.Upon treatment ofac-[Re-
, OH, (COX(H20)3] " with 5'-GMP ([Re]= 25 mM, r = 1:1), four
new H8 singlets appeared (although one H8 singlet is very
AHT HHb . : ) i
. . . o L . small, Figure 3). These signals are relatively downfield and
Figure 2. (top) Diagram showing coordination positions relative to each

other; (bottom) HHaAHT, HHb, andAHT orientations for an octahedral are insen_Sitive to pH from 3.6 to 1'.4’ properties indicating

metal center. NMPs in coordination positions 1 and 2 are distinct, and all that the signals are from adducts with Re bound'tGHIP

four conformers can interchange only if the type of NMP is identical in /i3 N7. The predominant H8 signal appears immediately after

both coordination positions. L . .

mixing and dominates the spectrum, even at long reaction

| times. Because this major adduct signal has no partner H8
signal, it could arise from either a 1:1 or 1:3 Re/nucleotide
adduct (Figure 4). The following observations demonstrate
that this major product is the 1:1 addueig-[Re(CO}(H,O),-

HH and 2 HT conformers; hence, a solution having a tota
of 4 HH and 4 HT conformers could be created.

In typical cis-[PtA,G;] models with non-bulky amines, the
rate of rotation about the PN7 bonds is too rapid to detect . - . . . ;
distinct NMR signals for the conformef3By using chiral (5-GMP)]: First, the intensity of the predominant H8 signal
carrier ligands with sufficient bulk to slow rotatiog H8 decreases upon a'ddltlon. of.moreuG\/lP. (vide mfra),. .
signals for the HH and HT rotamers could be observed andwhereas the intensity of this signal could increase only if it

the AHT and AHT absolute conformations could be estab- Were due to the 1:3 adduct. Second, the downfield shifts of
lished by NOE cross-peaks between tBeH8 signals and the HS smglet €0.4 ppm) _and the Hildoublet (0.1 p_pm)
the carrier ligand signafé:#344In turn, the CD signatures of this major adduct relative to freé-&MP are consistent

for these conformations were characteri#edor these ~ With @ 1:; adduct (changée fl)' I;hl\l/:g tmglg'l*_lz' co?pllng
adducts, the dominant HT conformer appears to be stabilizedcons't_ant ecreases Ir (reg : ) 10~3.6 Hz, a feature
by hydrogen bonding of the phosphate group of Gnaith consistent with metal coordination at N7 (Table 1 and
the N1H of the ciss and these “second-sphere” interactions, __ R - .

h b identified . tant fact that (49) Benedetti, M.; Tamasi, G.; Cini, R.; Marzilli, L. G.; Natile, Ghem.
or SSC, have been identified as important factors tha Eur. J.2007 13, 3131-3142.
stabilize theAHT and AHT conformers in 5GMP and 3 (50) ’ara}mer, R(.:E.; ngflgsc;rggn,&gh;l ggu, M. J. T.; Norton, T.; Kashiwagi,

: . ; . Inorg. Chem. , .

GMP complexes, respectivel§*>4°In addition, such studies (51) Inagaki, K. Dijt, F. J.: Lempers. E. L. M. Reedijk, lforg. Chem.
1988 27, 382-387.

(42) Cramer, R. E.; Dahlstrom, P. Inorg. Chem1985 24, 3420-3424. (52) Marcelis, A. T. M.; van der Veer, J. L.; Zwetsloot, J. C. M.; Reedijk,
(43) Ano, S. O.; Intini, F. P.; Natile, G.; Marzilli, L. Gnorg. Chem1999 J.Inorg. Chim. Actal983 78, 195-203.
38, 2989-2999. (53) Marzilli, L. G.; Chalilpoyil, P.J. Am. Chem. S0d.98Q 102 873—
(44) Marzilli, L. G.; Intini, F. P.; Kiser, D.; Wong, H. C.; Ano, S. O.; 875.
Marzilli, P. A.; Natile, G.Inorg. Chem.1998 37, 6898-6905. (54) Marzilli, L. G.; Chalilpoyil, P.; Chiang, C. C.; Kistenmacher, T.JJ.
(45) Natile, G.; Marzilli, L. G.Coord. Chem. Re 2006 250, 1315-1331. Am. Chem. Socd98Q 102, 2480-2482.
(46) Sullivan, S. T.; Ciccarese, A.; Fanizzi, F. P.; Marzilli, L. @org. (55) Saad, J. S.; Scarcia, T.; Natile, G.; Marzilli, L. IBorg. Chem2002
Chem.200Q 39, 836-842. 41, 4923-4935.
(47) Wong, H. C,; Intini, F. P.; Natile, G.; Marzilli, L. Gnorg. Chem. (56) Sullivan, S. T.; Ciccarese, A.; Fanizzi, F. P.; Marzilli, L. @org.
1999 38, 1006-1014. Chem.2001, 40, 455-462.
(48) Wong, H. C.; Shinozuka, K.; Natile, G.; Marzilli, L. Gaorg. Chim. (57) Wong, H. C.; Coogan, R.; Intini, F. P.; Natile, G.; Marzilli, L. G.
Acta200Q 297, 36—46. Inorg. Chem.1999 38, 777-787.
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H8 H1' aP
1:2
* free 5'-GMP A
LJJL_ . |
11 1:1
/
h 111
Y W S 41_)\_\ M
2 ﬂ 2:1
M 3L1 \ .JL__
T T I T T T T I T T I T T I T T T T I T T T 1
8.5 6.0 ppm 5.0 0 -4.0

Figure 3. H8 (left), H1(center), and E(rlght) NMR signals of equilibrated mixtures d&c-[Re(CO}(H20)3]" (25 mM) and 5-GMP at pH 3.6. (a)
Re/GMPr = 4:1, (b)r = 1:1, (c)r = 1:2. The red arrow points to the small amount of 2:1 adduct in spectrum (b). See text for conditions and spectral

assignments for signals not identified in the figure.
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Figure 4. Possible Re/GMP adducts.

cyclic dimeric 2:2 adduct

Supporting Information). Fourth, the chemical shift of the
P, signal of this adduct is similar (Table 1) to that fdr 5
GMP, ruling out the only other 1:1 adduct with-GMP

Table 1. H and3P NMR Shifts (ppm) andJuyr—nz Coupling
Constants (Hz, in Parentheses) of Nucleotides and Complexes Formed
with fac-[Re(CO}(H20)3] 2

o o3P
complex H8 H1 Pa
5-GMP 8.12 5.90 (6.1) —2.74
fac-[Re(CO}(H20)(5'-GMP)] 8.50 5.99 (3.7) -3.02

fac-[Re(COX(H0)(5-GMP)]~ 8.32, 8.30 5.88 (5.1), 5.86 (3.9)2.69,—2.91

fac-[Rey(CO)(H20)4(5-GMP)] 8.55 c 1.6

fac-[Re3(CO)(H20)s(5 GMP)]* © c 5.17
in 5-GMP and 3GMP

3-GMP 8.00 5.93 (6.0) —3.00

fac-[Re(CO}(H20)(3-GMP)] 8.52 6.00 (3.6) —3.06

fac-[Re(CO}(H20)(3-GMP),]~ 8.40, 8.34 5.90 (3.8), 5.90 (3.8)3.04
fac-[Rey(CO)(H20)4(3-GMP)] 8.53 6.02 (4.0) 1.683

fac-[Res(CO)(H20)s(3 GMP)]* 8.54 6.04 (3.9) 5.09
in 5-GMP and 3GMP
M-5'-GMP 8.48 5.90 -3.1P
M-3'-GMP 8.38 5.90 -3.04
m-5-GMP 8.40 5.90 -3.1P
m-3'-GMP 8.14 5.90 —3.0¢4
a[Re]= 25 mM, pH 3.6, 32C. P Signal assigned to adduct oniSignal

obscured by other signal$éShift highly dependent on pH (see tex@Mm
andm = major and minor adducts, respectively fa¢-[Re(CO}(H.0)(5-
GMP)(3-GMP)]".

ca. 0.2 ppm downfield, the two MMoublets are shifted
slightly upfield and neither of the two corresponding P
signals is shifted significantly (Table 1, Figure 3). Two H8
singlets of equal intensity are expected for a 1:2 adduct. A
1:2 adduct lacks both a plane of symmetry (because of a
chiral sugar) and &; axis (because tHac-[Re(CO}(H.O)]*
moiety lacksC, symmetry). Addition of another equivalent
of 5-GMP (r = 1:2) resulted in a higher intensity for these
H8 signals relative to that dac-[Re(CO)}(H.0)(5'-GMP)];

bound via N7, a macrochelate (Figure 4) expected to have atherefore, these signals undoubtedly arise from the 1:2

P, signal shifted downfield by 412 ppm?434.35.3839These
results, as well as those obtained a&galues higher than 1:1

adduct,fac-[Re(CO}(H-0)(5-GMP),] .
The third most abundant adduct in the= 1:1 solution is

and with a mixture of nucleotides (vide infra), establish fac-[Re)(CO)(H.0)4(5-GMP)]. This dinuclear adduct gives

beyond question that when= 1:1, the predominant adduct
formed is fac-[Re(CO}(H.0)(5-GMP)], with 5-GMP
bound only through N7.

The next most abundant adduct in the 1:1 solution is
fac-[Re(CO}(H,0)(5-GMP)]~. This 1:2 adduct has two

a small H8 singlet (Figure 3) downfield from the H8 singlet
of fac-[Re(CO}(H.0)(5'-GMP)]; the HI signal of this
adduct is obscured by the Hdignals of other adducts. The
corresponding Psignal is ca. 5 ppm downfield from the P
resonance of'5SGMP. Taken together, these results indicate

closely spaced H8 singlets of approximately equal intensity that both N7 and Pare coordinated to Re in this minor

(Figure 3). Relative to free'85MP, the H8 signals are shifted
4930 Inorganic Chemistry, Vol. 46, No. 12, 2007

product in the = 1:1 solution (Table 1). Three conceivable
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Figure 5. H8 (left), HI (center) and R(right) NMR signals of equilibrated
mixtures offac-[Re(CO}(H20)s]™ (25 mM) and 3GMP at pH 3.6. (a)

Re/GMPr = 4:1, (b)r = 1:1, (c)r = 1:2. See text for conditions and
spectral assignments for signals not identified in the figure.

and reasonable adducts withGMP coordinated via both N7
and R can explain the observation of one H8 and ope P
signal for this third product. The first possibility is @&-sym-
metric cyclic dimeric 2:2 adduct with two' &MPs linking

two fac-[Re(COx(H,O)]" moieties (Figure 4). The abundance below the
of this dimer relative to the 1:1 adduct should remain constant 2

abover = 1:1 at a given GMP concentration because each
contains one 5GMP per Re. The other two conceivable
adducts have less than one@VIP per Re. These are a
dinuclear 2:1 adduct with N7 bound to one Re and&und

to a second Re, and a trinuclear 3:1 adduct with N7 bound
to one Re and Pbound to two different Re’s (Figure 4). At

adducts was decreased from 4 to 2, thesignal of the 1:1
adduct (with a shift similar to that of freé-&MP) did not
shift significantly, consistent with the ,Pgroup being
uncoordinated and monoprotonated throughout the pH range.
However, the B signal of the 2:1 adduct (shifted 5 ppm
downfield from that of free 5GMP) shifted significantly
upfield (ca. 3.5 ppm) over this pH range, consistent with a
coordinated deprotonated §roup becoming protonated. The
pKa of this R, group is thus about 3.2, a value much lower
than the [, for 5-GMP (~6.3)57-89 The much lower K,

of the phosphate group ifac-[Rex(CO)(H20)4(5'-GMP)],
compared to N7-bound Pt adduéts® is undoubtedly due

to the direct binding of Re to this,Ryroup3>383°The very
downfield R, signal of the fourth adduct was insensitive to
changes in pH between 4 an@ (this R, signal disappeared
below pH ~3); this lack of pH dependence, indicating a
phosphate groupka below 2, is consistent with such a 3:1
adduct with two Re moieties bound to the §roup. The
binding of the second Re is expected to be weak, and thus
it does not compete well with the proton as the pH drops
of the 2:1 adduct. However, because two Re’s
are bound to it, the Pgroup is always deprotonated in the
3:1 adduct.

The coordination of N7 of a nucleotide to inert metal
centers can be demonstrated by addition ot'dans. The
paramagnetic CU ion binds to N7 of the free nucleotide,
causing the broadening and eventual disappearance of the
H8 resonancé Alternatively, if N7 of the nucleotide is

a given GMP concentration, increasing the Re concentrationy, .4 to another metal. such as Pt or Re*'Gwordination

abover = 1:1 would increase the abundance of both the di-
and trinuclear adducts relative to the 1:1 adduct.

To distinguish among these possibilities for the third
product, we performed the formation reaction twice more
but by using different total concentrations and different
values. At high concentrations (100 mM) of both Re and
5'-GMP, the intensities ofH and3!P NMR signals of the
third product relative to those of the 1:1 adduct were the
same as those found in the 25 nr\= 1:1 reaction. At the
higherr = 4:1 ([Re] = 25 mM) the H8 and P signals of
the third product had a higher intensity relative to the 1:1
adduct signals. Thus, more than one Re is bound per 5
GMP. The third product with the ca. 5 ppm downfield P
signal cannot be a cyclic dimeric 2:2 adduct.

The nature of the third product was established in this
= 4:1 experiment. A small additional,Bignal (Figure 3)
was found~8 ppm downfield from the Presonance of free
5-GMP. Because theBignal of the fourth product appears
only at higherr values and is one-fourth the size of thg P
signal of the third product, the fourth product contains more
Re per 5GMP than the third product. Most reasonably, the
third and fourth products are the 2:1 and 3:1 adducts.
Although no H8 signal could be located for the 3:1 adduct,
we should note that in"3GMP reactions at = 4:1, both
the H8 and R signals of this fourth product are evident (vide
infra, Figure 5).

at N7 is blocked and the H8 resonance remains skarp.
Addition of a C#* solution to 5uM to anr = 1:1 solution
([Re] = 5 mM) caused the H8 and,Rsignals of free 5
GMP to disappear. The H8 signals of the 1:1 and 1:2 adducts
remained sharp and thg Bignals of these adducts were still
present but broadened considerably. Addition of?‘Cu
solution to 5QuM did not cause broadening of the H8 signals
of the 1:1 and 1:2 adducts; however, i€ signals were
detected. These results thus confirm that N7 is bound to Re
in both thefac-[Re(CO}(H.0),(5-GMP)] 1:1 andfac-[Re-
(COX(H20)(5-GMP),]~ 1:2 adducts.

3'-GMP Reaction Products. To evaluate the effect of
phosphate group position on the adducts formed, we exam-
ined 3-GMP reactions. Treatment tdc-[Re(CO}(H,O)3]*
with 3'-GMP ([Re]= 25 mM,r = 1:1) led to the appearance
of three new H8 singlets (Figure 5, Table 1); these signals
can be attributed to the 1:1 addufeic-[Re(CO}(H.O),(3'-

(58) Sigel, H.; Massoud, S. S.; Corfd. A. J. Am. Chem. S0d994 116
2958-2971.

(59) Song, B.; Zhao, J.; Griesser, R.; Meiser, C.; Sigel, H.; Lippert, B.
Chem. Eur. J1999 5, 2374-2387.

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

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

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

(63) Reily, M. D.; Marzilli, L. G.J. Am. Chem. Sod.986 108 6785~
6793.

To assess our conclusions, we examined the effect of low (64) Song, B.; Oswald, G.; Bastian, M.; Sigel, H.; Lippert,\Bet.-Based

pH on the3P NMR shifts (Supporting Information). When
the pH of a solution containing the 1:1, 1:2, 2:1, and 3:1

Drugs 1996 3, 131-141.
(65) Marzilli, L. G. InProg. Inorg. Chem.Lippard, S. J., Ed.; John Wiley
and Sons: New York, 1977; Vol. 23, pp 25378.
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Table 2. Concentrations (mM) of 1:1, 1:2, and Dinuclear Adducts of
5'-GMP, 3-GMP, 5-IMP, and 3-IMP at Different Nucleotide
Concentrations and Times after Mixing witac-[Re(CO}(H20)s]* 2

r=1.1 r=1.2
complex 1lh 6 days 1lh 6 days

5-GMP 2.6 0.9 6.2 3.6
fac-[Re(CO}(H20)2(5'-GMP)] 2.3 3.2 3.0 2.9
fac-[Re(COX(H20)(5-GMP),] - 0.1 0.5 0.4 1.8
3-GMP 4.3 1.1 8.6 2.9
fac-[Re(CO}(H20)2(3'-GMP)] 0.7 2.2 12 2.3
fac-[Re(COY¥(H20)(3-GMP),] - b 0.8 0.1 2.3
fac-[Rey(CO)(H20)4(3-GMP)] b 0.2 b 0.2
5-dGMP 2.8 0.6 5.7 3.1
fac-[Re(CO}(H20)x(5'-dGMP)] 2.1 35 3.1 35
fac-[Re(CO}(H20)(5-dGMPY]~ b 0.5 0.6 1.7
5-IMP 3.7 1.7 5.8 4.7
fac-[Re(CO}(H20)2(5'-IMP)] 1.3 3.0 4.0 4.0
fac-[Re(CO}(H20)(5-IMP);]~ b 0.2 b 0.7
fac-[Rex(COY(H20)4(5'-IMP)] b b 0.2 b
3-IMP 4.2 2.2 8.6 4.6
fac-[Re(CO}(H20)2(3'-IMP)] 0.9 2.0 14 3.2
fac-[Re(CO}(H20)(3-IMP);]~ b 0.4 b 1.0
fac-[Rexy(CO)(H20)4(3'-IMP)] b 0.2 b 0.3

a[Re] = 5 mM. P Not observed.

GMP)], and the 1:2 addudiac-[Re(CO}(H,0)(3-GMP),] ~,

for reasons given above for adducts of@MVP. Signals
arising from the 1:2 adduct were confirmed withras 1:2

experiment.

In solutions initially 25 mM infac-[Re(CO}(H0)3] *, the
downfield shoulder on the H8 signal fafc-[Re(CO}(H,0).-
(3-GMP)] and the downfield £signal at~5 ppm were
relatively larger in am = 4:1 reaction mixture than in an

= 1:1 reaction mixture (Figure 5). The third product is clearly

the dinuclear 2:1 addudiac-[Re;(CO)(H20)4(3'-GMP)]. A

fourth product with an H8 signal just downfield from the

H8 signal offac-[Re(CO}(H.0),(3-GMP)] and with a R
signal~8 ppm downfield from the Psignal of free 3GMP
is the 3:1 trinuclear addudc-[Re;(CO)(H20)s(3-GMP)]*.
As was found for 5GMP, a 100 mMr = 1:1 experiment

supported this interpretation by ruling out the cyclic dimeric

2:2 adduct. To summarize, for both-GMP and 5-GMP,
four products were found: two abundant produfas;[Re-
(CO)(H20)(GMP)] andfac-[Re(CO}(H,O)(GMP)]~, and
two minor productsfac-[Rexy(CO)(H20)s(GMP)] andfac-
[Res(COX(Hz0)s(GMP)]*.

Further Aspects of the GMP Reactions.Reactions at
= 1:1 andr = 1:2 of both 5 and 3-GMP with fac-[Re-

Adams and Marzilli

At equilibrium (6 days), the 1:1 adduct remained the
predominant product for'835MP at bothr = 1:1 and at =
1.2, but for 3-GMP this was the case only at= 1:1. Atr
= 1:1, more 1:1 adduct was present in the3MP reaction
than in the 3GMP reaction (Table 2). The factors (H-
bonding and electrostatic interactions) facilitating the forma-
tion of fac-[Re(CO}(H,0).(5'-GMP)] also stabilize the 1:1
adduct. These factors are either absent (H-bonding) or weaker
(electrostatic) ifac[Re(CO}(H20)(3'-GMP)], accounting
for its lower abundance at= 1:1. However, at equilibrium,
the amount ofac-[Re(CO}(H,0)(3-GMP),]~ formed was
greater than the amount &dc-[Re(CO)(H.0)(5-GMP),]~
formed under bothh = 1:1 andr = 1:2 conditions (Table
2).

Factors favoring the Re/AsMP 1:1 adduct are less likely
to be important in contributing to the stability of the Re/5
GMP 1:2 adduct. Firsfac-[Re(CO}(H.0)(5-GMP),]~ has
only one coordinated #0 for H-bonding to phosphate.
Second, the greater conformational freedom for the 5
phosphate group will lead to some electrostatic repulsion
between the bound nucleotides. In contrast, becaus€the 3
phosphate groups ofac[Re(CO}(H.0)(3-GMP),]~ are
directed away from the center of the complex, electrostatic
repulsion is less in this 1:2 adduct. Although thgBosphate
group cannot participate in H-bonding interactions with the
coordinated HO, this group can form stabilizing H-bonds
with N1H of the cis 3GMP£® Thus, differences in the
relative abundance of the 1:1 adduct and 1:2 adduct between
5'-GMP and 3-GMP are explained.

To understand better the role of phosphate group H-
bonding to N1H of the cis GMP, we must consider which
conformers are likely to be present. As mentioned above,
the number of conformers depends on the symmetry of the
complex. For dac-[Re(CO}(H.O)(NMP),]~ adduct, two HH
(HHa and HHb) and two HT conformera T and AHT,
Figure 2) are possible. Distinguishing between HH and HT
conformers in solution is best accomplished by using
NOESY techniques, as the two H8 protons are normally close
enough to give an NOE cross-peak for an HH conformer
but too far to give a cross-peak for an HT conforrHér.676°
No H8—H8 NOE cross-peaks were observed fac-[Re-
(CO)(H0)(5-GMP),] ~ or fac-[Re(CO}(H.0)(3-GMP),] -,
thus providing evidence that these adducts exist mainly as
HT conformers.

(COXR(H:0)* (at 5 mM, a concentration at which H8 signals ~ Because of rapid rotation about the -Ré¢7 bond, the

did not overlap) &1 h and at 6 days were compared (Table NMR signal detected for each coordinated NMP is a
2). The solutions were at equilibrium after 6 days, as no weighted average of the respective signals for all conformers
spectral changes occurred between 4 and 6 days. At 1 h, theyyt the signals reflect mainly the HT conformers. For a
1:1 adduct was the predominant produat at1:1; however,  dynamic adduct, differentiating between thelT andAHT

more 1:1 adduct was presertt Bh for 3-GMP than for  conformers is best accomplished by using CD mettbits.
3-GMP. In the normal nucleotide anti conformation, the 5 has been established that the CD signals of both 1:1 adducts
phosphate group is closer to N7 than thgBosphate group.

In an initial ion pair interaction of the nucleotide with the
metal cation, the stabilizing electrostatic and H-bonding
interactions of the phosphate group with the cation place the

N7 in a position closer to the metal center for' aGcleotide (68) Elgeg_ir}k,I M. J-:gﬁetefég,eRi Jé;;gglggg, J.; Deacon, G. B.; Reedijk,
than for a 3nucleotide. We attribute the faster reaction of g Saad, 3. S, Soarcia. T - Shinozuka. K.: Natile, G.: Marzill, Lrerg.
5'-GMP to this proximity. Chem.2002 41, 546-557.

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

(67) Bhattacharyya, D.; Marzilli, P. A.; Marzilli, L. @norg. Chem2005
44, 7644-7651.
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Figure 6. CD spectra recorded soon after dilution of equilibrated NMR
solutions ([Re}= 25 mM, pH 3.6) of 5GMP (r = 1:2, red line), 3GMP
(r = 1:2, blue line), and mixed'85MP/3-GMP (r = 1:1:1, black line).

and of HH conformers of 1:2 adducts are weak, while the
CD signal of the HT conformers is much stron§er.
Therefore, the sign of the CD spectrum reflects the confor-
mation of the major HT conformer present. The CD signal
of aAHT conformer has negative features&27 and~285

nm and a positive feature at252 nm, while the CD signal
of a AHT conformer has positive features-a227 and~285

nm and a negative feature a252 nm® At pH ~3.6, CD
spectra of equilibrated solutions ([Re] 25 mM,r = 1:2,

pH ~3.6) containing both the 1:1 and 1:2 adducts &f 5
GMP or 3-GMP were recorded. The'‘&MP solution
exhibited a negative feature at267 nm and a positive
feature at~238 nm (Figure 6). A similar pattern was
observed for the '8SGMP solution (Figure 6). This pattern
in both cases is indicative of theHT conformer; therefore,
we can conclude thdioth fac[Re(CO}(H.0)(5-GMP)]~
andfac[Re(CO}(H20)(3-GMP),] ~ exist primarily asAHT
conformers. Past studies have found thatAl# conforma-
tion allows favorable phosphate interligand H-bonding to the
carrier ligands for 5GMP adducts and to the N1H of the
cis 3-GMP for 3-GMP adductg4548 In the AHT confor-
mation, only one phosphate group is well positioned to form
H-bonds (to the coordinated.8) for 5-GMP but both

phosphate groups are positioned to form H-bonds (to the cis

GMP) for 3-GMP; thus, the preference for thAHT
conformation for 3GMP is explained, as is the higher
amount of 1:2 adduct for 35MP than for >GMP. However,
the preference for thAHT conformation for the 5GMP
1:2 adduct was unexpected because two favorable N1H-5
phosphate H-bonds are possible for thelT conformer of
5'-GMP 1:2 adducts.

Mixed-Nucleotide Approach. Mixed 5-GMP/3-GMP

Figure 7. (top) Diagram showing coordination position numbering.
(bottom) The pairs of HT conformers of each of the two posdiatdRe-
(CO)(H20)(5-GMP)(3-GMP)]~ adducts. In the pair on the left, teHT

conformer can form a favorable phosphate-to-coordinated water H-bond.
5'-GMP:3'-GMP

d-3'-GMP:5'-GMP

L

8.60 8.40 ppm 8.20 8.00

Figure 8. H8 NMR signals of equilibrated mixtures € 1:1:1, pH 3.6)
of fac-[Re(CO}(H20)s]* with the NMP’s indicated. See text for signal
assignments.

d-5'-GMP:3'-GMP

equilibrate, and then the other GMP was added. All three
solutions gave identical NMR spectra. The H8 signals of
previously discussed adducts were observed, as expected.
In addition, three new H8 singlets (8.48, 8.38, and 8.14 ppm,

experiments were performed to elucidate the properties of Figure 8) were observed. Because the conformers of each

1:2 adducts, particularly the preference for thEIT con-
formation by the 5GMP 1:2 adduct. In such mixtures, two
Re/3-GMP/3-GMP 1:1:1 adducts are expected (Figure 7),
in addition to the previously identified adducts containing
5'-GMP or 3-GMP. Threer = 1:1:1 solutions at pH 3.6, all
starting with [Re]= 5 mM, were studied. In one,-&MP
and 3-GMP were added initially. In the other solutions, one
GMP was added initially, the solution was allowed to

adduct will interchange rapidly on the NMR time scale, four
new H8 singlets are expected. We deduced that one new
H8 singlet was overlapped with a previously discussed signal;
consequently, we exchanged H8 with deuterium, preparing
d-3-GMP andd-5-GMP 32 The mixed-nucleotide experiment
utilizing one of these deuterated nucleotides allows assign-
ment of all H8 signals arising from the undeuterated
nucleotide.
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Table 3. Concentrations (mM) of 1:1, 1:2, and Mixed Bis Adducts of
5'- and 3-GMP at Different Nucleotide Concentrations and Times after
Mixing with fac-[Re(CO}(H.0)]* 2

r=1.1 r=1.2
complex 1lh 6 days 1lh 6 days
5-GMP 2.0 0.4 3.9 1.4
fac-[Re(CO}(H20)(5'-GMP)] 0.5 1.6 1.2 1.8
fac-[Re(COY¥(H20)(5-GMP),]~ b 0.1 b 0.4
3-GMP 2.3 0.6 4.2 1.6
fac-[Re(CO}(H20)(3-GMP)] 0.3 11 0.7 1.0
fac-[Re(COY¥(H20)(3-GMP),]~ b 0.2 b 0.6
[\ b 0.3 b 0.8
me b 0.2 b 0.5

a[Re] =5 mM. P Not observed® M andm refer to the major and minor
forms, respectively, ofac-[Re(CO}(H-0)(5-GMP)(3-GMP)].

In a typical experiment, 1 equiv of &5MP was added to

Adams and Marzilli

Table 4. H and3!P NMR Shifts (ppm) andJyy—nz Coupling
Constants (Hz, in Parentheses) 6{&@VIP, 3-GMP, and 5dGMP and
Complexes Formed witfac-[Re(CO}(H20);]* at Different Times after
Mixing with fac-[Re(CO}(H0)]* 2

5 H

H8 HY H2
5-IMP 8.41 6.10 (6.0) 8.17
fac-[Re(CO}H.0)(5-IMP)]  8.78 6.21 (3.0) 8.26
fac-[Re(CO)(H.0)(5-IMP);]~  8.62,8.49 6.09 (3.5), 6.08 (3.0) 8.17, 8.15
3-IMP 8.30 6.07 (6.0) 8.16
fac[Re(CO}(H.0)(3-IMP)]  8.83 6.17 (3.5) 8.25
fac-[Re(COW(H.0)(3-IMP),]~  8.68,8.63 b 8.16, 8.14
5-dGMP 8.16 6.31(7.0) -
fac-[Re(CO}(H;0)x(5-dGMP)]  8.45 6.37 (6.5) -

fac-[Re(CO}(H20)(5-dGMPY]~ 8.34,8.20 6.22 (6.0), 6.30 (6.5}

a[Re] = 5 mM, r = 1:2, pH 3.6, 25°C. P Signal obscured by other
signals.

an equilibrated sample containing equimolar concentrations  Effects of Modifying the Nucleotides.To assess the effect

of d-3-GMP andfac-[Re(CO}(H20)s]" (5 mM, r = 1:1:1) of the exocyclic amino group at the C2 position of the
at pH 3.6. New H8 singlets (at 8.48 and 8.40 ppm, Figure guanine ring, we conducted some studies withNBP and

8) can be assigned to th&BMPs in the two Re/SGMP/ 3'-IMP (Table 4, Figure 1). In general, we found products
3'-GMP 1:1:1 adducts. In the competition experiment with similar to those found above for'-5and 3-GMP. At
d-5'-GMP, the H8 singlets (at 8.38 and 8.14 ppm, Figure 8) equilibrium, the relative amounts of 1:1 vs 1:2 products
can be assigned to thé-@MPs in these two Re/85MP/ formed with IMPs were similar to those with GMP.
3-GMP adducts. The relative intensity of the H8 signals from Therefore, we suggest that the exocyclic amino group of
the Re/5GMP/3-GMP adducts permits pairing of signals GMP does not contribute to the relative stability of the 1:1
arising from the same complex. In this way, it was vs 1:2 adducts. This conclusion agrees with a previous report

determined that the more abundant 1:1:1 addii;t§0%)
has a 5GMP H8 signal at 8.48 ppm and &8MP H8 signal
at 8.38 ppm, while the minor adduan) has a 5GMP H8
signal at 8.40 ppm and d-&MP H8 signal at 8.14 ppm. At
equilibrium (6 daysr = 1:2), the stability order wal, fac-
[Re(COX(H20)(3-GMP),]~, m, andfac-[Re(COx(H.0)(5-
GMP),]~ (Table 3).

The two Re/5GMP/3-GMP 1:1:1 adducts can have a total

of four HT conformers. Each adduct has a paindiT and

with Pt adducts which indicates that the exocyclic amino
group of GMP does not form H-bonds to the cis nucleotfde.
The overall amount of 1:1 and 1:2 adducts formed with 5
IMP and 3-IMP was slightly less than the amount formed
with 5'-GMP and 3GMP (data not shown). We believe that
the less favorable formation of adducts By &d 3-IMP is
related to the low N7 basicity of the hypoxanthine base of
the IMPs versus that of &5MP.70."%

The rate of reaction of '®lGMP and cis-[Pt(NHs)2-

AHT conformers (Figure 7). The conformers in each pair (H20):]*" was reported to be-10 Ztimzes faster than that of
rapidly interchange. The CD pattern of an equilibrated 5-GMP and cis-[Pt(NHs)2(H,0);]*".”* This “anomalous

solution containing the 1:1:1 adducts retains #tdT-type
signal, indicating thatM most likely favors the AHT
conformation (Figure 6).

While for both fac-[Re(CO)}(H.0)(5-GMP)(3-GMP)]~

adducts, theAHT conformer can be stabilized by an N1H-
3'-phosphate H-bond between the cis nucleotides, only the

AHT conformer of the 1:1:1 adduct with'-®&MP in

coordination position 1 can form a favorable H-bond to the
coordinated water (Figure 7, left). An idealized model of

behavior was explained by the lack of flexibility in the ribose
ring as compared to the'-Beoxyribose ring due to the
presence of a bulky-OH group on the formef If this
explanation were correct, the difference betweeGBIP and
5'-dGMP should be even larger for the reactions with the
fac-[Re(COX(H.0)s]" cation, which is somewhat bulkier
than thecis-[Pt(NHz)»(H,O),)?" cation. Therefore, we decided
to study the reaction dac-[Re(COX(H,0);] " with 5'-dGMP

atr = 1:1 andr = 1:2 (Table 4). We found types of products
similar to those found for'8SGMP. In addition, we performed

the AHT conformer of this preferred adduct (Supporting a mixed experiment with both BSMP and 5-dGMP atr =
Information) reveals that, in addition to these two H-bonds, 1.1.4 (Re]= 5 mM, pH 3.6). The 5dGMP 1:1 adduct

an O6 to coordinated water H-bond is also possible. formed to about the same extent as th&sMP 1:1 adduct

Therefore, we suggest that addiwttis the adduct in which
5-GMP occupies coordination position 1 and-GVIP
occupies coordination position 2. Becaldas more stable
than the 3GMP 1:2 adduct (which has two N1H-3

phosphate H-bonds), the results suggest that phosphate

water H-bonding is more favorable than NZH-phosphate

H-bonding. The strength of this bond appears to be sufficient

to overcome the normal preference 6fG@VIP 1:2 adducts
to favor theAHT conformation.
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at 1 h (Figure 9). Also, the'85MP 1:2 adduct, the’'silGMP

1:2 adduct, and the two mixed'-&MP/5-dGMP 1:1:1
adducts are present to about the same extent at equilibrium.
These results are an indication that thes@bstituent of the

(70) Dawson, R. M. C.; Elliott, D. C.; Elliott, W. H.; Jones, K. Nbata
for Biochemical Researc!8rd ed.; Clarendon Press: Oxford, 1986.

(71) Martin, R. B.Acc. Chem. Red.985 18, 32—38.

(72) Evans, D. J.; Green, M.; van Eldik, Rorg. Chim. Actal987 128
27-29.



Reaction offac-[Re(CO}(H,0)z]* with Guanine Derivatives

Figure 9. H8 and H1 NMR signals of a mixture containintac-[Re-
(CO)(H20)3]" (5 mM), 5-GMP (5 mM), and 5dGMP (5 mM) at pH 3.6

and 1 h after mixing. The symbol alone denotes signals due to free
nucleotide. In this = 1:1:1 experiment, only trace amounts of 1:2 adducts

competition reaction ifac-[Re(CO}(H20)x(5'-GMP)]; how-
ever, the thermodynamic product fac-[Re(CO}(H20)x-
(methionine)].

These results are the opposite of what occurs in similar
competition reactions of typical Pt(ll) complexes with
methionine and'5SGMP.”* To compare the results found here
to those of a typical Pt complex, we carried out a Pt/
methionine/5>GMP competition reactiofi under the condi-
tions used here ([PtF 5 mM, r = 1:1:1, pH 3.6). Again,
the methionine adduct was the kinetic product, and this
product converted over time to the N7-bountdGMP
thermodynamic product (unpublished data). Therefore, even
under our low pH conditions, a typical Pt(ll) complex has

are formed at 1 h; these adducts account for the weak signals observed juskinetic and thermodynamic preferences opposite to those

above the baseline.

Table 5. Concentrations (mM) of 1:1 and 1:2 Adducts ¢fGMP and
Methionine at Different Times after Mixing with
fac-[Re(CO)}(H20)3] " 2 in a Competition Reaction

concnat concnat concn at

30 min 2 days 1 month
5'-GMP 2.6 1.6 35
fac-[Re(COX(H20)(5'-GMP)] 2.0 2.8 1.0
fac-[Re(CO}(H20)(5-GMP),]~ b 0.6 0.5
methionine 4.7 3.6 1.6
fac-[Re(CO}(H20)x(methionine)] 0.3 1.4 3.4

a[Re] =5 mM, r = 1:1:1.° Not observed; amount of &SMP present
at 30 min not equal to 5 mM due to formation of ca. 0.4 mM
fac-[Rex(CO)(H20)a(5-GMP)]; no fac[Rex(CO)(H20)a(5'-GMP)] was
detectable ca3 h after mixing.

ribose ring does not exert a great effect on the binding affinity
of N7, and the results call into question the propdsetfect

of the 2-OH in the reactions ofis-[Pt(NHz),(H,0),]?" with
5'-dGMP and 5GMP.

Competition and Challenge Reactions Using Methion-
ine and 53-GMP. The well-known toxicity of Pt drugs has
been attributed partially to reactions with sulfur-containing
biomolecule<? In methionine vs GMP competition reactions
with Pt complexes, Pt binds first to S of methionine, and
over time this S-bound product converts to an N7-bound
GMP adduct®7*To assess the binding affinity of-&MP
for fac-[Re(CO}(H.0)3] ", we used a competition reaction
in which equimolar amounts of &MP, methionine, and
fac-[Re(CO}(H,0)]" ([Re] = 5 mM, r = 1:1:1) were
present in the reaction mixture. Shortly after mixing30
min), approximately half of the'SGMP had reacted with
fac-[Re(COX(H20):]" to form fac-[Re(CO)(H0)x(5'-
GMP)], while very little methionine had reacted to form
products (Table 5). After 2 days the reaction mixture
contained primarilfac-[Re(CO}(H.0)x(5'-GMP)] (2.8 mM)
andfac-[Re(CO}(H.0)«(methionine)] (1.4 mMx =1 or 2,
Table 5). At 1 month after mixing, the reaction mixture
contained mostly free'S5MP (3.5 mM) andac-[Re(CO}-
(H20)x(methionine)] (3.4 mM). No signals providing evi-
dence for the formation of mixed-&MP/methionine adducts

found here forfac-[Re(CO}(H.O)3]*.

Conclusions

For NMP = GMP or IMP, fac-[Re(CO}(H.0)3]* forms
the Re/5-NMP 1:1 adduct more rapidly than the ReldMP
1:1 adduct. This result most likely arises from the stabiliza-
tion of the 3-NMP 1:1 adduct precursor, which we envision
as being an encounter ion pair having inter-ion H-bonding
between the "sphosphate and a coordinated water molecule.
This finding agrees with results for reactions of aquatisd
[PtA.X;] complexes with 5 and 3-NMPs.

In contrast to the normal situation for reactions aié-
[PtA.X;] complexes with 5 and 3-NMPs, the reactions of
fac-[Re(CO}(H20)s]* with 5'- and 3-NMPs do not go to
completion under normal conditions in the presence of 2
equiv of NMP. At equilibrium both 1:1 and 1:2 adducts are
present, indicating that the 1:2 adduct may be disfavored
because of steric crowding. Adducts with IMP are less stable
than those with GMP, a result undoubtedly related to the
decreased electron-donating capability of the hypoxanthine
base of the IMPs.

The NMR data confirm that all of these adducts have
purine bases that rotate rapidly about the-R& bond. This
dynamic interchange of rotamers is attributed to the small
size of the cis CO and #0 ligands. NOESY data show that
HH conformers are not present in significant amounts, and
these data plus CD measurements suggest that the Re/NMP
1:2 adducts favor th&HT conformation.

Normally, 53-GMP 1:2 adducts favor thAHT conforma-
tion.*> However, it is proposed that favorable H-bonding
interactions of the SGMP phosphate with the coordinated
water increases the stability of tidHT conformer over the
AHT conformer. This interaction with coordinated water also
explains why for 1:1 adducts, thé-EMP 1:1 adduct is
favored over the '3NMP 1:1 adduct. In the latter, the-3
phosphate group cannot interact with coordinated water.

In contrast, Re/3NMP 1:2 adducts are favored over Re/
5'-NMP 1:2 adducts. This preference most likely stems from

were detected. Therefore, the kinetic product of such athe presence in the Re/BIMP 1:2 adducts of stabilizing

(73) Djuran, M. I.; Lempers, E. L. M.; Reedijk, thorg. Chem1991, 30,
2648-2652.

(74) Christoforou, A. M.; Marzilli, P. A.; Marzilli, L. GInorg. Chem2006
45, 6771-6781.

H-bonds between the N1H of eachH-BMP with the
phosphate group of the cis-boun&NBVIP. This type of
stabilizing interaction is most favorable in th¢HT confor-
mation.
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Mixed-nucleotide experiments, in which two different
NMPs are present to react wittac-[Re(CO}(HO)s] ", reveal
the formation of mixed 1:1:1 adducts; for example, two new
mixed Re/5GMP/3-GMP adducts were formed in a 60-
(M):40(m) ratio. The most favored mixed specié$, was
more favored than even the ReBMP 1:2 adduct. This
behavior is attributed to a favorabfeHT conformer of the
1:1:1 adduct with 5GMP in coordination position 1. Only
in this 1:1:1 adduct does one expect to haveART
conformer with both phosphate groups participating in
stabilizing H-bonds.

A 5'-GMP/methionine competition experiment indicated
thatfac-[Re(CO}(H.0)s]* binds faster to the hardet-&MP
nitrogen atom, formindac-[Re(CO}(H.,0)(5'-GMP)] as a
kinetic product, but with time, the softer sulfur atom of
methionine is preferred; thugc[Re(COX(H-O)(methionine)]
is the thermodynamic product. This relationship of kinetic

Adams and Marzilli

Pt complexes. The results offer hope that an anticancer drug
based on Re(l) compounds could be developed with lower
toxicity than drugs based on Pt.
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