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Organometallic Ruthenium Inhibitors of
Glutathione-S-Transferase P1-1 as Anticancer

Drugs

Wee Han Ang,** Anastasia De Luca,”” Catherine Chapuis-Bernasconi,”“

Lucienne Juillerat-Jeanneret,“

Ruthenium-arene complexes conjugated to ethacrynic acid were
prepared as part of a strategy to develop novel glutathione-S-
transferase (GST) inhibitors with alternate modes of activity
through the organometallic fragment, ultimately to provide tar-
geted ruthenium-based anticancer drugs. Enzyme kinetics and
electrospray mass spectrometry experiments using GST P1-1 and
its cysteine-modified mutant forms revealed that the complexes

Introduction

Glutathione-S-transferase (GST, EC 2.5.1.18) comprises an im-
portant class of biotransformation enzymes, the main function
of which is the detoxification of toxic compounds. The key role
of cytosolic GST is to catalyze the nucleophilic attack of re-
duced glutathione (GSH) on the electrophilic center of toxic
compounds of both endogenous and xenobiotic origin, the
first step in the mercapturic acid pathway that leads to elimi-
nation of the toxic compounds.” GST constitutes an important
part of the cellular defense against external insult, and several
studies have also found a strong link between drug resistance
and the overexpression of GST enzymes, particularly GST Pi
and GST Alpha classes.” In addition, the GST P1-1 isozyme, a
member of the GST Pi enzyme class, is known to regulate the
mitogen-activated protein (MAP) pathway, involved in cellular
survival and death signaling.”! A broad range of GST inhibitors,
with varying degrees of isozyme-specificity, are known, and
some of them have been systemically tested in combination
with a range of alkylating agents against multiple drug-resist-
ant (MDR) cancers as adjuvant therapeutics. In particular, etha-
crynic acid (EA), a diuretic in clinical use, has been extensively
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Figure 1. Ethacrynic acid and organometallic ruthenium-arene complexes in-

vestigated for anticancer properties.
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are effective enzyme inhibitors, but they also rapidly inactivate
the enzyme by covalent binding at Cys47 and, to a lesser extent,
Cys101. They are highly effective against the GST Pi-positive
A2780 and A2780cisR ovarian carcinoma cell lines, are among
the most effective ruthenium complexes reported so far, and
target ubiquitous GST Pi overexpressed in many cancers.

studied and found to effectively inhibit all GST isozymes to
varying extents (see Figure 1).¥

The active site in the various classes of GST enzymes is con-
stituted by the G site, the site of GSH binding, and the H site,
for the binding of electrophilic substrates such as 1-chloro-2,4-
dinitrobenzene (CDNB).”’ Of the various classes of GST en-
zymes, GST P1-1 is one of the more cysteine-rich GST isozymes,
with four cysteine residues located at positions 14, 47, 101,
and 169. It was previously shown that Cys47 is located near
the G site and is important for catalytic activity, as it is critical
for the conformation and stability of the G site.””! Cys101 is lo-
cated at the dimer interface and can form a disulfide bridge
with Cys47, leading to inactivation of the enzyme. Both Cys47
and Cys101 are known to be accessible to solvent molecules,
whereas Cys14 and Cys169 are embedded within the hydro-
phobic regions and are less accessible.”” We were therefore in-
terested to study whether the inhibitory activity of organome-
tallic ruthenium fragments could be modulated by conjugation
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to EA, as transition metals such as ruthenium have high bind-
ing affinity to sulfur groups. Furthermore, organometallic
ruthenium complexes such as (n°’-arene)ruthenium imidazole
complexes and (n°-arene)ruthenium complexes with 1,3,5-
triaza-7-phosphatricyclo[3.3.1.1]decane  (pta) ligands (see
Figure 1) are under active investigation as anticancer drugs
and have been found to preferentially target tumor cells.®'”
Thus, organometallic ruthenium complexes with GST-inhibitory
functionality can potentially have enhanced antiproliferative
activity.'*™"

Accordingly, a series of ruthenium-EA complexes with analo-
gous organometallic fragments were prepared and their inter-
actions with GST P1-1 were investigated. Elucidation of the
nature of their inhibitory activity was carried out with wild-
type GST P1-1 and its cysteine-modified mutants. The ability of
these complexes to inhibit cancer cell growth was also evaluat-
ed by using GST Pi-positive A2780 (cisplatin-sensitive) and
A2780cisR (cisplatin-resistant) human ovarian carcinoma cell
lines.

Results and Discussion

The main component of EA responsible for its GST-inhibitory
activity is the phenolic group comprising the o,-unsaturated
conjugated carbonyl system and the 2,3-dichlorinated aromatic
ring."? In contrast, the a-acetic acid group can be modified
with minimal changes to the inhibitory activity of EA. Coupling
of the EA moiety to organometallic ruthenium-arene frag-
ments can be carried out with a range of linkers such as phos-
phino, amino, sulfido, and imidazole. We decided to use the
imidazole linker because the chemistry of organometallic
ruthenium-arene-imidazole complexes is well established, and
their ability to inhibit cancer cell growth has also been exten-
sively investigated (see Figure 1).%'3

EA-imidazole (EA-Im) 1 was prepared by amide condensa-
tion using the acid chloride derivative of EA and N-(3-amino-
propyl)imidazole, followed by purification with flash column
chromatography. EA-Im 1 was obtained as a hygroscopic oil
that decomposes over time, presumably via dimerization at
the a,B-unsaturated carbonyl bond. Therefore, freshly prepared
EA-Im 1 was treated with (n°-p-cymene)ruthenium precursors
to yield the target organometallic ruthenium-EA complexes 2-
4 (see Scheme 1), which are stable solids under ambient condi-
tions. In addition, the structurally similar (n®-p-cymene)rutheni-
um complex with n-butylimidazole RU-A (see Figure 1 center,
R=n-butyl) was prepared and used as a reference in the bio-
logical experiments.

The complexes were characterized with 'H and "*C NMR,
electrospray ionization mass spectrometry (ESIMS) and elemen-
tal analyses. 'H and "*C NMR resonances were assigned on the
basis of heteronuclear single quantum correlation and hetero-
nuclear multiple bond correlation experiments, and key assign-
ments are listed in Table 1. Upon coordination of the organo-
metallic Ru fragment, the characteristic resonances due to the
capped cymene ligand, namely H1" (singlet), H6" (septet), and
H7" (doublet), were clearly observed whereas the resonances
of the protons on the EA moiety remained largely unchanged.
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Scheme 1. Preparation of organometallic ruthenium-arene EA-imidazole
complexes.

Table 1. 'H and "C{'"H} NMR assignments [ppm] of selected resonances
in complexes 2-4.7

3 4 7 wnRU
2 5/, 8P
1 6 o) o)
| o] 8
Ru 1 10 o]
9 14
X / \Né\N/\/\N)J\/O
X — 5 H 8 1l 16 gm0y
2 3 cl Yo d
12 45 11 10 Ov
Cl O 9
X = Cl, oxalate, 1,1-cyclobutanedicarboxylate 12 g o

Compd H1 H2 H3 H4 NH H8 H1”  H6" H7

2 795 730 691 389 694 460 216 296 1.26
3 799 736 679 404 817 477 202 267 1.18
4 758 718 690 386 749 462 216 278 126

Compd @ c4 c8 12 6 7 cg’ co’

2 140.1 455 683 1958 185 307 223 - -
3 1396 447 679 1952 174 302 222 1648 -
4 1386 453 682 1958 178 307 225 - 179.7

[a]l NMR experiments were conducted in CDCl; except for those of com-
pound 3, which were conducted in [Dg]DMSO.

The "C{'H} NMR spectra for 3 and 4 also revealed the presence
of the carboxylate resonance at 0=164.8 and 179.7 ppm, re-
spectively, which was absent for 2. For ESIMS analyses, pseudo-
molecular ions corresponding to either [M—CI]* or [M+H]*"
species were observed, which were analyzed using MS? frag-
mentation and isotopic modeling, confirming the molecular
formula of the anticipated complexes.
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Ci2

Figure 2. Ball-and-stick representation of 2; atoms are represented by spheres of arbitrary radius. Key bond
lengths [A] and angles [°] (standard deviations given in parentheses): Ru1—C,, 2.192, Rul—cymene .oiq 1.667(4),
Ru1—Cl,, 2.442(6); Ru1—N1, 2.133(8); N1-C11, 1.310(13); N2—C11, 1.358(12); C12—C13, 1.365(14); CI-Ru—Cl,

88.32(10).

Single crystals of 2 suitable for X-ray crystallographic analy-
ses were obtained by slow diffusion of Et,O into a solution of
2 in chloroform. The structure of 2 is depicted in Figure 2, and
the bond parameters are given in the caption. The key struc-
tural characteristics of the EA moiety in the EA-Im ligand are
similar to those of the parent EA ligand."” In addition, the
bond parameters around the Ru center, namely the respective
Ru—cymene woq and Ru—Cl distances of 1.667(4) and
2.442(6) A are similar to other monosubstituted (n°-cymene)ru-
thenium—-imidazole complexes.® '

GST P1-1 and the mutant forms used for the experiment
were expressed in and purified from E. coli using a protocol re-
ported earlier.™ The enzymes were treated with the com-
plexes under various incubation conditions, and the residual
catalytic activity of the enzyme was determined using the
CDNB-GSH assay described by Habig etal™ To investigate
their inhibitory activity, the enzymes were treated with varying
concentrations of EA and complexes 2-4 to determine ICg,
values, the concentration at which 50% enzyme activity is in-
hibited. To determine the nature of the interaction between
EA, 2-4, and GST P1-1, the enzyme was treated with the com-
pounds in the absence of GSH, and the residual activity was
followed over time. In addition, samples of the treated enzyme
solutions were also analyzed by ESIMS.

The ability of the ruthenium complexes to inhibit GST P1-1
activity was similar or slightly better than the parent EA (see
Table 2). In contrast, both RAPTA-C and the representative (n°
p-cymene)ruthenium-imidazole complex RU-A exhibited no in-

Table 2. Inhibition of GST P1-1 and its cysteine-modified mutant forms.
Compd Organometallic ICsp [Mm]

Fragment wild-type C101S C47S
EA 12.0 194 429
2 [(n6 p-cymene)RuCl,] 8.1 225 36.2
3 [(n°-p-cymene)Ru(C,0,)] 14.2 - -
4 [(n°-p-cymene)Ru(CsHs0,)] 10.6 - -
RU-A [(n°-p-cymene)RuCl,] > 200 - -
RAPTA-C [(n®-p-cymene)RuCl,] > 200 - -
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hibitory effect on GST P1-1, even
at high concentrations. Notably,
the ruthenium complex 2, with
chloride ligands, was the most
efficient inhibitor of GST P1-1,
more active than 3 or 4 contain-
ing chelating carboxylate li-
gands. In previous studies, we
observed that the replacement
of chloride with chelating car-
boxylate ligands yielded organo-
metallic ruthenium complexes
with greater aquatic stability and
lower affinity towards human
serum albumin and cytochro-
me ¢! Indeed, the reported
complex with the oxalate ligands
was found to be less reactive
than that with 1,1-cyclobutanedicarboxylate ligands, which
follow a similar trend as reported herein. These new findings
suggest a role of the organometallic ruthenium fragment in
the inhibition of GST P1-1. Furthermore, it was observed that 2
resulted in almost complete inhibition of GST P1-1 activity (re-
sidual activity <59%) at high concentrations (>200um), while
there was significant residual GST P1-1 activity (20%) after
treatment of EA under the same concentration.

We studied the effect of treating GST P1-1 with EA and the
ruthenium complexes in equimolar ratios, and monitored its
activity over a period of 30 min (see Figure 3). It was observed

residual activity / %

t/ min

Figure 3. Inactivation of GST P1-1 activity over the course of 30 min upon
treatment of EA (<) and complexes 2 (A), 3 (m), and 4 (0) (20 um each).

that 2-4 reacted rapidly with GST P1-1, resulting in the loss of
enzymatic activity. In contrast, the inactivation of GST P1-1 by
EA was slower, taking 12 min for the residual activity to de-
crease to 50% of its original rate. In comparison, compound 2
required only 1.6 min to elicit the same effect. Moreover, GST
P1-1 was inactivated more rapidly by 2 than by either of the
carboxylato analogues 3 and 4, suggesting that the ruthenium
center plays a role in the inactivation of the enzyme.

We therefore examined the interaction of GST P1-1 with EA
and 2 (see Table 2) by using GST P1-1 site-directed mutants
with either Cys 101 or Cys47 replaced by Ser residues, namely
C101S and C47S. From the IC;, values, it is clear that both EA
and 2 binding were strongly affected by the replacement of
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Cys47 with serine, resulting in 3.6- and 4.5-fold 1Cs, value in-
creases, respectively. There is also some evidence that Cys101
is involved in the inhibition mechanism of 2, with a 2.8-fold in-
crease in IC;, value, whereas for EA, the increase is less
marked. These data suggest that both residues are important
for the inhibition of 2, although Cys47 appears to play a more
significant role. In addition, the time-course study shows that 2
is capable of inactivating the C101S mutant as efficiently as
the wild-type enzyme, but not the C47S mutant (see Figure 4).

W. H. Ang et al.

ment of GST P1-1 wild-type enzyme with EA, 1:1 or 1:2 cova-
lent adducts were formed after 2 h (see Figure 5). It is known
that in the absence of GSH, EA binds to GST P1-1 as a sub-
strate in both productive and nonproductive modes, and can
bind irreversibly to Cys47 via Michael addition over time. Fur-
thermore, replacement of the cysteine residues resulted in the
exclusive formation of 1:1 adducts, indicating that both
Cys101 and Cys47 are involved in covalent binding. Whereas
the C101S mutant reacted quantitatively with EA, substantial
amounts of unreacted C47S were left after incubation
with EA. This indicates that EA reacts preferentially
with the Cys47 residue; this is consistent with earlier

enzyme kinetics data.
Incubation with 2 resulted in the formation of mul-
tiple adducts containing 2 without the chloride li-
gands (see Table 3). The loss of the chloride ligands
was anticipated because they are labile and can be

a) 120 by 120
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t/ min t/ min

Figure 4. Inactivation of wild-type GST P1-1 and its mutant forms by a) EA and b) 2
(20 um each) over the course of 30 min: wild-type GST P1-1 (m), GST P1-1 C101S (0), GST

P1-1 C47S (A).

Almost complete loss of activity (< 10%) in both the wild-type
and C101S forms of GST P1-1 was observed after 10 min,
whereas treatment with EA gave significant residual activity
(>35%) even after exposure for 30 min.

To ascertain the nature of the interaction, the enzymes were
incubated with either EA or 2 and analyzed by ESIMS with a
quadrupole time-of-flight (QToF) analyzer to determine the co-
valent adducts formed (see Figure 5). The mass peaks of
23226 Da in GST P1-1 wild-type and 23211 Da in the mutants
correspond to the anticipated mass of the recombinant
enzyme calculated from the cDNA sequence, whereas the re-
spective mass peaks of 23357 and 23343 Da in wild-type and
C101S mutant GST P1-1 can be attributed to the inadequate

removal of the N-terminal methionine residue.'® Upon treat-
[GST] + 2' + EA-Im
[GST*] + EA
GST*
[CSTT 1GsT + EA (GST] + 2
asT] (GsT] * [GST*] + 2x2
+ 2xEA
» .AMA,\ et Jl; RUNIE IA ol Wity treated with 2
- 7 : o .I /,’, ,/, treated with EA
e Pl i [GST] + 2ExA - Pl
a 3 " al " GST P1-1 wild-type
r T T T 1
23000 23500 24000 24500 25000
M,/ Da

Figure 5. Deconvoluted ESIMS spectra of wild-type GST P1-1 and after treat-
ment with EA or 2 for 2 h. [GST] corresponds to expected enzyme mass at
23226 Da, [GST*] corresponds to [GST] with uncleaved N-terminal Met resi-
due at 23357 Da, and 2’ is the adduct of 2 with loss of both Cl ligands; mo-
lecular mass: 644 Da.
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substituted by other appropriate nucleophilic resi-
dues such as histidine, aspartic acid, or glutamic acid
after binding to the cysteine residue. These data con-
firm the direct participation of the ruthenium center
in binding to GST P1-1. Incubation of the C101S and
C47S mutants with 2 also yielded multiple covalent
adducts between the enzyme and 2 (see Figure 6).
Different modes of covalent binding were observed such as
the {[GST]+(n>p-cymene)Ru} adducts, which can be attributed
to the replacement of the EA-Im ligand of 2 by cysteine and

Table 3. Observed mass peaks of GST P1-1 and its mutant forms incubat-
ed with EA and 2 as determined by ESI-QToF MS.
M,, [Da] Relative Assignment
Abundance [%)]
GST P1-1 wild-type 23225 79 [GST]=[GST P1-1]
23357 100 [GST*] =[GST P1-1]4+Met
with EA 23530 64 [GSTI+EA
23661 100 [GST*]4+-EA
23833 10 [GST]+2 X EA
23964 32 [GST*]+2xEA
with complex 2 23226 13 [GST]
23870 39 [GST]+2'
24048 16 [GST]+2XEA—Im
24281 100 [GST]+2+EA—Im
24645 29 [GST*]4+2x 2
GST P1-1 C47S 23210 100 [C47S]
with EA 2321 51 [C47S]
23514 100 [C47S]+EA
with complex 2 23210 76 [C47S]
23444 34 [C47S]+(M°-p-cymene)R
23621 45 [C47S]+EA—Im
23854 100 [C47S1+2'
GST P1-1 C101S 23212 100 [C101S]
23343 41 [C101S*]=[C101S]4+Met
with EA 23514 100 [CT101S]+EA
23645 48 [C101S*]4-EA
with complex 2 23210 18 [C101S]
23444 10 [C101S]4+M°®-p-cymene)Ru
23621 27 [C101S]+EA—Im
23854 64 [C101S]+2’
24265 100 [C101S*]4+2'+-EA—Im

ChemMedChem 2007, 2, 1799 - 1806
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[GST] + 2 + EA-Im

[GST] + 2"
[GST]+EA-Im |
[GST] + (n°-cym Bne)le . C101S variant
L g
Pl
[GST] o
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Figure 6. Deconvoluted ESIMS spectra of GST P1-1 C101S (top) and GST P1-1
C47S (bottom) after treatment with 2 for 2 h. [GST] corresponds to parent
enzyme mutant at mass 23211 Da, [GST*] corresponds to the enzyme with
uncleaved N-terminal Met residue at 23343 Da, and 2’ is the adduct of 2
with loss of both Cl ligands, namely [(n®-p-cymene)Ru(EA-Im)], with a molec-
ular mass of 644 Da.

other nucleophilic residues. As with EA, C47S was less reactive
towards 2 than C101S, with significant amounts of unreacted
C47S enzyme left after incubation. In addition, the
{[GST]+2'+EA-Im} adduct was observed with C101S and not
with C47S (see Table 3), indicating that the integrity of the cat-
alytic site is important for the binding of 2 to GST P1-1.

It is evident that while both Cys47 and Cys 101 residues are
involved in the covalent binding of 2 to GST P1-1, kinetic stud-
ies and ESIMS data show that the binding to Cys47 has a
stronger inactivation effect. A possible explanation is that the
main mode of inhibition of 2 is similar to that of EA, through
competitive binding to the H site against electrophilic sub-
strates, as indicated by the similar 1Cs, values determined for
wild-type GST P1-1. However, the organometallic Ru fragment
in 2 is also capable of reacting at the Cys47 residue and, to a
lesser extent, Cys101, resulting in rapid inactivation of the
enzyme. Lower rates of inactivation of the wild-type enzyme
are also observed with the less reactive carboxylato complexes
3 and 4.

The efficacy at which the complexes inhibit cancer cell
growth was evaluated against the cisplatin-sensitive A2780
and the cisplatin-resistant A2780cisR human ovarian carcinoma
cell lines (see Table 4). Both cell lines were shown to express

Table 4. Inhibition of viability of A2780 and A2780cisR ovarian carcinoma
cell lines upon treatment with the test complexes.

Compd ICso [um]®
A2780 [um] A2780cisR [um]

EA 579+1.1 545+14

2 10.3+2.1 129+1.1

3 16.6+1.4 9.4+0.4
4 15.6+0.9 9.8+0.6
RU-A >100 >100
RAPTA-C >200 > 200

[a] Period of drug exposure: 72 h; cell viability determined using the MTT
assay.
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similar amounts of GST Pi by West- Lanes
ern blot  experiments (see 1 2
Figure 7). The ruthenium com- R —

plexes were highly active in inhib-
iting the growth of both ovarian
carcinoma cell lines; they were 10-
fold more efficient than the well-
established RAPTA-C and the rep-
resentative (nﬁ-p-cymene)rutheni-
um-imidazole complex RU-A, and
3-5-fold more efficient than EA on
a molar basis. The good correlation
between their ability to inhibit
cancer cell growth and their ability to inhibit GST activity
amongst EA and the ruthenium complexes indicates that GST
Pi may be an important intracellular target of these complexes.

Figure 7. Western blot evalua-
tion of the expression of Pi by
A2780cisR (lane 1) and A2780
(lane 2). Similar protein load-
ing of both cell extracts was
ascertained by tubulin immu-
nodetection (results not
shown).

Conclusions

A series of organometallic (n®-p-cymene)ruthenium-based GST
inhibitors containing the ethacrynic acid functionality were de-
veloped. As with EA, they are effective inhibitors of GST P1-1,
but they interact with GST P1-1 differently. The ruthenium
complexes rapidly inactivate the enzyme, and an investigation
using the cysteine-modified mutants revealed that covalent
binding occurs at Cys47 and, to a lesser extent, at the Cys 101
residue. They are also effective inhibitors of the growth of
human ovarian cancer cell lines, irrespective of cisplatin resist-
ance, and the data suggest that GST P1-1 is the possible target
of these complexes in vitro.

Experimental Section

All reagents were purchased from Acros unless otherwise indicat-
ed. EA and GSH were purchased from Sigma, hydrated RuCl; from
Precious Metals Online, n-butylimidazole from Lancaster, and cell
culture reagents were obtained from Gibco-BRL, Basel, Switzerland.
The reactions were performed with solvents dried using appropri-
ate reagents and distilled prior to use. [(n*p-cymene)RuCl(u-Cl)1,
was prepared and purified according to literature procedures."
NMR spectra were measured on a Bruker DMX 400 instrument at
20°C using the residual solvent resonance as internal standard.
ESIMS data for synthesized compounds were recorded on a
Thermo Finnigan LCQ Deca XP Plus quadrupole ion trap instru-
ment in positive mode with ionization energy set at 5.0V and ca-
pillary temperature at 150°C, using CH;CN as the solvent.?” UV/Vis
measurements were conducted on a Varian Cary 4000 UV/Vis spec-
trophotometer equipped with a thermostatic cuvette compart-
ment. Elemental analyses were carried out at the Institute of
Chemical Sciences and Engineering, EPFL.

Synthesis of EA-imidazole 1: EA (349 mg, 1.16 mmol) was held at
reflux in CH,Cl, (20 mL) with an excess of oxalyl chloride (2 mL) for
1 h. Unreacted oxalyl chloride was removed under vacuum, and
the reaction mixture was concentrated to yield ethacrynic acid
chloride as a colorless oil. The acid chloride was dissolved in CH,CI,
(20 mL) and N-(aminopropyl)imidazole (500 mg, 4.00 mmol) was
added. The reaction mixture was then held at reflux for 2 h. A solu-
tion of NaHCO; (5%, 25 mL) was added to quench the reaction,
and the aqueous phase was extracted with CH,Cl, (3x25 mL). The
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organic phases were combined and washed with brine (2x25 mL)
and dried over Na,SO,. The solvent was removed, and the product
was separated on silica using EtOH/CHCI; 2:8 as eluent. The sol-
vent was removed to yield a colorless oil (yield: 378 mg, 80%).
'H NMR (400 MHz, CDCl,): =7.52 (s, 3H, H1), 7.07 (s, 3H, H2), 6.96
(s, 3H, H3), 7.20 (d, *Jyyy=8.4 Hz, TH, H9), 6.86 (d, *Jy,;y=8.4 Hz,
1H, H9), 6.82 (m, 1H, NH), 5.96 (s, TH, H14), 5.59 (s, 1H, H14), 4.57
(s, 2H, H7), 4.04 (t, ¥y =72 Hz, 2H, H4), 3.42 (q, *Jyy=72 Hz,
2H, H6), 247 (q, YJyw=7.6Hz, 2H, H15), 210 (m, 2H, H5),
1.16 ppm (t, *Jyyuy =7.6 Hz, 3H, H16).

Synthesis of (n°p-cymene)RuCl,(EA-imidazole) 2: [(m°p-
cymene)RuCl(u-Chl, (68 mg, 0.11 mmol) and freshly prepared EA-
imidazole (94 mg, 0.23 mmol) were dissolved in CH,Cl, (10 mL) and
stirred for 12 h. The reaction mixture was concentrated to ~5 mL,
and pentane (20 mL) was added to precipitate the product. The
product was recrystallized from CH,Cl,/pentane to yield an orange
solid (yield: 144 mg, 90%). Vapor diffusion of Et,0 into a CHCl; so-
lution of 2 yielded crystals suitable for X-ray crystallographic analy-
ses. "H NMR (400 MHz, CDCl,): =7.95 (s, 1H, H1), 7.30 (s, 1H, H2),
6.91 (s, 1H, H3), 7.19 (d, *Jy;y=84Hz, 1H, H9), 6.90 (d, =
8.4 Hz, 1H, H9), 6.94 (m, 1H, NH), 5.96 (s, TH, H14), 5.61 (s, 1H,
H14), 5.45 (d, *Jy,y=6.0 Hz, 2H, H3), 5.26 (d, *Jy;y=6.0 Hz, 2H,
H4'), 4.60 (s, 2H, H8), 3.89 (t, *Jyyy=7.2 Hz, 2H, H4), 3.36 (q, *Jyyy=
7.2 Hz, 2H, H6), 2.96 (septet, >y =8.0 Hz, TH, H6'), 2.47 (q, >y =
7.6 Hz, 2H, H15), 2.16 (s, 3H, H1"), 1.93 (m, 2H, H5), 1.26 (d, ¥y =
8.0 Hz, 6H, H7), 1.15 ppm (t, *Jyyy=7.6 Hz, 3H, H16); *C{'H} NMR
(100 MHz, CDCly): 6=195.8 (C12), 167.4 (C7), 155.1 (C9), 150.2
(C13), 140.1 (C1), 133.9 (C11), 131.9 (C2), 119.5 (C3), 128.8 (C14),
127.2 111.2 (2xC10), 102.7 (C5), 97.3 (C2), 82.6 (C4'), 81.4 (C3),
68.3 (C8), 45.5 (C4), 35.9 (C6), 30.7 (C6'), 30.7 (C5), 23.4 (C15), 223
(C79, 18.5 (C1"), 124 ppm (C16); ESIMS: m/z: 682 [M*—Cl]; anal.
(CpoHs5C1,N;05RU): C 48.67, H 4.93, N 5.88, found: C 48.75, H 4.95, N
5.79.

Synthesis of (°-p-cymene)Ru(C,0,)(EA-imidazole) 3: [(m°p-
cymene)RuCl(u-Cl)]l, (197 mg, 0.322mmol) and silver oxalate
(240 mg, 0.797 mmol) were stirred in H,O for 2 h. The mixture was
filtered through celite to remove the AgCl precipitate. The solvent
was removed under vacuum, and the residue was redissolved in
methanol (25 mL). Freshly prepared EA-imidazole (94 mg,
0.23 mmol) was added, and the reaction was stirred for 12 h. The
reaction mixture was concentrated to 5 mL, and pentane (20 mL)
was added to precipitate the product. The product was recrystal-
lized from CH,Cl,/pentane to yield a pale-yellow solid (yield:
401 mg, 85%). '"H NMR (400 MHz, [DJDMSO): 6 =8.17 (m, TH, NH),
7.99 (s, 1H, H1), 7.36 (s, 1H, H2), 6.79 (s, TH, H3), 7.35 (d, BJ(H,H):
8.8 Hz, 1H, H10), 7.11 (d, 3J(H,H):S.S Hz, 1H, H10), 5.96 (s, 1H, H14),
555 (s, TH, H14), 5.71 (d, *Jyuuy=>5.6 Hz, 2H, H3), 548 (d, =
56 Hz, 2H, H4), 4.77 (s, 2H, H8), 4.04 (t, >y, =7.2 Hz, 2H, H4
3.08 (q, *Jy=7.2 Hz, 2H, H6), 2.67 (septet, *J;y=8.0 Hz, TH, HE’
237 (q, 3J(H,H):7.2 Hz, 2H, H15), 2.02 (s, 3H, H1'), 1.88 (m, 2H, H5),
1.18 (d, *Jyy=6.8Hz, 6H, H7), 1.07 ppm (t, *Jyy=7.2Hz, 3H,
H16); “C{'H}NMR (100 MHz, [D,DMS0): 6 =195.2 (C12), 166.9
(C7), 164.8 (C8'), 155.6 (C9), 149.4 (C13), 139.6 (C1), 132.5 (C11),
129.5 (C14), 128.7 (C2), 120.6 (C3), 127.7 112.0 (2xC10), 99.4 (C5),
96.7 (C2), 82.6 (C4'), 79.0 (C3'), 67.9 (C8), 44.7 (C4), 35.2 (C6), 30.5
(C5), 30.2 (C6'), 22.9 (C15), 22.2 (C7'), 17.4 (C1"), 12.4 (C16); ESIMS:
m/z: 734 [M*4+H], 756 [M*+Na], 1490 [M,"+Na]; anal.
(C51H35Cl,N;0,Ru): C 50.75, H 4.81, N 5.73, found: C 50.39, H 4.83, N
5.48.

)
)

Synthesis of (n°-p-cymene)Ru(C4H:0,)(EA-imidazole) 4: [(m°p-
cymene)RuCl(u-Ch), (228 mg, 0.373 mmol) and silver 1,1-cyclobuta-
nedicarboxylate (300 mg, 0.838 mmol) were stirred in CH;CN
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(50 mL) for 12 h, during which a yellow precipitate was formed.
The solvent was removed, and the residue was redissolved in
methanol (25 mL). The mixture was filtered through celite to
remove the AgCl precipitate. Freshly prepared EA-imidazole
(94 mg, 0.23 mmol) was added to the filtrate, and the reaction was
stirred for 12 h. The reaction mixture was concentrated to 5 mL,
and pentane (20 mL) was added to precipitate the product. The
product was recrystallized from CH,Cl,/pentane to yield a bright-
yellow solid (yield: 440 mg, 75%). 'H NMR (400 MHz, CDCl,): 6 =
7.58 (s, TH, H1), 7.18 (5, 1H, H2), 6.90 (s, 1H, H3), 7.17 (d,
7.2 Hz, 1H, H10), 6.90 (d, 3J(M):7.2 Hz, 1H, H10), 7.49 (m, 1H, NH
5.95 (s, 1H, H14), 5.60 (s, 1H, H14), 5.46 (d, 3J(H,H):6.0 Hz, 2H, H3’
526 (d, ¥y =6.0Hz, 2H, H4), 462 (s, 2H, H8), 3.86 (t, *Js
6.4 Hz, 2H, H4), 3.14 (q, *Jy;y=6.4 Hz, 2H, H6), 2.78 (septet, *Jy )
6.8 Hz, TH, H6'), 2.59 (t, *Jyuy=7.6 Hz, 2H, H11), 250 (t, *Jps
7.6 Hz, 2H, H11"), 245 (q, 3y =6.4 Hz, 2H, H15), 2.16 (s, 3H, H1’
1.95 (m, 2H, H5), 1.82 (t, *Jyy=7.6 Hz, 2H, H12), 1.26 (d, *Jyy=
6.8Hz, 6H, H7), 1.20 (t, *Jyu=7-6 Hz, 3H, H16); “C{'H} NMR
(100 MHz, CDCl,): 6=195.8 (C12), 179.7 (CY), 167.7 (C7), 155.1 (C9),
150.2 (C13), 138.6 (C1), 133.8 (C11), 130.4 (C2), 119.9 (C3), 1289
(C14), 127.2 111.1 (2xC10), 100.0 (C5’), 97.4 (C2'), 82.1 (C4'), 80.1
(C3'), 68.2 (C8), 55.7 (C10'), 45.3 (C4), 35.7 (C6), 35.0 26.7 (2xC11),
30.7 (C6), 29.9 (C5), 23.3 (C15), 22.5 (C7'), 17.8 (CT1’), 15.5 (C12),
12.4 (C16); ESIMS: m/z: 788 [M*+H], 1198 [M"+EA—imidazole+H],
410 [EA* —imidazole+H]; anal. (CssH,,Cl,N;0,Ru): C 53.37, H 5.25, N
5.34, found: C 53.17, H 5.37, N 5.25.

- =

’
v

=

Synthesis of (1°-p-cymene)RuCl,(n-butylimidazole) RU-A: The
synthesis was adapted from a published method.® [(n%p-
cymene)RuCl(p-Ch], (247 mg, 0.40 mmol) was added to n-butylimi-
dazole (100 pL, 95 mg, 0.76 mmol) in toluene (20 mL). The reaction
was sonicated in an ultrasound bath for 2 h, during which an
orange precipitate was formed. The precipitate was filtered,
washed with cold toluene (20 mL) and Et,0 (20 mL), and dried in
vacuo to yield an orange solid (yield: 173 mg, 50%). 'H NMR
(400 MHz, CDCl;): 6=7.98 (s, 1H, H1), 7.30 (s, 1H, H2), 6.87 (s, 1H,
H3), 5.43 (d, *Jy1y=6.0 Hz, 2H, H3'), 5.24 (d, *Jyy=6.0 Hz, 2H, H4),
3.87 (t, *Juwm=7.2 Hz, 2H, n-butyl-H4), 2.96 (septet, *J,,,,=6.8 Hz,
1H, H6'), 2.18 (s, 3H, H1'), 1.73 (m, 2H, n-butyl-H5), 1.32 (m, 2H, n-
butyl-H6), 1.27 (d, >y =6.8 Hz, 6 H, H7), 0.93 (t, )4y =7.2 Hz, 3H,
n-butyl-CH,); ESIMS: m/z: 395 [M™—Cl], 437 [M™—CI4+CH5CN], 520
[M" —Cl+butyl—imidazole].

Structural characterization of 2 in the solid state: Graphic repre-
sentation is given in Figure 1, and selected bond distances and
angles are given in the caption. Data collection was performed on
a Bruker-Nonius KappaCDD diffractometer. The unit cell and orien-
tation matrix were determined by indexing reflections measured
from a sampling of scan and analyzed with DirAX.?" Data collec-
tion were performed by scanning reflections from the entire Ewald
sphere using the program CollectCCD,*? and data reduction was
carried out with EvalCCD.*® Structure solution was performed
using SiR92,%Y and the structure was refined by full-matrix least-
squares refinement (against F) using SHELXTL software.” All non-
hydrogen atoms were refined anisotropically while hydrogen
atoms were placed in their geometrically generated positions and
refined using the riding model. A multi-scan absorption correction
based on a semiempirical method was applied using SADABS.”®
Graphical representations of the structure were made with Dia-
mond.?”! CCDC 646167 contains the supplementary crystallograph-
ic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data request/cif.
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Crystal data for 2: C,oH;;CI,N;O5Ru, M,,=716.47, crystal system=
monoclinic, a=21.250(18) A, b=8.692(4) A, c=17.017(7) A, a=y=
90°, B=105.75(4)°, V=3025(3) A3, T=100(2) K, space group="P2,/c,
Z=4, (Mo,,)=0.71073 A, 27455 reflections collected, 4880 inde-
pendent reflections, R,,,=0.1128, R1 [I>2()]=0.0938, wR2 (all
data) =0.2067.

Protein expression and purification: Human GST P1-1 wild-type
and the C47S and C101S mutants were expressed in E. coli and pu-
rified as previously described." Briefly, TOP10 E. coli cells, harbor-
ing plasmid pGST-1, were grown in LB medium containing
100 pgmL~" ampicillin and 50 uygmL™" streptomycin. The expres-
sion of GST was induced by the addition of 0.2mm isopropyl-1-
thio-p3-galactopyranoside when the absorbance value at 600 nm
reached 0.5. The cells were harvested and lysed 18 h after induc-
tion. GST P1-1 and the cysteine-modified mutants were purified by
affinity chromatography on immobilized glutathione. Enzymatic ac-
tivity was determined by measuring the rate of the conjugation re-
action between Tmm CDNB and 1Tmm GSH in 1 mL of 100mm
phosphate buffer pH 6.5 at 25°C. The reaction was monitored
spectrophotometrically at 340 nm corresponding to the absorb-
ance maxima of glutathione-2,4-dinitrobenzene conjugate (&34=
9.6M'cm™).

Inhibition of GST P1-1 activity by EA and complexes 2-4: Varying
concentrations of EA and complexes 2-4 (0.1-200um), pre-dis-
solved in DMSO (10mm) were added to reaction mixtures contain-
ing Tmm GSH in 100mm phosphate buffer pH 6.5 and 44nm GST
P1-1 enzyme. The residual activity of wild-type GST P1-1 and its
mutant forms was assayed spectrophotometrically upon addition
of the CDNB substrate (final concentration 1 mm). The IC;, values
for the inhibition of GST activity were determined by fitting the
plot of residual GST activity against the inhibitor concentrations
with a sigmoidal dose-response function using Prism (GraphPad).

Time-course inactivation by EA and complexes 2-4: GST P1-1
and its mutant forms (20 um) were incubated with EA and 2-4
(20 um), pre-dissolved in DMSO, in 10mm phosphate buffer pH 7.0
at 37°C. At fixed time intervals, over a period of 30 min, aliquots of
the sample mixture were assayed for residual GST activity in
100mm phosphate buffer pH 6.5 containing Tmm GSH and 1mm
CDNB.

Analyses of binding of EA and 2 to GST P1-1 enzymes by ESI-
QToF MS: GST P1-1 and its mutant forms (5um) were incubated
with either EA or 2 (10 um) in phosphate buffer pH 7.0 at 37°C for
2 h. The samples were purified using the stream-select module
(CapLC, Waters) before ESIMS analyses. Briefly, samples (1.4 uL)
were loaded onto a C;g pre-column (Symmetry, Waters), washed
with a solution of 2% CH,;CN and 0.1% formic acid for 3 min,
eluted with a solution of 98% CH;CN and 0.1% formic acid for
7 min in reverse flow, and analyzed by ESI-QToF MS (Micromass) at
m/z 500-4000. Spectral data were processed and deconvoluted
with the MassLynx/MaxENT1 software package.

Cell culture and inhibition of cell growth: Human A2780 and
A2780cisR ovarian carcinoma cell lines were obtained from the Eu-
ropean Centre of Cell Cultures (ECACC, Salisbury, UK) and main-
tained in culture as described by the provider. The cells were rou-
tinely grown in RPMI 1640 medium containing 10% fetal calf
serum (FCS) and antibiotics at 37°C and 6% CO,. For the evalua-
tion of growth inhibition tests, the cells were seeded in 96-well
plates (Costar, Integra Biosciences, Cambridge, USA) and grown for
24 h in complete medium. EA and complexes 2-4 were pre-dis-
solved in DMSO at 100mwm, diluted in culture medium to the re-
quired concentration, and added to the cell culture for further 72 h
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incubation. The MTT test was performed for the last 2 h without
changing the culture medium.® Briefly, following drug exposure,
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide,
Sigma) was added to the cells at a final concentration of
0.2mgmL™" and incubated for 2 h. The culture medium was then
aspirated, and the violet formazan precipitate was dissolved in
0.1N HCl in 2-propanol. The optical density was quantified at
540 nm using a multi-well plate reader (iEMS Reader MF, Labsys-
tems, USA), and the percentage of surviving cells was calculated
from the ratio of absorbance of treated to untreated cells. The ICg,
values for the inhibition of cell growth were determined by fitting
the plot of the percentage of surviving cells against the drug con-
centration using a sigmoidal function (Origin v 7.5).

Western blot analysis: Human A2780 and A2780cisR ovarian carci-
noma cells were grown in Petri dishes (¢J=6 cm, BD Falcon) until
they reached 80-100% confluence. They were then washed with
sterile phosphate-buffered saline (PBS) and extracted in lysis buffer
(50mm Tris:HCl, 150mm NaCl, 2mm EDTA, 0.5% Triton-X100 v/v)
containing protease cocktail inhibitors (Roche) by 5 cycles of freez-
ing and thawing, and then centrifuged at 16000 g at 4°C. Protein
concentration of the cytosol extract was determined using the BCA
assay (Pierce) using bovine serum albumin (BSA) as reference. The
cytosolic proteins were resolved on 15% polyacrylamide gels and
transferred onto a nitrocellulose membrane (Schleicher & Schuell).
GST Pi was determined using a polyclonal rabbit anti-GST Pi anti-
body (Stressgen, diluted 1:1000) and anti-rabbit antibody conjugat-
ed to horseradish peroxidase (Promega, diluted 1:5000) with en-
hanced chemiluminescence detection (ECL plus, Amersham). For
protein loading control (results not shown), the membrane was re-
hybridized with monoclonal mouse anti-tubulin antibody (Abcam,
diluted 1:5000) and anti-mouse antibody conjugated to horserad-
ish peroxidase (Sigma, diluted 1:5000) with enhanced chemilumi-
nescence detection (ECL plus, Amersham).
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