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A series of ruthenium(II)—arene (RAPTA) compounds were evaluated for their ability to inhibit thioredoxin
reductase (either cytosolic or mitochondrial) and cathepsin B, two possible targets for anticancer metallodrugs.
In general, inhibition of the thioredoxin reductases was lower than that of cathepsin B, although selected
compounds were excellent inhibitors of both classes of enzymes in comparison to other metal-based drugs.
Some initial structure—activity relationships could be established. On the basis of the obtained data, different
mechanisms of binding/inhibition appear to be operative; remarkably the selectivity of the ruthenium
compounds toward solid metastatic tumors also correlates to the observed trends. Notably, docking studies
of the interactions of representative RAPTA compounds with cathepsin B were performed that provided
realistic structures for the resulting protein—metallodrug adducts. Good agreement was generally found
between the inhibiting potency of the RAPTA compounds and the computed stability of the corresponding

cat B/RAPTA adducts.

Introduction

The field of anticancer metallodrugs is dominated by platinum-
based compounds and the so-called “DNA paradigm”, which
presumes that the mechanism of action of metallodrugs relies
on direct DNA damage.1 However, in recent years, it has
become increasingly evident that several cytotoxic metallodrugs
exert their biological and pharmacological actions through DNA
independent mechanisms.? Accordingly, it has become important
to delineate these alternative mechanisms and to identify the
respective biological targets, as this kind of knowledge might
allow a switch to a “molecular targeted” approach of metallo-
drug design.

Ruthenium(Il)—arene pta“ (pta = 1,3,5-triaza-7-phosphaada-
mantane) compounds (RAPTA compounds hereafter) are a
family of ruthenium(II) compounds of interest as potential
antitumor agents: a very favorable biological and pharmacologi-
cal profile was early established for these compounds.® Their
mechanism of action is still largely unknown; however, there
is evidence that RAPTA compounds work on molecular targets
other than DNA,* implying a biochemical mode of action
profoundly different from classical platinum anticancer drugs.
In order to shed some light on their possible molecular
mechanism(s), we decided to explore whether RAPTA com-
pounds are able to inhibit two specific enzymes (namely,
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thioredoxin reductases and cathepsin B) that are believed to be
important targets in cancer chemotherapy and are considered
to be highly sensitive to metallodrugs (see below).

Thioredoxin reductase (E.C. 1.8.1.9, TrxR) is a ubiquitous
flavoenzyme that, together with thioredoxin (Trx) and NADPH,
constitutes a critical system for maintaining the cellular redox
state.>® Overall, the central functions of the thioredoxin system
make it an attractive target for antitumor drug development.’
Mammalian TrxR is a large homodimer with a glutathione
reductase-like structure. Each monomer contains a C-terminal
redox center consisting of a cysteine—selenocysteine redox pair
that approaches the N-terminal active site of the neighboring
subunit for electron transfer.®

Notably, the active site selenolate group, after reduction,
manifests a large propensity to react with “soft” metal ions,
making TrxR a likely pharmacological target for a range of
metallodrugs. This hypothesis seems to be valid, as gold(I) and
platinum(II) compounds were found to be potent inhibitors of
mammalian thioredoxin reductase.”” ' Interestingly, we recently
discovered that a novel (hard) ruthenium(IIl) “Keppler type”
compound acts as moderate inhibitor of rat TrxR."?

Cathepsin B (E.C. 3.4.22.1, cat B) is an abundant and
ubiquitously expressed cysteine peptidase of the papain family.
It is a major component of lysosomal enzymes that is capable
of degrading components of the extracellular matrix in diseases
such as muscular dystrophy,'* rheumatoid arthritis,'> and tumor
turnover.'® Remarkably, cat B turned out to be a prognostic
marker for several types of cancer.'” Increased expression and
secretion of cat B have been shown to be causally involved in
migration and invasion of numerous human and experimental
tumors.'® 2% The exact role of cat B in solid tumors has yet to
be defined, but it has been proposed to participate, in connection
with other cysteine cathepsins, in metastasis, angiogenesis, and
tumor progression.”' ~>* Therefore, cat B is a possible therapeutic
target for the control of tumor progression, and in this respect,
it is not surprising that the use of cat B inhibitors reduces both
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Chart 1. Chemical Structures of the RAPTA Complexes Used in This Study
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tumor cell mobility and invasiveness in vitro.>* Recently, metal

complexes based on rhenium, gold and palladium were shown
B.25-29

to be effective inhibitors of cat

Cathepsin B consists of a light chain (Lys'-Arg*®) and a heavy
chain (Val’>-Thr***)** and has seven disulfide bridges;®' char-

acteristically, bovine cat B has an extra

with other species such as human and rat. The active site of cat
B is formed by an activated Cys and by a His and an Asn

disulfide bond compared

RAPTA-Me*-C, 13

residues; near the active site are two main interaction site
pockets, a large hydrophobic one and a smaller one, which is
more solvent accessible.

The RAPTA compounds studied here are represented in Chart
1, and some of them were recently shown to readily bind to
model proteins including ubiquitin, cytochrome ¢, and lysozyme.
All of the RAPTA compounds share a common structural motif
consisting of a ruthenium(II) center bound to an arene and a

32,33
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Scheme 1. Synthetic Route Used To Prepare 6, 8, and 9
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“6: Rj= CHs, Ry = tert-butyl. 8: R; = CH,CH,OH, R, = tert-butyl. 9: R; = CsH;oOH, R, = H.

pta ligand. Notably, the pta group confers water solubility,
facilitating administration and transport in the body. Most of
the reported compounds differ only in the nature of the arene
ligand, although the methylated pta derivative [RuCly(n°-
CioH 4)(ptaMe)]* 13 (RAPTA-Me " C) was also included in the
study.

For comparison purposes the compounds Ru(y°-cymene)-
(pta)(C¢HeO4) 2 (carbo-RAPTA) and Ru(nG—cymene)(pta)-
(C204) 3 (oxalo-RAPTA) were also investigated. Replacement
of the two chlorides with the stronger bidentate ligands (oxalate
or cyclobutane dicarboxylate) greatly reduces the rate of
aquation, thus modifying the overall solution behavior without
adversely affecting cytotoxicity.**

The 13 investigated compounds manifest a similar cell-growth
inhibition activity against a number of representative cancer cell
lines (HT29 colon carcinoma, the A549 lung carcinoma, and
the T47D and MCF7 breast carcinoma), and in general the in
vitro cytotoxicity is low. Nevertheless, excellent antimetastatic
and pharmacokinetic properties were observed in vivo for
several RAPTA compounds,® similar to those reported for
NAMI-A, a drug that failed the NCI screening program but
successfully completed phase I clinical trials.>>-¢

The binding of a wide range of RAPTA derivatives to
oligonucleotides was studied in detail, but no direct correlation
between oligonucleotide binding and cytotoxicity could be
observed.’’>® This finding might suggest that other protein
targets are of greater importance in producing the observed
cytotoxic effects. Thus, TrxR and cat B may represent potential
targets for this novel class of ruthenium compounds and the
inhibition of these enzymes by RAPTA compounds is discussed
herein. In addition, in the case of cat B, modeling studies were
able to provide highly reliable molecular structures of selected
RAPTA—protein adducts.

Results and Discussion

The RAPTA compounds shown in Chart 1 were prepared as
described previously (see Experimental Section) with the
exception of 6, 8, and 9, which were prepared in a two step
process commencing with the appropriate diene obtained from
Birch reduction (see Scheme 1 and Experimental Section for
further details).

Spectroscopic data of 6, 8, and 9 corroborated the proposed
structures. Of note, the >'P NMR spectra of 6, 8, and 9 in
DMSO-ds exhibit a singlet resonance around —31 ppm, which
is typical for the RAPTA structural motif.*® The structure of 9
has been established in the solid state by single crystal X-ray
diffraction analysis and is shown in Figure 1 with key bond
parameters provided in the caption.

The structure of 9 comprises the expected piano-stool
geometry characteristic of RAPTA compounds with bond
lengths and angles around the metal center, in good agreement
with those reported earlier for comparable molecules.*> The
crystallographic unit cell contains two independent molecules

Figure 1. Ball-and-stick representation of the molecular structure of
9. Key bond lengths (A) and angles (deg) include the following:
Ru(1)—CI(1), 2.430(1); Ru(1)—Cl(2), 2.422(1); Ru(1)—P(1), 2.305(2);
Ru(1)—C(1), 2.317(5); CI(1)—Ru(1)—Cl(2), 87.63(5); Cl(1)—Ru(1)—P(1),
86.86(5); P(1)—Ru(1)—Cl(2), 83.62(5).

Table 1. ICso (uM) of 1—13 against TrxR1 and TrxR2

COl’l’lpd TrxR1 IC5() (/AM) TrxR2 IC5() (/,tM)

1 RAPTA-C 37.1£12 >200

2 carbo-RAPTA 46£05 147£15
3 oxalo-RAPTA 325+£12 100

4 RAPTA-T 144 £ 4.5 >200

5 RAPTA-H >200 >200

6 RAPTA-TBMe 822 +3.1 200

7 RAPTA-OH 80 £10.4 >200

8 RAPTA-TBOH 245+2.1 >200

9 RAPTA-pentaOH >200 >200

10 RAPTA-NH3 494 +£25 >200

11 RAPTA-BI >200 >200

12 RAPTA-BC >200 >200

13 RAPTA- Me™C 100 >200
1,1-cyclobutanedicarboxylate >200 >200

(of which one is shown in Figure 1), and because the pentane-
1-ol sidearm is disordered (see Experimental Section), the bond
parameters are not described in detail.

Thioredoxin Reductase Inhibition. The in vitro data for rat
TrxR inhibition by 1—13 are summarized in Table 1, with all
RAPTA compounds being tested against both cytosolic and
mitochondrial thioredoxin reductase. Typically, inhibition of the
mitochondrial form is low, whereas in all cases, inhibition of
cytosolic thioredoxin reductase is more pronounced. This finding
is in agreement with a previous study showing that ruthenium
compounds are more effective inhibitors of the cytosolic form
of TrxR compared to the mitochondrial form.'* Moreover, it is
evident that inhibition of cytosolic thioredoxin reductase varies
significantly through the various RAPTAs with ICsy values
ranging from 4 uM to more than 200 uM. Notably, carbo-
RAPTA 2 is the most effective inhibitor, being about 10-fold
more efficient than the prototype compound RAPTA-C 1 (Chart
1); this finding implies that 2 retains its 1,1-cyclobutandicar-
boxylate (cbdca) ligand when interacting with TrxR because
the arene ligand in the two compounds is the same, i.e.,
p-cymene. It is worth noting that 1,1-cyclobutandicarboxylic
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Table 2. ICsy (uM) of 1—13 against bovine cat B

compd cat B ICsop (uM)
1 RAPTA-C 25+0.5
2 carbo-RAPTA 5+0.6
3 oxalo-RAPTA >200
4 RAPTA-T 1.54+0.2
5 RAPTA-H >200
6 RAPTA-TBMe 82 +3.1
7 RAPTA-OH 1.6 04
8 RAPTA-TBOH 245+ 2.1
9 RAPTA-pentaOH 7£0.8
10 RAPTA-NH; 13+£3.0
11 RAPTA-BI >100
12 RAPTA-BC 54+0.5
13 RAPTA-Me*C 6.5+ 0.4

acid (the precursor to the ligand) is not a TrxR inhibitor (ICs
> 200 uM, in Table 1). Moreover, it was earlier reported that
loss of the cbdca ligand from 2 is very slow, leading to a
substantial reduction of covalent adduct formation with model
proteins.>* Combined, these observations suggest that TrxR
forms a relatively tight adduct with unmodified carbo-RAPTA
and that this adduct is specifically stabilized by interactions
occurring between the cbdca moiety and the protein itself.

From inspection of the data it is also evident that as the steric
demand of the arene ligand increases, a net decrease of
thioredoxin reductase inhibition is observed (see as examples
5, 11, and 12). This observation implies that the protein cannot
easily accommodate arene ligands that have bulky substituents.
It has previously been shown by mass spectrometric methods
that the arene is not lost from the RAPTA structure on protein
binding. Instead, cleavage of the metal—chloride bonds is
observed, in some cases followed by subsequent loss of the pta
ligand.*

Cathepsin B Inhibition. The in vitro data for cat B inhibition
of 1—13 are reported in Table 2, revealing that the different
complexes inhibit cathepsin B to varying degrees. The most
effective compounds in the series are RAPTA-T 4 (ICsp = 1.5
+ 0.2 uM) and RAPTA-OH 7 (IC5p = 1.6 & 0.4 uM), followed
by RAPTA-C 1 (ICsp = 2.5 £ 0.5 uM), RAPTA-BC 12 (ICs
=5=+0.5 uM), and RAPTA-pentaOH 9 (ICso = 7 & 0.8 uM).
Indeed, 4 is the most active RAPTA compound of those tested
in vivo, with a selective mode of action toward metastasis, which
could indicate that cat B is a possible target for RAPTA
complexes in vivo.

Previously it has been shown that positively charged groups
can enhance the inhibition activity of complexes toward cat B,
whereas RAPTA-NH; 10 and RAPTA-BI 11 (which are both
cationic) are actually less effective inhibitors with ICsy values
of 13 and ~100 uM, respectively. However, it must be noted
that hydrolysis of all compounds renders them cationic.

Compounds RAPTA-OH 7 and RAPTA-TBOH 8 (in 8 a fert-
butyl group is present with respect to 7, in order to modify the
hydrophobicity of the complex) exhibit comparatively low
activities (ICsp = 18 = 3 uM) possibly because of the steric
hindrance of the larger arene ring, which might decrease the
accessibility of the ruthenium center toward the thiolates in the
active site. It is also worth noting here that the dichloro complex
RAPTA-C 1 is more active than the dicarboxylate analogues
carbo-RAPTA 2 (ICsp = 5 4+ 0.6 uM) and oxalo-RAPTA 3
(ICso &~ 200 uM). This difference might be due to the fact that
initial hydrolysis, followed by covalent binding to cat B, is
required for effective inhibition, although a direct, associative
ligand substitution mechanism cannot be entirely ruled out.*

Casini et al.
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Figure 2. (A) Time-dependent inhibition of cat B by 5 uM 1, 4, and
7. (B) Cysteine reactivation of cat B inhibited by 5 uM 4.

The nontumor selective (and naturally cationic) compound
RAPTA-Me"C 13 shows a reduced ICsq (6.5 £ 0.4 uM) with
respect to 1.

Examination of the inhibition of cat B by RAPTA-OH 7,
RAPTA-T 4, and RAPTA-C 1 over time revealed an exponential
decay of enzyme activity (Figure 2A). This is the typical
inhibition pattern of time-dependent inhibitors, where a finite
period of time is required to establish maximum inhibition (12
h here), after which time no further inhibition is obtained. The
time dependence and cysteine reactivation properties were
evaluated for 1, 4, and 7 in order to characterize the reversibility
of inhibition. It was found that addition of 1 mM cysteine results
in full recovery of activity within 6 h. Figure 2B reports the
cysteine reactivation data for 4.

Structural Inferences on the Resulting Metallodrug/
Protein Hybrids. Analysis of the enzyme inhibition data
described above allows drawing of precise structural inferences
for the resulting metallodrug/protein adducts to be inferred. In
the case of cytosolic thioredoxin reductases it can be proposed
that the various RAPTA compounds retain the arene ligands
upon binding the enzyme. Notably, the presence of bulky
substituents on the arene greatly reduces enzyme inhibition. It
is noteworthy that carbo-RAPTA 2 is a more effective inhibitor
than RAPTA-C 1, which implies that the cbdca ligand remains
bound to the ruthenium when forming the initial protein adduct.
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Figure 3. Docking geometry of 9 to Cat B illustrating the main interactions of the ligand with the residues flanking the active site. Also shown
in “transparent” rendering is the contour map for the hydrophobic field, calculated with the side-map module implemented in Maestro.

A similar inference has been implied from another study
involving diketonate derivatives of 1.%

A different inhibition mechanism appears to be involved in
the case of cat B in that 1 is far more effective than 2; this
observation suggests that the release of the leaving group is
important for activity. The most inert complex (at least in terms
of hydrolysis and subsequent ligand exchange) is oxalo-RAPTA
3. Accordingly, inhibition of cat B is presumably related to
coordination of the ruthenium(Il) center to a protein residue in
the active site. It is likely that the active site cysteine is the
effective anchoring site for RAPTA upon consideration of the
soft character of the ruthenium center. This hypothesis was
supported by specific docking studies (see next paragraph). It
also emerges that ruthenium binding to cat B is largely
modulated by the nature of the arene ligand. Bulky groups on
the arene ligand reduce the binding affinity (compare 5 and 6
with 4 and compare 8 and 9 with 7). A positive charge on the
arene also reduces affinity (compare 10 with 7). Surprisingly,
12 is still very effective despite the presence of a bulky crown
ether substituent on the arene ligand.

Docking Studies. Molecular docking studies have been
successfully employed in rational drug design, but they have
not been widely applied to study metal complexes. Although
several docking programs, such as Gold, can tackle metal
centers, it usually corresponds to part of a cofactor or an enzyme
active site. Only a limited number of docking studies have been
performed so far where the metal center is incorporated into
the ligand being docked.*'*?

Herein, docking studies were performed to investigate the
possible binding modes of the RAPTA complexes and to
facilitate the elucidation of structure—activity relationships. We
have limited our attention to cat B, as its inhibition is far more
pronounced and shows a clear modulation according to the
nature of the arene ligand. In addition, the binding site for
ruthenium complexes in cat B is well established.

Six of the RAPTA compounds were considered in the study,
ie.,1,4,5,6,7, and 9, which span a wide range of ICs values
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Figure 4. Correlation between calculated GoldScore and experimental
activities (pICsg) of the inhibitors. Compound 9 (on the right) has not
been included in the correlation (see main text).

and are representative of the homogeneous class of neutral
dichloride complexes. We assumed that inhibition is preceded
by aquation of one labile chloride ligand and implies subsequent
coordination of the ruthenium(Il) center to the active site
cysteine residue, which acts as the common anchoring site for
all these Ru(Il) complexes. For each of the complexes, both
possible configurations corresponding to aquation of either of
the two chloride ligands were independently considered and only
the best docked pose was kept.

Although the docking mode of the active compounds depends
on the particular complex being docked, in all successful
dockings the ligand had a favorable interaction with at least
some of the surrounding residues besides Cys29. This is
exemplified by the docking mode of 9, illustrated in Figure 3,
which shows close interactions with residues Gly72 (hydrogen
bond to a nitrogen atom of the PTA ligand) and His108 and
His109 (hydrogen bonds to hydroxyl group on the arene ligand).
In addition, the remaining chloride ligand interacts with the



6778 Journal of Medicinal Chemistry, 2008, Vol. 51, No. 21

backbone amide nitrogens of Cys29 in which the side chain
sulfur atom coordinates the ruthenium center, and the alkyl and
aryl portions of the coordinated ligands find favorable interaction
with hydrophobic sites of the protein. It is worth noting that
the pta ligand sits in the pocket occupied by a conserved water
molecule in the native protein, finding several favorable
hydrophobic interactions beyond the hydrogen bond with Gly72.

From the docking calculations, a Goldscore value for each
inhibitor was calculated and compared with the corresponding
experimental inhibitory ICsg activities. The experimental pICs
values were plotted against the calculated docking scores,
showing in all cases a satisfactory correlation, with the exception
of 9 where the activity is overestimated by the docking
procedure. The exclusion of this compound significantly im-
proves the correlation, leading to correlation coefficient R* =
0.64 (Figure 4).

Conclusions

RAPTA compounds are novel ruthenium compounds with a
very encouraging pharmacological profile. There is now enough
evidence to suggest that their mechanism of action is DNA-
independent and substantially different from cisplatin and related
anticancer platinum drugs. This prompted us to explore their
interactions with potential new targets and focused our attention
on protein targets, as a significant reactivity of RAPTA
compounds with model proteins was recently highlighted. In
particular, we have explored here their reactivity against two
emerging protein targets for anticancer metallodrugs, namely,
thioredoxin reductase and cathepsin B.

RAPTA compounds behave as rather potent inhibitors of
cathepsin B, whereas inhibition of thioredoxin reductase is far
less pronounced (with the only exception of 2). On average,
ICsp values in the low micromolar range were measured for cat
B inhibition, whereas in the case of cytosolic thioredoxin
reductase, ICso values fall in the 45—200 uM range. These
results imply that RAPTA compounds might be effective
inhibitors of cat B at physiologically attainable concentrations
while inhibition of thioredoxin reductase seems to be modest
and scarcely relevant. These data matche in vivo data well,
which shows that RAPTA compounds reduce the mass and
number of metastasis with cat B being primarily implicated in
the process of metastasis.

When the interaction of RAPTA compounds with cat B is
considered, it emerges that ICsy values are spread over a rather
wide range, and there is indeed a strong modulation of cat B
inhibition by the nature of the arene ligand. A detailed analysis
of the enzyme inhibition data for the 13 tested RAPTA
compounds allowed us to establish structural inferences on the
nature of the resulting metallodrug—protein adducts. It is likely
that RAPTA compounds, upon binding to either TrxR or cat
B, retain the arene ligand, and therefore, the measured 1Csy
values show a marked dependence on the nature of the latter.
The chloride ligands are instead labile ligands and undergo facile
aquation, albeit highly dependent on the conditions, e.g., free
chloride concentration, pH, compound concentration, etc. In two
cases the chloride ligands were replaced by dicarboxylate ligands
that are far more inert. Analyses of ICsy values for these
compounds favor the idea that the dicarboxylate ligands are
retained when forming the adduct with TrxR1. In contrast,
release of the dicarboxylate appears to be required to bind and
inhibit cat B. Active site cysteine is proposed to be the anchoring
site for the ruthenium(II) center when RAPTAs bind to cat B.

Finally, docking studies of the interactions of six representa-
tive RAPTA compounds with cat B were carried out that

Casini et al.

produced reliable structures for the resulting protein—metallodrug
adducts. Beyond the coordinative bond of ruthenium(Il) to the
sulfur of the active site cysteine, a number of additional contacts
of the docked RAPTAs with the protein surface residues were
highlighted that further stabilized these adducts. Overall, a
satisfactory agreement was found between the cat B inhibiting
potency of the considered RAPTA compounds and the stability
of the corresponding cat B—RAPTA adducts.

Experimental Section

Synthesis of the Compounds. The starting material 1,3,5-triaza-
7-phosphaadamantane (pta)** and complexes 1—5, 7, and 10—133343844
were prepared as described previously. Reactions were carried out
under nitrogen atmosphere, and solvents were purged with nitrogen
before use. 'H, '*C, and *'P NMR spectra were recorded on a
Bruker 400 MHz Ultrashield spectrometer. Electrospray ionization
mass spectra (ESI-MS) were obtained on a Thermo Finnigan LCQ
Deca XP Plus quadrupole ion trap instrument set in positive mode
using a literature method.*®

Synthesis of the Dimeric Precursors 6a, 8a, and 9a. A
suspension of RuCl; together with an excess of the diene (3.5 equiv,
obtained from the appropriate arene by Birch reduction) was stirred
at reflux for 12 h, affording a red solution and a dark-brown residue.
The mixture was filtered while hot and the clear red filtrate stored
at —20 °C, resulting in the precipitation of an orange microcrys-
talline solid, which was isolated by filtration and washed with
diethyl ether, affording the product.

6a. Yield: 79%. "H NMR (DMSO-ds, 400 MHz): 6.05 (d, *Jux
= 6.4, 4H, Hyene), 5.74 (d, *Jung = 6.4, 4H, Hyrene), 2.09 (s, 6H,
Hinetny)), 1.35 (s, 18H, Hypuy). °C NMR (DMSO-ds, 100 MHz):
109.8 (Carene)s 101.0° (Carene), 85.6 (Carene), 85.4 (Carene), 34.7
(Ct-bulyl)s 30.3 (Ct-buyl)’ 18.4 (Cmelhyl)-

8a. Yield: 86%. '"H NMR (DMSO-ds, 400 MHz): 6.06 (d, *Jux
= 6.4, 4H, Hyrene), 5.80 (d, *Jun = 6.4, 4H, Horene), 3.67 (t, *Jug =
6.0, 4H, Hemy), 2.52 (t, *Jun = 6.0, 4H, Hemy), 1.36 (s, 18H,
H,puy): °C NMR (DMSO-ds, 100 MHz): 111.0 (Cyrene), 100.6
(Carene)s 86.9 (Carene)’ 84.4 (Carene)7 60.5 (Celhyl)7 36.1 (Cethyl), 349
(Ct-butyl), 30.3 (Ct-butyl)'

9a. Yield: 74%. "H NMR (DMSO-ds, 400 MHz): 5.98 (dd, *Jux
= 5.6, *Jun = 6.0, 4H, Hyene), 5.75 (d, *Jun = 6.0, 4H, Hypeno),
5.73 (t, *Juy = 5.6, 2H, Hyrene), 4.37 (s, br, 2H, OH), 3.39 (t, *Jun
= 6.0, 4H, Hpeny1), 2.44 (t, *Jun = 8.0, 4H, Hpeny), 1.59 (tt, 4H,
Hpenty1), 1.46 (tt, 4H, Hpenty1), 1.41 (tt, 4H, Hpengyr). '*C NMR (DMSO-
ds, 100 MHz): 108.5 (Cyrene), 89.5 (Carene)s 85.2 (Carene)s 83.4 (Cagene),
61.0 (Cpemyl)y 33.1 (Cpemyl)y 32.7 (Cpemyl)’ 29.2 (Cpenlyl)a 25.7 (Cpemyl)-

Synthesis of 6, 8, and 9. To a solution of the ruthenium dimer
in 1:1 CH,Cl,/MeOH, pta (2.05 equiv) was added, and the mix-
ture was stirred for 40 min at room temperature. The solvent of
the resulting orange-red solution was removed in vacuo and the
remaining solid washed with Et,0O to afford the product as orange
powder.

6. Yield: 88%. 'H NMR (DMSO-dg, 400 MHz): 6.00 (d, *Jun
= 6.0, 2H, Huene), 5.76 (d, *Jup = 6.0, 2H, Haene), 4.48 (s, br, 6H,
HPTA)’ 4.19 (br, S, 6H, HPTA)’ 1.87 (S, SH, Hmethyl)a 1.25 (S, 9H,
Hpuy). >C NMR (DMSO-ds, 100 MHz): 107.8 (Cyrene), 94.6
(Carene)s 88.2 (d, 2JPC = 5, Carene)s 84.3 (d9 2JPC = 59 Carene)s 72.4
(d, *Jcp = 6, Cpra), 51.8 (d, "Jep = 17, Cpra), 34.4 (Crbury), 30.3
(Crouty)s 184 (Cremy)- >'P NMR (DMSO-ds, 162 MHz): —31.8
(s). MS (ESI, H,0): 442.1 [M — CI]*. Anal. Calcd for
C;7H23CLN3PRu (477.37 g/mol): C, 42.77; H, 5.91; N, 8.80. Found:
C, 41.08; H, 5.64; N, 8.53.

8. Yield: 87%. '"H NMR (DMSO-dg, 400 MHz): 6.14 (d, *Jun
= 6.0, 2H, Hawene), 5.96 (d, *Jun = 6.0, 2H, Hyene), 4.78 (m, 6H,
HPTA), 4.30 (dd, 2Jp].[ = 39, d, 2JPC = 5, 6H, HPTA)’ 3.61 (t, BJHH =
6.0, 2H, Hethyl)7 2.27 (t, 3JHH = 6.0, 2H, Hethyl)y 1.26 (s, 9H,
Hypuy). °C NMR (DMSO-ds, 100 MHz): 109.4 (Cyrene), 96.9
(Carene), 89.0 (d’ 2JPC = 55 Carene)a 84.8 (d» 2JPC = 6» Carene)a 70.6
(d, 2JPC = 5, Cp]‘A), 60.6 (Cethyl)v 49.0 (d, 2.Ip(j = 17, CPTA)’ 36.3
(CetnyD)s 34.5 (Crpuyd)s 30.3 (Crpuy)- °'P NMR (DMSO-ds, 162
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Table 3. Crystallographic Data for 9

formula C17H28C1oN30PRu
M 493.36

T (K) 140(2)

crystal system monoclinic

space group Pn

aA) 6.6343(13)

b (A) 20.033(4)

c[A] 15.188(3)

o (deg) 90

f (deg) 97.73(3)

y( deg) 90

V (A% 2000.2(7)

Z 4

density [Mg/m?] 1.638

w [mm '] 1.142

20 range (deg) 321 = 20 = 25.03°
reflections collected 26957

independent reflections 6877 (Rine = 0.0565)
GOF on F* 1.091

final R1, wR2 (I > 20(1)) 0.0354, 0.0610

MHz): —31.9 (s). Anal. Calcd for C,3H3CLLN3;OPRu (507.4 g/mol):
C, 42.61; H, 5.96; N, 8.28. Found: C, 39.73; H, 5.54; N, 7.91.

9. Yield: 93%. '"H NMR (DMSO-ds, 400 MHz): 5.78 (dd, br,
1H, Harene)s 5.59 (d, *Jun = 6.0, 2H, Hene), 5.31 (&, *Juy = 5.6,
1H, Huene), 4.43 (br, 6H, Hpra), 4.38 (t, *Jun = 5.2, 1H, OH), 4.18
(br, 6H, Hpra), 3.38 (m, 2H, Hpeny))s 2.29 (¢, *Jun = 7.6, 2H, Hpenty1)s
1.55 (tt, 2H, Hpengyr), 1.44 (tt, 2H, Hpenyn), 1.35 (tt, 2H, Hpengy).
13C NMR (DMSO-dg, 100 MHz): 109.6 (d, 2Jcp = 4, Carenc), 87.0
(d, 2JCP = 6, Carene)s 86.5 (d9 2JCP = 29 Carene)s 71.9 (Carene)s 2.7
(d, *Jep = 7, Cpra), 61.0 (Cpengy1)s 52.3 (d, "Jep = 17, Cpra), 32.8
(Cpemyl)a 314 (Cpemyl), 292 (Cpemyl), 25.7 (Cpemyl)- 31P NMR (DMSO‘
ds, 162 MHz): —31.9 (s). MS (ESI, H,0): 458.1 [M — CI]*. Anal.
Calcd for Cy7HpsCI,N3PORu (493.37 g/mol): C, 41.39; H, 5.72;
N, 8.52. Found: C, 41.09; H, 6.04; N, 8.55.

Crystallography. Crystals suitable for X-ray diffraction were
obtained by slow diffusion of diethyl ether into an ethanol solution
of 9. Data collection for the X-ray structure determination was
performed on a Bruker Nonius ApexII CCD diffractometer system
using graphite-monochromated Mo Ko (0.71070 A) radiation and
a low temperature device (7 = 140(2) K). Data reduction was
performed by EvalCCD and the structure solved and refined with
SHELX97.%¢ The graphical representation of the structure was made
with Diamond.*” The structure was solved by direct methods and
successive interpretation of the difference Fourier maps, followed
by full matrix least-squares refinement (against F2). Atoms were
refined anisotropically, and the contribution of the hydrogen atoms,
in their calculated positions, was included in the refinement using
a riding model. The unit cell contains two independent molecules,
both displaying disorder in the pentol side chain. Carbon atoms in
the side chain were split over two positions and constrained using
the DFIX command. Relevant crystallographic data are compiled
in Table 3.

Enzyme Inhibition Assays. Thioredoxin Reductase. Highly
purified cytosolic thioredoxin reductase (TrxR1) was obtained from
rat liver according to Luthman and Holmgren,*® and mitochondrial
thioredoxin reductase (TrxR2) was purified starting from isolated
mitochondria according to Rigobello et al.* Proteins of the purified
isoforms of thioredoxin reductases were assayed with the procedure
of Lowry et al.>®

The ruthenium complexes, at the indicated concentrations, were
preincubated at 25 °C for 30 min in 0.2 M Na, K-phosphate buffer
(pH 7.5) containing 5 mM EDTA. Afterward, TrxR1 (1.5 (ug of
protein)+mL ") or TrxR2 (4 (ug of protein)+mL~') was added,
together with 0.3 mM NADPH, and after another 5 min of
incubation the reaction was started by the addition of 1.5 mM
DTNB to both sample and reference cuvettes. The increase in
optical density at 412 nm was monitored for ~20 min. Results are
indicated as percentage of activity with respect to the control and
reported versus the respective concentrations in order to obtain the
reported ICsg values. Specific activities of the noninhibited reaction
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were 12 umol min~' mg ™' protein for TrxR1 and 5.4 gmol min "
mg ' protein for TrxR2.

Cathepsin B. Crude bovine spleen cat B was purchased from
Sigma (C6286) and used without further purification. The colori-
metric cat B assay was performed in 100 mM sodium phosphate,
1 mM EDTA, 0.025% polyoxyethylene (23) lauryl ether (BRIJ),
pH 6.0, using Na-CBZ-L-lysine p-nitrophenyl ester (CBZ =
N-carbobenzoxy) as substrate. For the enzyme to be catalytically
functional, the active site cysteine needs to be in a reduced form.
Therefore, prior to use, cat B was prereduced with dithiothreitol
(DTT) to ensure that the majority of the enzyme is in a catalytically
active form. Thus, cat B was activated, before dilution, in the
presence of excess DTT for 1 h at 30 °C.

1Csy determinations were performed in triplicate using a fixed
enzyme concentration of 500 nM and a fixed substrate concentration
of 200 M. Inhibitor concentrations ranged from 0.3 to 200 uM.
The enzyme and inhibitor were co-incubated at 30 °C over a period
of 24 h prior to the addition of substrate. Activity was measured
over 3 min at 326 nm. Colorimetric readings were performed on a
Lambda 20 Bio spectrophotometer (Perkin-Elmer).

Cysteine reactivation was evaluated using an inhibitor concentra-
tion of approximately the ICsy up to 51Csy, depending on the
potency of the inhibitor. The enzyme—inhibitor incubation times
for the cysteine reactivation assay were 1, 2, 3, 4, 5, and 6 h after
an initial 24 h incubation with the compound at 30 °C. After the
initial incubation, 1 mM cysteine was added, and incubation was
continued for the required time at 30 °C. Following incubation,
substrate was added and activity was read.

Computational Models and Methods. The crystal structures
of cat B in the apo form, and covalently bound to 5-mercaptopy-
ridine (1IPP) and an epoxide substrate (1CSB), were obtained from
the PDB archives. The retrieved PDB entries were superimposed
and graphically inspected using the molecular modeling software
Maestro 7.0." This preliminary analysis showed that the cathepsin
binding site does not significantly change in the bound or native
forms, and we therefore decided to investigate the binding properties
of the RAPTA complexes by employing 1IPP to model the structure
of the cat B binding site.

The protein structure employed in the docking calculations was
obtained using the Protein Preparation module implemented in the
Maestro graphical interface. This procedure is used to obtain an
all-atom force field consistent protein structure from the corre-
sponding PDB structure by essentially adding hydrogen atoms,
removing the cocrystallized water molecules, and setting the
ionizable residues in the form expected at physiological pH. In
particular, the Cys29 and the His119 residues, within the active
site, were set in the ionized forms.

The structures of the RAPTA complexes were drawn with
Maestro 7.0 and subsequently optimized through DFT calculations
at the BALYP/LACVP#** level of theory >*°? using the Jaguar suite
of programs.**

Among the several possible conformations originated by rotation
of the arene ring around the metal—centroid bond, we considered
only those with the most hindered benzene substituent, namely,
the (CH),OH in 7 and 9 and isopropyl in 5, at the maximum
distance from the pta ligand. This choice corresponds to the most
stable conformation and allows the extended conformations of these
ligands to be obtained and, from a graphical inspection, to better
fit the cat B binding site.

The complexes minimized with the above DFT procedure were
docked into the cat B binding site by means of Gold 3.0.1.%° The
region of interest used by Gold was defined as a 15 A sphere around
the Cys29 sulfur atom. Metal coordination in GOLD is modeled
as “pseudohydrogen bonding” in which the metals can be considered
to bind to H-bond acceptors and the metal will compete with the
H-bond donors for interaction. The ruthenium ion was set as a
tetrahedral atom; the docking program recognized the coordination
of the chloride, the pta, and the arene ligands, and then in order to
satisfy the pseudotetrahedral geometry, the missing coordination
position was used as a fitting point binding to the cysteine sulfur
atom. In order to simulate the formation of a covalent bond between



6780 Journal of Medicinal Chemistry, 2008, Vol. 51, No. 21

the ruthenium atom of the docked RAPTA complexes and the S
atom of Cys29, a distance constraint of 2.00 A (minimum) — 2.60
A (maximum) was applied between these two atoms centered
around an average Ru—S distance of 2.20—2.40 A.>° A van der
Waals radius of 0.7 A was used for the Ru(II) ion, and then that of
the Cys29 S atom was reduced to 1.50 A to allow full compatibility
with the distance constraints. All the other parameters were used
as Gold default values, and the complexes were submitted to 10
genetic algorithm runs using the GOLDScore fitness function.
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