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Abstract: The organometallic anticancer complex [(1¢-bip)Ru(en)CI]* (1; bip = biphenyl, en = ethylene-
diamine) selectively binds to guanine (N7) bases of DNA (Novakova, O.; Chen, H.; Vrana, O.; Rodger, A.;
Sadler, P. J.; Brabec, V. Biochemistry 2003, 42, 11544—11554). In this work, competition between the
tripeptide glutathione (y-L-Glu-L-Cys-Gly; GSH) and guanine (as guanosine 3',5'-cyclic monophosphate,
cGMP) for complex 1 was investigated using HPLC, LC—MS and *H,**N NMR spectroscopy. In unbuffered
solution (pH ca. 3), the reaction of 1 with GSH gave rise to three intermediates: an S-bound thiolato adduct
[(178-bip)Ru(en)(GS-S)] (4) and two carboxylate-bound glutathione products [(7%-bip)Ru(en)(GSH-O)]* (5,
6) during the early stages (<6 h), followed by en displacement and formation of a tri-GS-bridged dinuclear
Ru" complex [((7%-bip)Ru)2(GS-u-S)s]>~ (7). Under physiologically relevant conditions (micromolar Ru
concentrations, pH 7, 22 mM NaCl, 310 K), the thiolato complex 4 was unexpectedly readily oxidized by
dioxygen to the sulfenato complex [(%-bip)Ru(en)(GS(O)-9)] (8) instead of forming the dinuclear complex
7. Under these conditions, competitive reaction of complex 1 with GSH and cGMP gave rise to the cGMP
adduct [(5-bip)Ru(en)(cGMP-N7)]™ (10) as the major product, accounting for ca. 62% of total Ru after 72
h, even in the presence of a 250-fold molar excess of GSH. The oxidation of coordinated glutathione in the
thiolato complex 4 to the sulfenate in 8 appears to provide a facile route for displacement of S-bound
glutathione by G N7. Redox reactions of cysteinyl adducts of these Ru'" arene anticancer complexes could
therefore play a significant role in their biological activity.

Introduction carboplatin, and some approach that of cisplatin. Activity has
also been demonstrated against human xenographs irfaivo.
DNA is a potential target for en Huarene complexes, and

they exhibit a high selectivity for binding to N7 of guanihe.

Several ruthenium(lll) am(m)ine complexes such ds
[RuClx(NH3)4]Cl and Nafrans-Ru(Im)Cl,] exhibit anticancer

activity, and are thought to be activated by reduction (td)Ru DNA platination is thoudht to be a k in th hani
in vivo which facilitates DNA binding. Recently we have platination Is thought to be a key event in the mechanism

shown that members of the family of Rarene complexesif- of action of platinum anticancer drugs such as cispfatihereas

arene)RU(YZ)(X)][PE], where X is a halide and YZ is a Lhe inlteralctiorr: o; platinum_spzcg)eshw@tla sulfu_r-conhtaining
chelating diamine, in which the presence of the arene greatly lomolecules has been associated both with negative phenomena

stabilizes Rli compared to Rt1,2 are cytotoxic to cancer cells (such as tOXi,C, side effects and the dgvelopment. of resis.tance)
including cisplatin-resistant cell linésFor chloro (X) ethyl- and with positive effects (such as delivery of active species to

enediamine (YZ; en) complexes, the cytotoxicity increases with cells and/or sgrving asa drug_ reseryqir for ultimate plat_in_ation
the size of coordinated arene in the order: benzepecymene of DNA).® Platinum(ll) has a high affinity for sulfur-containing

: : biological molecules. The competitive reactions of N-donor
< biphenyl < dihydroanthrancene tetrahydroanthrancene. The . ) :
activity of several of the complexes against human ovarian (G'"-DNA) and S-donor (thiol/thioether) ligands for'Phave

cancer cell line A2780 is at least comparable to that of begn widely studied. However, those' between Ruarene .
anticancer complexes, N-donor nucleotides, and S-donor amino

(1) (a) Frasca, D. R.; Clarke, M. J. Am. Chem. S0d999 121, 8523-8532.

(b) Clarke, M. J.; Zhu, F.; Frasca, D. Rhem. Re. 1999 99, 2511-2533 (4) (a) Chen, H.; Parkinson, J. A.; Parsons, S.; Coxall, R. A,; Gould, R. O;
and references therein. (c) Sava, G.; Alessio, E.; Bergamo, E.; Mestroni, Sadler, P. JJ. Am. Chem. So2002 124, 3064-3082. (b) Chen, H.;
G. Top. Biol. Inorg. Chem1999 1, 143-170. (d) Frasca, D.; Ciampa, J.; Parkinson, J. A.; Morris, R. E.; Sadler, PJJAm. Chem. So2003 125
Emerson, J.; Umans, R. S.; Clarke, MMEtal-Based Drug4996 3, 197— 173-186. (c) Novakova, O.; Chen, H.; Vrana, O.; Rodger, A.; Sadler, P.
209. J.; Brabec, V.Biochemistry2003 42, 11544-11554. (d) Chen, H. M.;
(2) Bennett, M. A.; Byrnes, M. J.; Kovacik, . Organomet. Chenk004 Parkinson, J. A.; Novakova, O.; Bella, J.; Wang, F. Y.; Dawson, A.; Gould,
689, 4463-4474 and references therein. R.; Parsons, S.; Brabec, V.; Sadler, FPtbc. Natl. Acad. Sci. U.S.2003
(3) (a) Aird, R. E.; Cummings, J.; Ritchie, A. A.; Muir, M.; Morris, R. E; 100, 14623-14628.
Chen, H.; Sadler, P. J.; Jodrell, D.Br. J. Cancer2002 86, 1652-1657. (5) Gelasco, A.; Lippard, S. J. Mopics in Biological Inorganic Chemistry
(b) Morris, R. E.; Aird, R. E.; Murdoch, P. D.; Chen, H. M.; Cummings, Clarke, M. J., Sadler, P. J., Eds.; Springer-Verlag: Berlin, 1999; Vol. 1,
J.; Hughes, N. D.; Parsons, S.; Parkin, A.; Boyd, G.; Jodrell, D. I.; Sadler, pp 1-43.
P. J.J. Med. Chem2001, 44, 3616-3621. (6) Reedijk, J.Chem. Re. 1999 99, 2499-2510 and references therein
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acids and peptides are largely unexplored, although we haveusing the Max Ent Electrospray software algorithm and calibrated versus
demonstrated that both cysteine and methionine can forman Nal calibration file. The mass accuracy of all measurements was
S-bound adducts with §f-bip)Ru(en)CI][Pk] (1; bip = bi- within 0.1 m/z unit.

phenyl)8 Especially important is the tripeptide glutathione ( Nuclear Magnetic Resonance (NMR) Spectroscopyzor HPLC-
L-Glu-L-Cys-Gly: GSH), an abundant (millimolar) intracellular isolated glutathione products, NMR data were acquired at a temperature

thiol responsible for the detoxification of heavier transition metal Of. 298 K using Bruker Avance 600 MHz NMR spectrometers equipped
. includi lati d rutheni " with a triple resonance TXId,13C '*N) z-gradient cryo-probe or room
Icoonmsblg)]((;;a 'Gng SOme platinum and ruthenium anticancer temperature TXI{H, 13C, 5N) triple-axis &,y,2 gradient probehead.

. i ) One-dimensional (1D}H NMR data were acquired with eight
The present work is fOCUS?d on competitive reactions of the transients into 32k data points over a frequency width of 9.0 kHz using
Ru' anticancer complex {¢-bip)Ru(en)CI][PF] (1) with GSH either water presaturation or a double-pulsed field gradient-smiho
and guanosine*¥'-cyclic monophosphate (cGMP). Cyclic- routine (DPFGSE) to eliminate the solvent resonghce.
GMP is a phosphate diester, as are the nucleotides in DNA and Two-dimensional (2D)H,'H] DQFCOSY, TOCSY, and NOESY
RNA. In particular, we have attempted to study reactions under NMR data were acquired over a frequency width of 5.4 kHz in both
physiologically relevant conditions: micromolar Ru concentra- Fz andF. into 2k complex data points if; (acquisition time= 190
tions, pH 7, and in the presence of a large molar excess of GSH.Ms) with two transients for each of 2 5121t; increments in the QF_
Surprisingly S-bound glutathione was found to be susceptible (COSY) or the States - TPPI (TOCSY and NOESY) mode. A relaxation
S . . . . . delay of 1.4 s between transients was used for all experiments. 2D
to oxidation, and reactions carried out in water without buffering

foll d a diff our findi h | NOESY NMR data were acquired with mixing times of 100 and 400
ollowed a diiferent course. Our findings suggest that nove ms, and 2D TOCSY data with a spin-lock time of 60 ms. Water

redox reaction pathways could contribute to the biological gyppression for COSY was achieved using water presaturation. For
activity of organometallic RUarene complexes. TOCSY and NOESY experiments, the water resonance was suppressed
by means of a DPFGSE routine after the final read pulse. Data were
processed using standard apodizing functions prior to Fourier trans-
Materials. [(1%-bip)RuCl(en)][PK] (1) and *N-labeled1 (**N-1) formation.
were synthesized as described elsewRefe Glutathione (GSH, The time courses of the reactions betw&dh1 and GSH and cGMP
reduced), guanosing,3-cyclic monophosphate (cGMP) sodium salt, Were followed by NMR using a Bruker Avance NMR spectrometer
disodium hydrogen phosphate, and Chelex resin (used for removal ofoperating at 800 MHz. All data were acquired on samples equilibrated
impurity ions from phosphates) were purchased from Sigma; sodium at 310 K. A triple resonance (TBEH,*C,X) probehead equipped with
dihydrogen phosphate and the ruthenium standard for atomic spec-2 triple-axis k,y,3 gradient coil was used for data accumulation.
trometry (1003ug Ru mL%) from Aldrich; sodium hydroxide and Calibration and spectrometer setup was carried out using a sample of
sodium chloride from Fisher; and trifluoroacetic acid (TFAH) from °N-1, prior to the addition of GSH or/and cGMP.
ACIOS. 1D H NMR spectra were acquired withotiN-decoupling over an
High Performance Liquid Chromatography (HPLC). A Hewlett- 8 kHz frequency width for eight transients into 16k data points

Packard series 1100 quaternary pump and a Rheodyne sample injectof@cquisition time= 1.022 s) with a relaxation delay of 1.5 s between
with 100 4L and 2.0-mL loops, a HP 1100 series BVis detector transients!H pulse calibration was carried out using a presatgratlon
and HP 1100 series Chemstation with a HP enhanced integrator werePUlSe sequence (zgpr). SUbSEqueﬁHVN_MR data were acquired either
used. Analytical separations were carried out on a PLRP-S reversed-USing @ DPFGSE routine or its modified form in which composite
phase column (250 mm 4.6 mm, 100 A, 5um, Polymer Labs), and inversion pulses were appllée_i.Gradlents were useq to sele_ct. for'
semipreparative work on a PLRP-S reversed-phase column (250 mm H—"°N coherences and were simultaneously responsible for eliminating
x 7.5 mm, 100 A, 8«m, Polymer Labs) with detection at 254 nm.  the water resonance.
Mobile phase A: water (for HPLC application, Fisher Chemicals) 2D [*H,**N] HSQC NMR data were acquired, witfiN-decoupling
containing 0.1% TFAH: mobile phase B: acetonitrile (for HPLC ~during the acquisition period, over @ frequency width of 8 kHz
application, Fisher Chemicals) containing 0.1% TFAH. For analytical (&cquisition time= 128 ms). Multiples of eight transients were
assays, the flow rate was 1.0 mL minfor semipreparative work, 3.5 accumulated for each of 128increments over aR; frequency width
mL min~1. The gradient (solvent B) was as follows: 2% to 28% within  Of 80 ppm centered at30 ppm relative td°NH.Cl (reference, 0 ppm).
20 min, 80% from 21 to 24 min, reset to 2% from 26 to 30 min. Phase-sensitive data were acquired in a sensitivity-improved manner
using an echeantiecho acquisition modeé.

All NMR data were processed using Xwin-nmr (version 3.5, Bruker

Experimental Section

Electrospray lonization Mass Spectrometry (ESI-MS).Positive-
ion electrospray ionization mass spectra were obtained with a Platform "'
Il mass spectrometer (Micromass, Manchester, U.K.). A Waters 2690 Biospin. Ltd.).
HPLC system was interfaced with the mass spectrometer, using the PH Measurements.pH measurements were made using a Corning
same column and gradients as described above for the analytical HPLC240 pH meter equipped with an Aldrich micro-combination electrode
separation, with a flow rate of 1.0 mL mihand a splitting ratio of calibrated with Aldrich standard buffer solutions of pH 4, 7, and 10.
1/5. The spray voltage was 3.58.68 kV, and the cone voltage, 20 V. ~ For NMR samples prepared in 10%@90% HO, no correction has
The capillary temperature was 410 K with a 45011 Fow of nitrogen been applied for the effect of deuterium on the glass electrode.
drying gas. The quadrupole analyzer, operated at a background pressure Preparation of Samples. (a) HPLC Reaction mixtures of complex
of 2 x 1075 Torr, was scanned at 76®00 Da s*. Data were collected 1 with GSH and/or cGMP at various molar ratios were prepared by

and analyzed on a Mass Lynx (ver. 3.5) Windows NT PC data system Mixing aliquots of 10 mM1, 50-500 mM GSH, and 26100 mM
cGMP. For the reactions under physiologically relevant conditions

(7) (a) Barnham, K. J.; Guo, Z. J.; Sadler, PJJChem. Soc., Dalton Trans.

1996 2867-2876. (b) Barnham, K. J.; Djuran, M. |.; Murdoch, P. D; (9) Hwang, T. L.; Shaka, A. J. Magn. Reson., Ser. 2095 112 275-279.

Sadler, P. JJ. Chem. Soc., Chem. Comm@i894 721-722. (c) Barnham, (10) Liu, M.; Mao, X.; Ye, C.; Huang, H.; Nicholson, J. K.; Lindon, J. L.

K. J.; Djuran, M. I.; Murdoch, P. D.; Ranford, J. D.; Sadler, P1.XChem. Magn. Reson1998 132 125-129.

Soc., Dalton Trans1995 3721-3726. (d) Teuben, J. M.; Reedijk, J. (11) (a) Palmer, A. G.; Cavanagh, J.; Wright, P. E.; Rance].\Wagn. Reson.

Biol. Inorg. Chem200Q 5, 463-468. (e) Bugarcic, Z. D.; Soldatovic, T.; 1991, 93, 151-170. (b) Kay, L. E.; Keifer, P.; Saarinen, J. Am. Chem.

Jelic, R.; Alguero, B.; Grandas, Malton Trans.2004 3869-3877. Soc.1992 114, 10663-10665. (c) Schleucher, J.; Schwendinger, M.; Sattler,
(8) Wang, F. Y.; Chen, H. M.; Parkinson, J. A.; Murdoch, P. D.; Sadler, P. J. M.; Schmidt, P.; Schedletzky, O.; Glaser, S. J.; Sgrensen, O. W.; Griesinger,

Inorg. Chem.2002 41, 4509-4523. C. J. Biomol. NMR1994 4, 301—-306.
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(phosphate buffer pH 7.0, 22 mM NacCl), the pH values of all starting
solutions were adjusted to 7 using NaOH and HCEDd the Qcontent
was minimized by bubbling with Nbefore and after mixing unless

otherwise stated. The mixtures were diluted to the required concentration

with deionized water or with 1650 mM phosphate buffer solution
(pH 7.0, purged with B, bubbled with N again, and then incubated

at 310 K in a water bath for the required times for the subsequent HPLC [(5%-bip)Ru(en)(TFA)T (3)

and LC-MS analysis or preparative separation. The samples for
semipreparative separation containeel® mM complexl and 5-50
mM GSH.

For the reaction of complek with GSH under argon, the separate
reactant solutions (pH of GSH solutions adjusted to 6.8) were mixed
at molar ratios of 0.02:5 mM or 1:10 mM after deoxygenation by four
cycles of freezethawing on a vacuum line under Ar, and then
incubated at 310 K for 48 h under Ar bubbling. For the same reactions
under Q, similar solutions of the starting materials were mixed in air
and then incubated at 310 K for 48 h with, ®ubbling.

The time-courses of reactions of complex0.3 mM) with GSH (3
mM) in unbuffered aqueous solution in air (i.e. not purged with, N
and of1 (20uM) with GSH (5 mM) and cGMP (0.5 mM) in phosphate
buffer (pH 7) containing 22 mM NaCl under,Nall starting solutions
purged by N bubbling) at 310 K were followed chromatographically
by injection of aliquots of the mixtures onto the HPLC column at
various time intervals. Sampling at various times was done in air by
briefly removing the cap to extract an aliquot with no furthes N
bubbling.

(b) NMR. The HPLC fractions from the reactions of compléx
with various molar ratios of GSH in water or in phosphate buffer (pH
7) were collected from semipreparative HPLC separations, and im-
mediately frozen in liquid nitrogen, and then lyophilized. The resulting
solids were redissolved in 0.6 mL of 10%®'90% HO for 1D and
2D 'H NMR experiments. The pH value (initially pH ca. 2 due to the
presence of trifluoroacetic acid) of the fraction containing comglex
from the reaction of comples with GSH in buffer solution (pH 7)
was immediately adjusted to 7 using NaOH and HCIThe solution
was then freeze-dried and redissolved in 90%@H0% DO, and the
pH was readjusted to 7 before the NMR experiments.

A 10 mM solution of>N-labeled complex. (**N-1) was used to
follow reactions ofl with GSH and/or cGMP by 1D'H] and 2D
[*H,**N] HSQC NMR. The reaction mixtures were prepared using the

Table 1. Relative Extinction Coefficients at 254 nm of
HPLC-Isolated Ru Arene Complexes
Ru@ Ru peak
complex fugmL=*  /nmol areal €Rogy ©
[(8-bip)Ru(en)CIT (1) 7.72 382 179358 1.00
[(175-bip)Ru(en)(HO)1** (2) 6.30 312 161914  1.10
0.89 44.1 237229 1.14
[(5-bip)Ru(en)(GSS)] (4) 0.74 36.8 36947.2 2.32
[(%-bip)Ru(en)(GSD)] ™ (5) 1.06 52.6  29707.4 1.20
[(#®-bip)Ru(en)(GSO)]* ((6) 0.89 43.8 25517.4 1.24
[((378-bip)RUR(GS)3]% (7) 0.97 47.8  42539.9 1.89
[(%-bip)Ru(en)(GS(OM)] (8) 0.41 20.3 11160.2 1.17
[(%-bip)Ru(en)(cGMPN7)] ™ (10) 1.86 91.9 113369 2.62

aRu concentration in 5 mL aqueous sample determined by ICP-OES.
b Relative peak areas of HPLC fractions with UV detection at 254 nm.
¢ Relative extinction coefficient.

TPFG O\M (“w
N

¥-L-Glu-L-Cys-Gly (GSH)

9 Time/h
h 24
.\ ;JL\_.f — .

ALA.MJL ¢

A A
d e a 0.5
| SN
I\

15 25

Retention Time / min

Figure 1. HPLC time-course for the reaction @f(0.3 mM) with 10 mol

equiv GSH in aqueous solution (pH ca. 3) at 310 K. Peak assignments: (a)
1; (b) [(°-bip)Ru(en)(HO)I** (2); (c) [(%-bip)Ru(en)(TFA)T (3); (d, e,

f, g, and h) GSH adducts. Peak h appears to be due to tetranuclear clusters.

Results

Reaction of Complex 1 with GSH in Unbuffered Aqueous

same method as that for HPLC samples except that for the reaction of Solution. First, the reaction of complek with GSH in water

1 with GSH and cGMP, for which the £content was minimized by
bubbling with N, before and after mixing.

Determination of Extinction Coefficients. HPLC fractions of
complexl, its aqua and TFA adducts as well as the GSH and cGMP
adducts were collected from a 10 mM equilibrium aqueous solution of
1, the 2-h and 24-h reaction mixtures of complewith GSH in water,
24-h reaction mixture in buffer containing 22 mM NaCl, and 30-h
reaction mixture of compleg with GSH and cGMP in buffer. After
lyophilization, the residue from each fraction was dissolved in 5 mL
deionized water for Ru determination by ICP-OES, using a Perkin-
Elmer Optima 5300 DV Optical Emission Spectrometer equipped with
an AS-93plus autosampler and WinLab32 for ICP program (version
3.0.0.0103). The apparent extinction coefficient at 254 amf for
each species was calculated using eq 1.

€' 55, = [peak areagl/[Ru] (umol) Q)
The relative extinction coefficierfi;s4 for each species was calculated

from eq 2:

= [€' 5d € 251 2

" 254 =

where E'2s4x and k2541 represent the extinction coefficients of species
x and complexl, respectively, and the values are listed in Table 1.

17736 J. AM. CHEM. SOC. = VOL. 127, NO. 50, 2005

without adjustment of pH was investigated using HPLC, ESI-
MS, and NMR spectroscopy. Reaction bf0.3 mM) with a
10-fold molar excess of GSH (pH initially ca. 3) at 310 K gave
rise to two products as detected by HPLC (peaks d, e in Figure
1) after ca. 10 min, and then another product (peak f) after 0.5
h. After 6 h, a forth adduct (peak g) formed and increased in
concentration until 24 h; meanwhile HPLC peaks d, e, and f
decreased in intensity. ESI-MS analysis of the HPLC fractions
(Figure S1) gave a singly charged ion peak centeredz$22.1
for peaks d, e, and f, assignable to (isomers of) monoruthenium
glutathione complexed, 5, and 6 (calcd vz 622.1 for{ (5®-
bip)Ru(en)(GSH+ H}™).12 A fragment ion peak atvz 561.9
resulting from release of en (calad/z 562.1 for {(55-bip)-
Ru(GS)+ H} ) was detectable only for fraction f (addugt

The mass spectrum (Figure S1) of peak g indicated that this
fraction contained a diruthenium glutathione adduaj§ip)-
Rux(GS]?™ (7) (caled vz 715.6 for{((n®-bip)Rup(GS) +
4H}2%). This fraction was also collected from a reaction mixture
of complex1 (5 mM) with GSH (25 mM) incubated at 310 K
for 48 h and was characterized by 3B and 2D [H,'H] NMR

(12) Under the conditions used in this work, coordinated GS has an overall
charge of—2. Similarly coordinated GSO and Gg@re assumed to have
charges of-2 in the formulae.
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) Gly-CH, ICP-OES calibration of HPLC peak areas (Table 1) showed
‘]‘_l’ﬂaﬁﬂl ' that afte 2 h of thereaction 9% of the Ru was presentand
G'|“—'|°H2 31% as5 + 6. After 24 h, the dinuclear complex was the

Cys-NH Cys-CH
| main product (35%). In addition, during the late stageg4
h), a doublet HPLC peak h was detectable (Figure 1). This is
| | I assignable to Ru clusters consisting {f;5-bip)Ru"* units
Gly-NH Glu-CH Cys-CH,’ and GS-, GSG~, or GSQ? ligands!® Peak h was also
observed in the HPLC trace of the reaction mixturelafith
5 mol equiv of GSH after 24 h, but was not detectable for the
reaction of 1 with 1 mol equiv of GSH under the same
i conditions (data not shown).
i The reaction of compleg with GSH in unbuffered solution
: was also studied at millimolar concentratiorsGSH 2:20
mM) at 310 K by 2D fH,’5N] HSQC NMR using!*N-labeled
% 1 (!3N-1). The spectra are shown in Figure S3, and#Hend
" 15N chemical shifts are listed in Table 3. The results are
B consistent with those obtained by HPLC. During the early stages
9 7 5 3 1 (<1 h), three pairs of new cross-peaks appeared which are
3('H) assignable to th&®N-en ligands in adduct4, 5, and6. Cross-

Figure 2. 1D 'H and 2D [H,'H] TOCSY NMR spectra for HPLC fraction peaks 5a/b and 6a/b (Figure S3) decreased in intensity after ca.
(9) (see Figure 1) from the reaction of complewith GSH (5:25 mM) in 4 h and disappeared after ca. 10, and cross-peaks 4a/b increased

Rttt WL}
oI e,

aqueous solution for 48 h at 310 K. in intensity up to 6 h, and then decreased and disappeared after
Table 2. *H NMR Chemical Shifts (6) for GSH and GSH Ligands }%h Belcause the d.IrUthemumlgddmdoes not contain bound
in the Adducts [(7-bip)Ru(en)(GS-S)] (4) and -en, it does not give rise f4,°N cross-peaks, and therefore
[((7°-bip)RU)2A(GS-u-S)3]2~ (7) in 90% H,0/10% D,O (298 K) no 'H/'N signals were detectable during the late stagek3(
8 (H) (AS) h) of the reaction when addu@twas the main product.
oH Reaction of Complex 1 with GSH under Physiologically

Relevant Conditions. The reaction of compleX at micro-

Sl : ! molar concentration@0 xM) with 250 mol equiv of GSH was
proton 29 3 3 29 studied in phosphate buffer (10 mM) pH 7, containing 22 mM
y-CHy - - Glu 2.54(0.02) 250 (0.07) NaCI_ at 310 K To minimiz_e the content of @ all starting
B-CH, 213 213 220 (0:07) 219 (0:06) solutlor_ls_ were purged of air by bubbling with, ldefore and
a-CH 3.79 3.74 3.82(0.08) 3.88 (0.09) after mixing.
o-NHg* - -° - - The reaction course was different from that described above
Cys for unbuffered reactions. During the early stage$Z h), HPLC
B-CH, g'gg g'gg g'gi’ (0.01) 2.440.51) peak i was dominant, but later (48 h) peak j increased in relative
: : .810.09) 2.32¢0.58) ! ) . ST :
a-CH 4.54 4.54 4.3840.16) 4.12 {0.42) intensity (Figure 4). The mass spectrum of fraction i is identical
o-NH 8.44 8.21 8.070.14) 8.51 (0.07) to that of fraction f from the reaction of with GSH in
Gly unbuffered aqueous solution (Figures S1 and S4), and corre-
a-CH, 3.94 3.94 3.81{0.13) 3.93(0.01) sponds to the thiolato adductyftbip)Ru(en)(GS)] 4). For
0-NH 848 825  8.31(0.08) 8.160.32) fraction j, a singly charged ion peakratz 638.3 was observed,
aAd = 6 (4,7) — & (GSH).? Not observed (fast exchange). corresponding unexpectedly to the sulfenato complekj(p)-

Ru(en)(GS(0))] 8 (calcd m/z 638.1 for {(n®-bip)Ru(en)-
spectroscopy (Figures 2, 3, and S2). Only one set of proton (GS(0))+ H} ), accompanied by a singly charged ion peak at

resonances was observed for the two biphenyl ligands (Figure™Z 32‘1-0 corresponding to the release of the fragnf&@8OH
S2, Table S1) and one set for the three glutathione ligands + 2H} ™ (calcdm/z 324.1; Figure S4). The amount 8fin the

(Figure 2, Table 2). No peaks for en protons (en N en- reaction mixture increased from 11% (of the total Ru) after 12
CH,) were detectable. For the biphenyl groups, five well- h to 19% after 48 h-. N
separated resonances are observed for the obtiai6, 7.26), From a reaction mixture containing compl&x1 mM) and

meta ¢ 5.72, 5.83), and para (5.97) protons of the coordinated ~ GSH (25 mM) in phosphate buffer (50 mM, pH 7) and 22 mM
phenyl ring (A), and four peaks for the orthd 7.57), metad NaCl which had been incubated at 310 K for 24 h, the thiolato
7.65, 7.51), and para(7.45) protons of the noncoordinated ~adduct [°®-bip)Ru(en)(GS)] 4) was isolated by preparative
phenyl ring (B). At pH 2.9, the3-CH, and a-CH proton HPLC and characterized by 1D and 2B NMR spectroscopy.
resonances of the cysteine residues in adduate shifted to ~ The pH of the HPLC fraction was adjusted to 7, and after
high field by 0.51, 0.58, and 0.42 ppm, respectively, compared lyophilization the sample was dissolved in 90%0410% DO
with free GSH at the same pH value (Table 2). The 28,1H]
NOESY NMR spectrum (Figure 3) shows that there are strong (13) High-resolution FT-ICR-MS analysis (with S. Weidt and P. R. R. Langridge-

. . . Smith) showed doubly charged ion peaks centeredn/at 1006.0269,
NOEs between the aromatic protons of the coordinated bipheny! 1083.0602, 1172.0735, and 1180.5703, suggesting the formation of

i _ - i tetranuclear clusters.
nng_ (A) ?‘nd thea-CH and ﬂ Ch, protons of the cysteine (14) The concentrations df, GSH, and NaCl were chosen so as to be within
residues in7. the ranges present in the cell cytoplasm.
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(B)

NHg* —I 2-

Ha
‘00C——CH—C——CH,

Hm Ho—Ho

v B

Hm' Ho'—Hg' |

[((n®-bip)Ru),(GS),1* (7)

Figure 3. (A) NOEs between the protons of the biphenyl ligand and cystei@H, 5-CH, protons of7, indicating their proximity. (B) Structure af with
NOEs indicated by dotted lines; the side chains of two of the GS ligands are omitted for clarity. For NOEs between protons of the two phenyl rings, see

Figure S2.

Table 3. H,’5N NMR Peaks Observed for Reactions of 15N-1 (2 Cys-CH
mM) with GSH (20 mM) in 90% H,0/10% D,O (pH ca. 2.9, Figure Aromatic H \GIU-CH Glu-CH
S3), and of 1°N-1 (1 mM) with GSH (5 mM) and cGMP (1 mM) in | 2

50 mM Phosphate Buffer (pH 7) and 22 mM NaCl (Figure S10) at

GIY-QL

310 K
Gly-NH
complex (peak) o H/™N
1 (1a) 6.09f-24.62 (1b) 4.05+24.62 5('H) I I |
2(pH 2.9) (2a) 6.30+23.06 (2b) 4.2623.06 Cys-NH en-NH, en-CH,,
2(pH7) (2a) 5.64+19.50 (2b) 4.49419.50 2 LK
4 (4a) 5.68f-27.74 (4b) 3.60+27.74 S
58 (5a) 6.24-24.92 (5b) 4.23+24.92 3 ST i
6 (6a) 6.14+-24.60 (6b) 4.18+24.60 [N
8 (8a) 3.85+-35.26 (8b) 2.91+35.26 47 —dli
(8c) 3.53+32.55 (8d) 2.79+32.55 ] - i i
10 (10a) 6.59-28.96 (10b)-> i i
11¢ (11a) 6.04+-21.89 (11b) 4.35+21.89 6 4 7.5:" T
a Assignments for5 and 6 are ambiguous’ Too broad to observe. 4
¢ Phosphate adduct:{f-bip)Ru(en)(PQ)] . L x
84 i
48 h

,\ i 0 7 s 3 1
J\_JL 5("H)

Figure 5. 1D 'H and 2D [H,'H] COSY NMR spectra for HPLC fraction
(i) (see Figure 4) from the reaction dfwith GSH (5:25 mM) in phosphate
buffer (pH 7) containing 22 mM NacCl at 310 K for 24 h.

12h
R b compared with those of the free peptide. Strong NOEs signals
e are observed (Figure 6), corresponding to the interaction of the
5 10 15 B-CH, protons with the protons of the coordinated phenyl ring
Retention Time / min (A)

Figure 4. HPLC chromatograms recorded 12 and 48 h after the start of
the reaction of complet (20 xM) with a 250-fold molar excess of GSH

in phosphate buffer (pH 7) containing 22 mM NaCl at 310 K. Peak
assignments: (b) aqua adducy%ip)Ru(en)(HO)]*" (2); (i) thiolato
adduct4; (j) sulfenato adduc8; (k) GSH/GSSG (overlapped).

HPLC and MS studies (Figure S6) showed that the thiolato
adduct4 is not stable in air at pH 7, but is converted to the
sulfenato complex8, instead of into the diruthenium thiolato
complex [(¢75-bip)Rup(GSX]?~ (7) as at pH 3. We observed
this instability first over a periodfd3 d while NMR spectra of
for NMR study. In the 2D {H,'H] COSY (Figure 5) and  an HPLC-isolated sample &f (pH 7) were being recorded:;
NOESY (Figure S5) NMR spectra, three sets of proton reso- during that time 52% of 4 transformed into8 (Figure S6).
nances are observed, assignable to the glutathione, biphenylThe IR spectrum of this sample showed a band at 1018'cm
and en groups. The chemical shifts for the former two groups assignable to SO stretching.
are listed in Tables 2 and S1, respectively. It can be seen that 5 comparison was also made between the HPLC profiles for
ruthenium coordination induces large changes in the chemical o5 tions carried out under,@nd under argon (Figure 7). For

shifts of the Cyg-CH,, a-CH, anda-NH protons of the thiolate o5 tions under ©the sulfenato produd was dominant, and
ligand. The signals of two ChHprotons separate into two quartets

(6 2.96, 2.81), and the resonancesoe€CH ando-NH protons
are shifted to high field by 0.16 and 0.14 ppm, respectively,

(15) Calculated on the basis of HPLC peak areas for adduantsi8, calibrated
by ICP-OES (Table 1).
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Ha
"00c——E—C——CH

3.8 3.2 26

3('H)

[(me-bip)Ru(en)(GS-S)] (4)

Figure 6. (A) NOEs between the biphenyl and CgBsCH, protons in
complex4, indicating their proximity €ca. 5 A apart). (B) Structure fat

with NOEs indicated by dotted lines. For NOEs between protons of the
two phenyl rings, see Figure S5.

Under Ar

b Under O,

—

14 16
Retention Time / min

Figure 7. HPLC chromatograms for reactions of comple¢20 uM) with

a 250-fold molar excess of GSH in phosphate buffer (10 mM, pH 7)
containing 22 mM NaCl under Qbottom) or Ar (top) at 310 K for 48 h.
Peak assignments: (byf-bip)Ru(en)(HO)1?* (2); (i) thiolato adduct4;

(j) sulfenato adduds; (I) dinuclear adduc®. The formation of the sulfenato
adduct8 is largely suppressed under Ar. For MS data on ad@ucee
Figure S7 in Supporting Information.

little of 4 remained after 48 h reaction; however, under Ar the
thiolato adduc#d was dominant, and little & was formed. For

the reaction under Ar, two new HPLC peaks with retention times
of 16.60 and 17.04 min were observed, labeled | in Figure S7.

The mass spectrum of fraction | (Figure S7), separated from a

mixture of 1 mM1 and 10 mM GSH in pH 7 buffer containing
22 mM NaCl at 310 K which had reacted for 48 h under Ar,

(1) + 250 GSH
+25 cGMP

m

(1) + 250 GSH

10 20

Retention Time / min

Figure 8. HPLC chromatograms for reactions b{20 M) with 250 mol
equiv GSH (bottom), and with 250 mol equiv GSH and 25 mol equiv cGMP
(top) in phosphate buffer (pH 7) containing 22 mM NaCl at 310 K for 30
h. Peak assignments: (i) thiolato adddc(j) sulfenato adduc8; (m) cGMP
adduct10. The nucleotide adduct is still formed even in the presence of a
10-fold excess of GSH.

(A) m Time/h
A 72
i R 24
! 12
e AN NN
b
Y N
Y °
B s e S R T T T T
14 16
Retention Time / min
(B)
90|
- Complex
60 . .40
% (Ru) ee st
30+ . . s L2
§36 IR}
04 & A A A AL )
0 20 40 60 80

Reaction Time / h
Figure 9. (A) HPLC time-course for the competitive reaction bf(20

suggests that it may contain a novel diruthenium thiolato/ uM) with 250 mol equiv of GSH and 25 mol equiv of cGMP in phosphate

sulfinato adduct9; see Figure S7).

Competitive Reactions of GSH and cGMP with Complex
1. Next we investigated the competitive binding of cGMP and
GSH to complexl under physiologically relevant conditions.
Incubation of 2QuM 1 with 250 mol equiv of GSH and 25 mol
equiv of cGMP in phosphate buffer (pH 7) containing 22 mM
NaCl at 310 K for 30 h gave rise to both GSH- and cGMP-
containing products (Figure 8). All initial solutions at neutral
pH were purged with Blbefore and after mixing to minimize
their O, content. HPLC fractions i and j (Figure 8) contained
the thiolato adduc# and sulfenato addu®, respectively. The
mass spectrum of fraction m (Figure S8) contained a singly
charged ion peak atVz 774.2 and a doubly charged ion peak
at m'z 659.9, assignable to the TFA ion-paired adduct of the
cGMP complex [5-bip)Ru(en)(cGMP)][TFA] (calcanz 774.1
for {[(%#5-bip)Ru(en)(cGMP)][TFA]+ H}*) and the dimer
{[(n8-bip)Ru(en)(cGMP)} 2" (calcd mVz 660.1), respectively,
confirming the formation of the cGMP adducyf¢bip)Ru(en)-

buffer (pH 7) containing 22 mM NaCl at 310 K. Peak assignments: (b)
[(#®-bip)Ru(en)(HO)1?* (2); (i) thiolato adduct [5-bip)Ru(en)(GS)] 4);

() sulfenato adduct [f5-bip)Ru(en)(GS(0))]18; (m) [(n°-bip)Ru(en)-
(cGMP)I* (10). (B) Variation of the relative Ru concentrations of species
detected during the reaction in (A) with time. The HPLC areas were
calibrated by ICP-OES; the relative extinction coefficients for complexes
2, 4, 8, and 10 are listed in Table 1. The thiolato adduct appears to be
converted to the sulfenato adduct af h that, in turn, appears to be
converted to the cGMP adduct after 24 h. Some formatiohOdfy direct
reaction of cGMP with2 may also occur.

(cGMP)]" (10). After 30 h of reaction, the ratios df8:10 were
36:30:26%. The presence of N7-bound cGMP 1fi was
confirmed by théH NMR spectrum of a 24-h reaction mixture
of 1 mM 1 with 5 mM GSH and 1 mM cGMP, which showed
a peak ab 8.28 assignable to H8 of bound cGMP1if, shifted
downfield by 0.31 ppm relative to free cGMP.

A similar reaction mixture was prepared and sampled in air
at various time intervals ove3 d for HPLC assays (Figure 9).
In this case, conversion of the thiolato addditt the sulfenato
complex8 began after only 6 h, and by 24 h all the thiolato
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adduct had disappeared. After 72 h, the major product (ca. 62%of glutathione itself, the cysteiny$-CH, and a-CH proton
of the total Ru) was the cGMP addub® (Figure 9). resonances of coordinated glutathione are greatly shifted to high
Next we added cGMP (25 mol equiv) to a solutionlof20 field (0.42—-0.58 ppm), as expected for an S-bound glutathione
1M) which had been allowed to react with 250 mol equiv GSH ligand. Therefore, this diruthenium species is assigned as the
for 6 h under the same conditions as above (phosphate buffer triply S-bridged thiolato complex [6-bip)Rup(GSw-S)3]%~ (7).
pH 7, 22 mM NacCl, 310 K). After 24 h, the cGMP produd The observed NOEs between the protons of the coordinated
accounted for 12% of the Ru present, the thiolato adduct phenyl ring (A) and cysteiny}-CH, and a-CH protons of
49%, and sulfenato addugt34% (Figure S9). Addition of only ~ coordinated glutathione provide evidence for the proximity of
5 mol equiv of cGMP to a similar solution of 2eM 1, which these protons (Figure 3).
had reacted with 250 mol equiv of GSH for 6 h, still gave rise At low pH (ca. 3.0), the amino group of GSH is protonated
to a detectable amount (5%) of the cGMP prodi@after 24 and unlikely to coordinate to Ru. Therefore, fractions d and e
h (Figure S9). are more likely to correspond to Glu or Gly carboxylate-bound
The competitive reaction of GSH and cGMP at millimolar species [(5-bip)Ru)(en)(Glu-Cys-Glya)] " (5) and [(¢7%-bip)-
concentrations1{GSH:cGMP 1:5:1 mM) in phosphate buffer Ru)(en)O-Glu-Cys-Gly)It (6). These two intermediates were
(pH 7) containing 22 mM NaCl was also followed by 2D not stable long enough in agueous solution to allow sufficient
[*H,'5N] HSQC NMR at 310 K using®N-labeled1 (**N-1). NMR data to be recorded to provide an unambiguous identifica-
The spectra are shown in Figure S10 andti@nd!>N NMR tion of the binding sites. However, the 2D HSQC NMR spectra
chemical shifts are listed in Table 3. During the early stages for the reaction of 2 mMN-1 with 10 mM GSH in unbuf-
(<1 h), a pair of new cross-peaks (4a, 4b) was observed for thefered aqueous solution over a period of ca. 10 h showed two
15N-en ligand in thiolato adduct, and after 2 h, cross-peak pairs of cross-peaks corresponding to the formation of the
10a appeared, assignable to the cGMP addugtHip)Ru- intermediatess and 6 (Figure S3), and theit®N-en *H/*5N
(**N-en)(cGMP)T (10). This increased in intensity until 72 h.  chemical shifts (Table 3) 5a 6.24-24.9, 5b 4.23/24.9; 6a
After 12 h, two pairs of cross-peaks (8a/b and 8c/d) were 6.14/-24.6, 6b 4.18/24.6) are in a similar range to those for
detectable and can be assigned to the sulfenato compjéx [( °N-en groups in carboxylate-bound adducts of cysting-[(
bip)RuN-en)(GS(0))] 8) in accordance with the HPLC results  bip)Ru(en)(CysH2-0)]12" (0 6.07/-24.7, 4.12-24.7), cysteine
(Figure 9). Cross-peaks 4a/b and 8a/b/c/d slowly decreased in[(75-bip)Ru(en)(-CysH-O)]* (4 6.08/-24.1, 4.08+-24.1¢ and
intensity after ca. 50 h. It is notable that a pair of cross-peaks acetate ¢ 6.06/~25.6, 4.13/-25.6)7
(11a/b) assignable to the phosphate adduéttjp)Rul>N-en)- Chloro RU arene complexes such as complaxndergo rapid
(POy)]~ (11)*ab is observed for the equilibrium solution of  hydrolysis with half-lives ranging from 5 to 10 mifIn aqueous
complex1 in 50 mM phosphate buffer (pH 7). After ca. 36 h, solution, in the presence of nucleophiles such as acetate, the
cross-peak 12a corresponding to the releasédfen from aqua ligand is readily displacéd!® Hence, the carboxylate-
glutathione-coordinated Ru complexes suct®appeared. bound intermediates:jf-bip)Ru(en)(Glu-Cys-Gly®)] " (5) and
[(78-bip)Ru(en)O-Glu-Cys-Gly)]~ (6) are kinetically favored
products from reaction df with 10 mol equiv of GSH and are
Reaction of Complex 1 with GSH in Unbuffered Aqueous formed via displacement of the aqua ligand ipfbip)Ru(en)-
Solution. Treatment of 0.3 mM complek with 10 mol equiv (H20)]?* (2) (Scheme 1). However, sulfur-coordination of
excess of GSH in unbuffered aqueous solution gave rise to two thiolate to{ (775-bip)Ru(en)?* appeared to be thermodynamically
products (peaks d and e in Figure 1) after just ca. 10 min, and favored, and the thiolato adductyftbip)Ru(en)(GS9)] (4)
then a third (peak f, Figure 1) after 30 min. The mass spectra became the dominant product after 6 h. Subsequently, the en
showed that all three adducts are monoglutathione complexesligand of4 was readily released assisted by en protonation, by
(Figure S1), but a fragment ion peakratz 561.9 (calcdnvz the trans-labilizing effect of S-bound glutathione and binding
562.1 for{(15-bip)Ru(GS)} ") corresponding to the releasing of two other S-bound glutathione ligands, giving the triply
of en was observed only for fraction f. This suggests that the S-bridged diruthenium thiolato complex ffbip)Rup(GSu-
Ru—N bonds in this complex are weakened as might be the S3]?~ (7). This reaction pathway is similar to that we observed
case for an S-bound thiolato complex{pip)Ru(en)(GSS)] previously for reaction of-cysteine with1.8
(4) (for NMR identification vide infra). The trans-labilizing Reaction of Complex 1 with GSH under Physiologically
effect of sulfur is well-known in Ptchemistry® The subsequent  Relevant Conditions.To gain insight into the possible role of
displacement of the labilized en by glutathione leads to the GSH in the biological activity of Rl arene anticancer com-
formation of the diruthenium thiolato adduct f¢bip)Ru)- plexes such as, reactions were studied under conditions similar
(GS)]?~ (7) as the major final product (peak g in Figure 1). to those which might be present in cells: micromolar Ru
1D and 2D fH,'H] NMR spectra acquired from HPLC  concentrations, in pH 7 buffer containing 22 mM NacCl (the
fraction g (Figures 43 and S2) showed only one set of proton cytoplasmic concentration of chlorid@)and at 310 K. When
resonances assignable to the two biphenyl and three glutathionghe O, content of the solutions was minimized by purging with
ligands and no peaks for en protons. This indicates that the twoN- before and after mixing of the reactants, the thiolato adduct
biphenyl and three glutathione ligands in this adduct are each[(75-bip)Ru(en)(GSS)] (4) was dominant for 12 h in reactions
magnetically equivalent, and that addugt[((#5-bip)Ru)- of 20 uM 1 with a 250-fold molar excess of GSH (5 mM).
(GS)]? is formed via the substitution of en inif{-bip)Ru-

(en)(GS9)] (4) by two glutathione ligands. Compared to those (17) %gggig- 1\;713{—‘“22 J.; Parkinson, J. A.; Sadler, R.. Biol. Inorg. Chem.

(18) Wang, F. Y.; Chen, H. M.; Parsons, S.; Oswald, L. D. H.; Davidson, J. E.;
(16) Rau, T.; Alsfasser, R.; Zahl, A.; van Eldik, Rorg. Chem1998 37, 4223~ Sadler, P. JChem—Eur. J. 2003 9, 5810-5820.
4230. (19) Jennerwein, M.; Andrews, P. Brug Metab. Dispos1995 23, 178-184.

Discussion
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Scheme 1. Pathways for Reactions of Complex 1 with GSH at pH 3 and pH 7
[(7*-bip)Ru(en)CI* (1) == [(#°-bip)Ru(en)(H,0)I** (2)

PH3 + GSH, air pH7 + GSH, 0, pH7 *GSH,Ar

[(7°-bip)Ru(en)(GSH-O)I* (5, 6) [(7°-bip)Ru(GS(0)-S)] (8)  [(n°-bip)Ru(en)(GS-S)] (4)

/

[(7°-bip)Ru(en)(GS-S)] (4)

'

[((7°-bip)Ru)2(GS-p-S)s]* (7)
aMinor multinuclear products (HPLC fractions h, Figure 1, and |, Figure 7) are omitted.

The thiolato adduc#t was characterized by 1EH and 2D by coordination to a transition metal. In principle binding of
[*H,'H] NMR spectroscopy. Thg-CH, protons appear as two  the sulfenate to Rucould occur through sulfur or oxygen. In
separated quartets, and tleéCH anda-NH proton resonances  the reported X-ray structures of Rand RU' sulfenate com-
shift to high field by 0.16 and 0.14 ppm, respectively (Figures plexes, the sulfenate is S-bonddA similar situation exists
5, 6), relative to the free peptide. A fragment ion MS peak for sulfoxides, for which S-bonding is common, although both
corresponding to release of the en ligand from this complex is modes of binding are knowdt.It seems likely that the preferred
observed (Figures S1, S4), suggesting that S-bound glutathionenode of binding of glutathione sulfenate inyfbip)Ru(en)-
can labilize the en ligand im. Strong NOEs (Figure 6) (GS(O))] @) is also through sulfur, as suggested by the SO
corresponding to the interaction of tfieCH, protons with the stretching frequency (vide infra).
protons of the coordinated phenyl ring (A) provide further e observed a slow conversion of the HPLC-isolated thiolato
evidence for S-bound glutathione coordination4in complex 4 to the sulfenato comple8 in air (Figure S6),

In reactions at pH 7, the thiolato compléxvas still the main supporting the proposed pathway8&dyy oxygenation oft. A
product after 48 h (Figure 4), and there was no loss of the characteristic infrared=8O stretching frequency of 1018 cth
chelated en Iigand, nor formation of the diruthenium complex was observed fo8, a frequency similar to those reported for
[((175-bip)RUN(GSu-93]*~ (7) as occurred in unbuffered aque-  the S-bonded sulfenates in [IEGCO)(PPh)(S(O)Me)] (1013
ous solution. However, unexpectedly after 6¢h the reaction cm 125 and [CpW(CO)(CH,S(O)Me)] (1017 crm?)2” and not

gave rise to the sulfenato complex{bip)Ru(en)(GS(0))]9), nearly so low as the 855 crh found for the O-sulfinates
the amount of which increased to 11% of the total Ru after 12 (,,{SOIr)) in complex IrQ-0,S-tolyl)(CO)(PPh),,25 evidence
h and 19% after 48 h. for S coordination in the sulfena&

Further studies showed that under strictly anaerobic condi- Surprisingly, the reaction of 20M 1 with 250 mol equiv of
tions, the thiolato comple# was stable and the dominant final  ggH at pH 7, under Ar, also gave rise to an apparent dinuclear
product,.and no sulfenato addutwas detectable even after complex ). MS data (Figure S7) suggest tiatontains both
48 h (Figure 7). In contrast, under an, @mosphere, the  gjytathione (G%) and glutathione sulfinate (GSD) as
sulfenato complex8 was the dominant final product, and N0 jigands, but further work will be needed to confirm this as well
thiolato complex4 was detectable after 48 h (Scheme 1). This 5 the oxidation state of Ru. This adduct increased in proportion
strongly suggests that the sulfenate arises from oxidation of thes, reactions of 1 mM1 with 10 mM GSH under the same
thiolato complex and that the oxygen atom in the sulfenate ¢ongitions (Figure S7), suggesting that the thiolato ligand in
originates from @. Sulfenic acids are generally too reactive to - complex4 [(16-bip)Ru(en)(GSS)] is oxidized to the sulfinate,
isolate?® but a few examples are known in which they are ity water supplying the oxygen atoms. This would imply that
stabilized by binding to transition metal ions such as'€d |,er oxidation states of Ru (e.g., Riimay be involved. It is

Nil',?2 Ryl 23 RH!,24 and If".* The sulfenato comple® notable that Kuhlman and Rauchfuss have observed formation
obtained here is a new example of the stabilization of a sulfenate ¢ ine mixed oxidation state (RRU") tetranuclear cluster i

cymene)RyS;]2+ from reaction of [p-cymene)Ru with
(20) (a) Claiborne, A.; Yeh, J. 1.; Mallett, T. C.; Luba, J.; Crane, E. J.; Charrier, Y . ) 22;53] . [p y . ) QDZ] o
V.; Parsonage, DBiochemistry1999 38, 15407-15416. (b) O’Donnell, (MesSi),S#° Interestingly the non-heme iron enzyme nitrile

J. S.; Schwan, A. LJ. Sulfur Chem2004 25, 183-211. i ine- ini -

(21) (a) Weigand, W.; Wiosch, R.Chem. Ber.1996 129, 1409-1419. (b) hydratase cpntams both cysteine §ulf|n|c (Cyszlspand cys
Jackson, W. G.; Sargeson, A. M.; Whimp, P. D.Chem. Soc., Chem.  teine-sulfenic acid (Cys-SOH) residues, formed by posttrans-
Commun.1976 934-935. (c) Adzamli, I. K.; Libson, K.; Lydon, J. D.; i ificatinm i
Elder, R. C.; Deutsch, Hnorg. Chem.1979 18, 303-311. (d) Kung, I.; lational mOdIflcatlonz'_ The Su”ena_te I’e.SI_dUE (at C_ysj'_14)
Schweitzer, D.; Shearer, J.; Taylor, W. D.; Jackson, H. L.; Lovell, S.; appears to be essential for enzymatic activity, and oxidation to
Kovacs, J. AJ. Am. Chem. So@00Q 122, 8299-8300.

(22) Buonomo, R. M.; Font, I.; Maguire, M. J.; Reibenspies, J. H.; Tuntulani,

T.; Darensbourg, M. YJ. Am. Chem. Sod.995 117, 963-973. (26) (a) Alessio, E.; Balducci, G.; Calligaris, M.; Costa, G.; Attia, W. M.;

(23) (a) Shiu, K.-B.; Chen, J.-Y.; Yu, S.-J.; Wang, S.-L.; Liao, F.-L.; Wang, Mestroni, G.Inorg. Chem.1991 30, 609-618. (b) lengo, E.; Mestroni,
Y.; Lee, G.-H.J. Organomet. Chen2002 648 193-203. (b) Sellmann, G.; Geremia, S.; Calligaris, M.; Alessio, E. Chem. Soc., Dalton Trans.
D.; Hein, K.; Heinemann, F. WEur. J. Inorg. Chem2004 3136-3146. 1999 3361-3371. (c) Tanase, T.; Aiko, T.; Yamamoto, €hem. Commun.
(c) Dilworth, J. R.; Zheng, Y.; Lu, S.; Wu, @ransition Met. Cheml992 1996 2341-2342. (d) Geremia, S.; Mestroni, S.; Calligaris, M.; Alessio,
17, 364—368. E. J. Chem. Soc., Dalton Tran$998 2447-2448.

(24) Kita, M.; Yamanari, K.; Shimura, YBull Chem. Soc. Jph983 56, 3272— (27) Schenk, W. A.; Frisch, J.; Adam, W.; Prechtl,Iforg. Chem.1992 31,
3275. 3329-3331.

(25) (a) George, T. A.; Watkins, D. Dnorg. Chem.1973 12, 398-402. (b) (28) Kuhlman, M. L.; Rauchfuss, T. B\ngew. Chem., Int. EQ004 43, 6742
Reed, C. A.; Roper, W. RChem. Commuril971, 1556-1557. 6745.
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Scheme 2. Pathway for Reaction of Complex 1 with cGMP and
GSH at pH 72

[(7-bip)Ru(en)CI]* (1)

l

[(#°-bip)Ru(en)(H,0)1** (2)
+ GSH

PH7 * + cGMP
[(7°-bip)Ru(en)(GS-S)] (4)

/

[(7*-bip)Ru(en)(GS(0)-S)] (8)

f

[(7%-bip)Ru(en)(cGMP-N7)]* (10)
aThe scheme is not intended to imply that allidf is formed via8.

a sulfinate (the inserted oxygen being supplied by water)
inactivates the enzyme.

Competitive Reaction of GSH and cGMP with Complex
1. In this work, cGMP was chosen as a model nucleotide for
investigating competitive reactions with glutathione and complex
1 because it is a diester as are the nucleotides in DNA and RNA.
Our previous work showed that en'Rarene complexes exhibit
a high selectivity for N7 of guanine in reactions with DRpAc
and show little binding to the phosphate group of diestédiise
en NH; protons in [®-arene)Ru(en)Ci] can form a strong
H-bond with the exocyclic C6 carbonyl oxygen of G but are
repulsive toward exocyclic amino groups of nucleobases, and
this appears to contribute to the high base-selectivity. Arene
ligands which contain an extendaeelectron system, as in the
biphenyl group ofL, can provide additional stabilization for the
interaction between the Rwarene complexes and nucleosides
or nucleotides by hydrophobic—z stacking with the purine
ring of G4ab

Treatment of 2Q«M 1 with 250 mol equiv of GSH and 25
mol equiv cGMP? under hypoxic and physiologically relevant
conditions (pH 7, 22 mM NacCl, 310 K) gave rise to both
glutathione adducts (thiolato compléxand sulfenato complex
8) and cGMP adduct {-bip)Ru(en)(cGMPN7)]* (10) (Figure
8, Scheme 2). Our preliminary experiméeiiten the reaction
of 1 with the 14-mer oligo d(TATGTACCATGATA) show that
DNA adducts still form even in the presence of a 25-fold molar
excess of GSH. 2D'H,>N] HSQC NMR spectra recorded over

In the presence of air, the thiolato adddovas oxygenated
by dioxygen to the sulfenato comple The coordinated
sulfenato ligand appeared to be readily displaced by cGMP
giving the cGMP adduct0 [(#5-bip)Ru(en)(cGMPN7)]* as
the dominant product of the reaction (Figure 9, Scheme 2). This
implies that the sulfenato ligand is readily substituted by cGMP,
but the thiolato ligand is not. Cisplatin and relateti &tticancer
complexes can reduce disulfide borfé@éut thiolates bound to
Pt are not readily displaced by N7-donor ligands, guanine or
adenineg’®32 However, S-donor thioether ligands such as
L-methioniné®¢ and S-methylated glutathione (GSNM&3
bound to Pt are readily substituted by N7-donor nucleosides
or nucleotides and oligonucleotides. On the other hand, GSH
facilitates the binding of [RtiCI(NH3)s]>" to DNA through
reduction to [RU(H20)(NH3)s]2". However, at [GSH]/[Ru}>
1, GSH inhibits the binding of [RUCI(NH3)s]2" to DNA by
forming [RU"(GS)(NH)s]?", and a high [GSH]/[Ru] even
eliminates G N7 coordinatiol. Therefore, the observed oxida-
tion of coordinated glutathione to the sulfenate appears to
provide a facile route for displacement of S-bound glutathione
by G N7, similar to the methylation of thiol to thioether. A
Ru—S(sulfenate) bond would be expected to be weaker than a
Ru—S(thiolate) bond. As an example, the €8 bond length
increases from 2.226 A in the thiolato complex [(#80)-
(SCH.CH;NH2)]?" to 2.253 A in the respective sulfenato
complex?1c

Conclusions

Cells contain high (millimolar) concentrations of the tripeptide
glutathione which has several binding sites for metal ions: the
amino and carboxylate groups at the Glu terminus, carboxylate
at the Gly terminus, and thiolate sulfur of the central Cys residue.
Binding to the deprotonated amide nitrogen of Cys is possible
when a N/S chelate ring can be formed, as we have observed
for platinum amine complexe&d2For heavier, “soft” transition
metal ions, thiolate sulfur is a particularly strong site, and for
Pt', such bonds are essentially formed irreversibly. Elevation
of GSH levels therefore provides cells with detoxification and
resistance mechanisms. The aim of this work was therefore to
investigate reactions of the organometallic'Rwene anticancer
complex [(®-bip)Ru(en)CIlf with GSH and, in particular,
whether the presence of a large molar excess of GSH (as would
be the case in cells) could prevent binding to the nucleobase
guanine, the predominant binding site fq5-bip)Ru(en}?"
on DNA:3P4cQur strategy involved separation of the products

a period of 72 h at higher concentrations, showed cross-peaks,y Hp| ¢ and identification by ESI-MS, and after preparative
corresponding to the formation of these three adducts (FlgurerLC, characterization by NMR spectroscopiN-labeling of

S10). No peaks with®N-en chemical shifts similar to those of
O-bound adduct$ and 6 (Figure S3) were observed, again
suggesting tha8 contains an S-bound sulfenate.

(29) (a) Tsujimura, M.; Odaka, M.; Nakayama, H.; Dohmae, N.; Koshino, H.;
Asami, T.; Hoshino, M.; Takio, K.; Yoshida, S.; Maeda, M.; EndoJ.l.
Am. Chem. So®003 125 11532-11538. (b) Nagashima, S.; Nakasako,
M.; Dohmae, N.; Tsujimura, M.; Takio, K.; Odaka, M.; Yohda, M.; Kamiya,
N.; Endo, I. Nat. Struct. Bial 1998 5, 347-351. (c) Tsujimura, M.;
Dohmae, N.; Odaka, M.; Chijimatsu, M.; Takio, K.; Yohda, M.; Hoshino,
M.; Nagashima, S.; Endo, 0. Biol. Chem1997, 272, 29454-29459.

(30) Concentration chosen on the basis th& ddls contain ca. 1&g RNA
and 5x¢g DNA, a guanine content of 0.Qdmol, which is ca. 2 typical
intracellular Ru (380 pmol Ru/2@ells, for dose ofl = 254M: Wang, F.

Y.; Zeitlin, B.; Habtemarian, A.; Eades, L.; Aird, R.; Jodrell, D. |.; Sadler,
P. J. unpublished material).

(31) 1: oligo: GSH = 1:2:50, 48 h, 310 K, 4 mM NaCl, 10 mM phosphate
buffer pH 7. Previously we showed that this oligo is ruthenated at the G
sites even in the presence of 8 mol equiwvdiistidine (ref 17).
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the chelated ethylenediamine ligand and use of 3DfN]
HSQC NMR spectroscopy was helpful for elucidation of some
of the complicated reaction pathways.

First we studied reactions at 310 K (body temperature) in
unbuffered aqueous solution since buffers themselves usually
contain potential ligands. Hydrolysis dfwas followed by initial
binding to the carboxylate sites and then to the thiolate sulfur

(32) (a) Murdoch, P. del S.; Kratochwil, N. A.; Parkinson, J. A.; Patriarca, M.;
Sadler, P. JAngew. Chem., Int. EA.999 38, 2949-2951. (b) Lempers,
E. L. M,; Inagaki, K.; Reedijk, Jinorg. Chim. Actal988 152 201-207.
(33) (a) Lempers, E. L. M.; Reedijk, horg. Chem199Q 29, 1880-1884. (b)
Bose, R. N.; Moghaddas, S.; Weaver, E. L.; Cox, Elitérg. Chem1995
34, 5878-5883.
(34) van Boom, S.; Chen, B. W.; Teuben, J. M.; Reedijkndrg. Chem1999
38, 1450-1455.
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(Scheme 1), but at this acidic pH (3) displacement of en by oxidized GSH (sulfinate, GS®"). This suggests that lower Ru
further S-bound GSH ligands was favorable, and, after 24 oxidation states may be involved under these conditions and
h, the major product was the dinuclear S-bridged complex that water can also act as oxygen-atom donor. However, these
[((578-bip)RUR(GSu-9)3)%~ (7). reactions require further investigation before such pathways can
Subsequent reactions were studied at pH 7 using phosphatébe confidently assigned.
buffer in the presence of a typical cytoplasmic concentration  This work has revealed unusual redox reactions of cysteinyl
of chloride (22 mM) and at Ru concentrations relevant to adducts of a monofunctional ethylenediamin€' Ruene com-
cytotoxicity (micromolar). Here, in Npurged solutions, the  plex with glutathione. These could play a significant role in
S-bound adduct {-bip)Ru(en)(GSS)] (4) was the major the biological activity of ruthenium arene anticancer complexes.
product, and there was little tendency for loss of the en ligand. Oxygenation of GSH may itself have biological consequences.
However, unexpectedly, complekwas very sensitive to the It remains to be seen if ruthenium arene complexes can induce
presence of air and underwent oxidation to the sulfenato oxygenation of cysteine residues in proteins. There is much
complex [¢%-bip)Ru(en)(GS(OB)] (8). current interest in the role of protein cysteinyl sulfenates in
Under these physiologically relevant conditions, competitive signal transduction, oxygen metabolism, oxidative stress, and
reaction of complexL with 250 mol equiv GSH and 25 mol in the regulation of transcriptiof¥2-3%as well as in both cysteinyl
equiv cGMP gave rise to the cGMP adduc®pip)Ru(en)- sulfenates and sulfinites in the activity of the enzyme nitrile
(cGMP-N7)]* (10) as the major product, accounting for ca. 62% hydratasé?

of total Ru after 72 h. This suggests that oxidation of coordinated Acknowledgment. We thank the Wellcome Trust (Edinburgh
glutathione in the thiolato comple# to the sulfenate ir8 Protein Interaction Centre), BBSRC (Rasor) and Oncosense Ltd.

provides a facile route for displacement of S-bound glutathione ¢, support, members of EC COST Action D20 for stimulating
by G N7, a route for RNA and DNA ruthenation even in the discussions. and Stefan Weidt for FT-ICR-MS data.

presence of a large excess of GSH.

When reactions were carried out in an atmospherexpft@
sulfenato comple8 was the main product, suggesting that the
oxygen atom in the sulfenate ligand arises frogn1@triguingly,
reactions carried out under strictly anaerobic conditions under JA053387K
Ar gave rise not On_ly to the expected thIOIat_O _addeUt alS(_) (35) Claiborne, A.; Mallett, T. C.; Yeh, J. |.; Luba, J.; Parsonage\d. Protein
to an apparent dinuclear complex containing more highly Chem.2001, 58, 215-276.

Supporting Information Available: HPLC, LC—MS, and
NMR data (Table S1, Figures S510). This material is
available free of charge via the Internet at http://pubs.acs.org.
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