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Abstract

The well-developed synthetic chemistry of ruthenium, particularly with ammine, amine and imine ligands, provides for many
approaches to innovative new metallopharmaceuticals. Advantages of utilizing ruthenium am(m)ine complexes in drug development
include, (1) reliable preparations of stable complexes with predictable structures; (2) the ability to tune ligand affinities, electron
transfer and substitution rates, and reduction potentials; and (3) an increasing knowledge of the biological effects of ruthenium
complexes. Many Ru(Il) and Ru(IIl) am(m)ine complexes selectively bind to imine sites in biomolecules. Collectively, these lend
ruthenium complexes to redox-activation and photodynamic approaches to therapy as well as the development of radio-

Abbreviations: Ade, A, adenine; 5’AMP, adenosine-5-monophosphate; bpy, 2,2"-bipyridyl; bzac, 1-phenylbutane-1,3-diketonate; CD, circular
dichroism; cdta, 1,2-cyclo-hexanediaminotetraacetate; chrysi, 5,6-chrysenequinone diimine; CT-DNA, calf thymus DNA; Cyt, C, cytosine; 5'-CMP,
cytidine-5-monophosphate; Cp, cyclo-pentadienide; cyclam, 1,4,8,11-tetraazo-cyclo-tetradecane; dppz, dipyrido[3,2-a:2’,3’-c] phenazine; en,
ethylenediammine; 9EtGua, 9-ethylguanine; GSH, glutathione (y-glutamate—cysteine—glycine); 5-dGMP, deoxyguanosine-5-monophosphate;
Gua, G, guanine; dGuo, guanosine; dGuo, dG, 2’-deoxyguanosine; Hyp, hypoxanthine; Icyt, isocytidine; ICR, imidazolium trans-tetrachloro-
bisimidazoleruthenium(III); Imm, imidazole; Ind, indazole; Isn, isonicotinamide; Me, methyl; Et, ethyl; mgp, Methylguanidinium phenanthroline;
7MeGua, 7-methylguanine; 1MeGuo, 7-methylguanosine; 7MeHyp, 7-methylhypoxanthine; 6MelCyt, 6-methylisocytosine; 1,3Me,Xan ™,
deprotonated 1,3-dimethylxanthine; MM2 molecular mechanics 2; NAMI, Na[rrans-(Me,SO)(Im)Cl,Ru]; NAMI-A, ImH[trans-
(Me,SO)(Im)ClyRu]; NHE, normal hydrogen electrode; 8-OG, 8-oxo-guanine; 8-Oguo, 8-oxo-guanosine; PIH, pyridoxal isonicotinoyl hydrazone;
quin, 8-hydroxyquinoline; Ox, oxalate; pdta, 1,2-propylenediamminetetraacetate; phen, 1,10-phenanthroline; py, pyridine; Pyr, pyridine derivative;
SSCE, standard saturated calomel electrode; 5'-TMP, thymidine-5'-monophosphate; 5'dTMP, deoxythymidine-5’-monophosphate; tpy, 2,2":6",2"-
terpyridine; Tf, transferrin; TfR, transferrin receptor; trien, triethylenetetraammine.
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pharmaceuticals containing one of several radionuclides of ruthenium. Ruthenium red and the related Ru360 strongly inhibit
calcium ion uptake in the mitochondria. A number of ruthenium compounds with anticancer activity appear to penetrate tumors
through a transferrin-mediated process and bind to cellular DNA following intracellular activation by reduction. Ruthenium
complexes exhibit both nitric oxide release and scavenging functions that can affect vasodilation and synapse firing. Simple
ruthenium complexes are unusually effective in suppressing the immune response by inhibiting T cell proliferation. © 2002

Published by Elsevier Science B.V.
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1. Introduction

Along with an increased understanding of metallo-
protein function and some excellent models of metal ion
active sites [1], recent advances in understanding how
naturally-occurring metal ions are delivered to these
active sites and how metal ions are involved in some
diseases indicate new roles for metal ions in therapeutic
strategies [2]. The current array of successful metallo-
pharmaceuticals, which include the platinum anticancer
drugs [3-9], radiodiagnostic agents that contain **™Tc
and other radionuclides [10,11], Gd(III) MRI agents
[12,13], B-emitting radiotherapeutic compounds [14],
complexes involving vanadium [15—17] as an insulin
mimic and Cr(IIl) as an intermediary in activating
insulin receptors [18,19], all indicate the utility of
complexes as both therapeutic and diagnostic agents.

Most of these metal-containing pharmaceuticals have
been developed in academic laboratories or by relatively
small or ‘start-up’ pharmaceutical enterprises [15,20—
22]. The very success of pharmaceutical chemists in
synthesizing broad ranges of carbon-based compounds
tends to eliminate less common elements from their
synthetic programs. The lack of experience of traditional
medicinal chemists and pharmacologists in dealing with
biologically active metal complexes poses a substantial
activation energy barrier to their identifying active metal
complexes and shepherding them to the clinic. These
factors coupled with a tendency of pharmaceutical
houses and government screening programs to view
transition metal ions as toxic ‘heavy metals’ (despite the
body’s utilization of gram quantities of Fe, Cu and Zn)
retards the development of metallopharmaceuticals. On
the other hand, this also provides enterprising transition
metal chemists with opportunities pioneer the develop-
ment of exciting new drugs.

While the statistical success of metal-based com-
pounds in reaching the clinic through the NIH antic-
ancer screening program is about the same as for
carbon-based compounds (1 in 6000 tested), the move-
ment of new transition metal chemotherapeutic agents

toward the clinic has been slow. Keppler has pointed out
the inherent bias in testing antitumor metal compounds
in cell and animal systems, which are sensitive to
cisplatin, and the difficulty in formulating metal com-
plexes, particularly those with low solubility [23].

The synthetic chemistry of the transition metal,
ruthenium is well developed, particularly with ammine,
amine and imine ligands, and provides for many
approaches to innovative new metallopharmaceuticals.
Due to strong ligand-field stabilization, the more
common oxidation states (Ru(Il), Ru(IIl), and
Ru(IV)) in aqueous solution are usually octahedral
and are often fairly inert to ligand substitution. The
drug-like effects of ruthenium red, which has been used
as a cytological stain for over a century, have long been
known. Advantages of utilizing ruthenium am(m)ine
complexes in drug development include, (1) reliable
methods of synthesizing stable complexes with predict-
able structures; (2) the ability to tune ligand affinities,
electron transfer and substitution rates, and reduction
potentials; and (3) an increasing knowledge of the
biological effects of ruthenium complexes.

Collectively these lend ruthenium complexes to redox-
activation and photodynamic approaches to therapy as
well as the development of radiopharmaceuticals con-
taining one of several radionuclides of ruthenium [24—
32]. Finally, many am(m)ine complexes of Ru(Il) and
Ru(I1) complexes of ruthenium tend to selectively bind
to imine sites in biomolecules, which (as opposed to
amine sites) do not protonate at neutral pH, thereby
leaving their nitrogen lone pairs available for metal ion
coordination. Consequently, ruthenium complexes often
selectively coordinate histidyl imidazole nitrogens on
proteins [33—35] and the N7 site on the imidazole ring of
purine nucleotides, and so can take advantage of the
properties of proteins, oligonucleotides and nucleic acids
to target specific tissues [36]. Thiolato complexes are
also possible, but these are often kinetically unstable
[37], particularly in air [38]. Complexes with flavins and
pterins are also known [39-41], but tend to be photo-
chemically unstable.
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2. Anticancer compounds

2.1. Activation by reduction

Due to the octahedral structure of Ru(II) and Ru(III)
complexes as opposed to the square-planar geometry of
Pt(II), ruthenium antitumor complexes probably func-
tion in a manner differently than cisplatin, which
appears to bend DNA by crosslinking adjacent Gua
thereby causing a class of DNA binding proteins to
adhere to the site [4,5,8]. In what has become known as
the ‘activation by reduction’ hypothesis, we suggested
that Ru(IIl) complexes may serve as prodrugs that are
activated by reduction in vivo to coordinate more
rapidly to biomolecules [42—44]. Since tumors rapidly
utilize oxygen and other nutrients and the development
of new blood vessels (known as neovascularization or
angiogenesis) often fails to keep pace with tumor
growth, there is usually a lower O, content (hypoxia)
in tumor cells [45-49]. Consequently, cancer cells
depend more on glycolysis for energy and generate an
excess of lactic acid, which lowers the pH in tumor cells
[50]. Due to these metabolic differences, the relative
electrochemical potential inside tumors is generally
lower than in the surrounding normal tissue, particu-
larly at the center of the tumor [51]. These differences in
tumor relative to normal cell metabolism should favor
the production of Ru(Il) relative to Ru(IIl) in tumors,
compared with normal tissue.

In the absence of n-bonding effects, the lower charge
on Ru(Il) would cause it to be more actively substituting
than Ru(IIl) in a similar coordination environment. As
reduction of Ru(III) to Ru(Il) fills the d, (t,,) orbitals,
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Fig. 1. DNA binding for ruthenium anticancer complexes as a
function of hypoxia. Correlation between the amount of Ru bound
to DNA at [Ru]=10 pM and log[PO,]. Circle points, cis-
[Cl,(NH3)4Ru]Cl (CCR); square points, [ImH]srans-[(Im),Cl4Ru]
(ICR). Curves are fitted to exponential lines [59].

n-donor ligands that coordinate firmly to Ru(III) are no
longer able to do so with Ru(II) and bind less strongly.
In the case of Ru(I) am(m)ine complexes, acido ligands
are lost fairly rapidly (k=1-10 s~ ') [52,53]. This
coupled with the expected higher [Ru(II)]/[Ru(III)] ratio
in tumor cells should lead to increased intracellular
binding and hence somewhat selective tumor toxicity.
Glutathione (GSH) and a number of redox proteins are
capable of reducing Ru(III) complexes in vivo [54].
Single-electron-transfer proteins, which exist in both the
mitochondrial electron-transfer chain and in microso-
mal electron-transfer systems, can also reduce Ru(III)
with the microsomal proteins being the more efficient
for [CI(NH5)sRu]** [54]. In addition, ammineruthe-
nium complexes can also be reduced by transmembrane
electron transport systems, so that it is not necessary for
the complexes to enter cells in order to be reduced [55].
Oxidation of Ru(II) back to Ru(IIl) can occur by
molecular oxygen [56], cytochrome oxidase [56—58],
and other oxidants, but this is relatively less likely to
occur in hypoxic tumor cells. The effect of hypoxia in
increasing DNA binding and thereby enhancing the
toxicity of the anticancer agents cis-[Cl,(NHj3)4Ru]Cl
(CCR) and (ImH) trans-[(Im),Cl4Ru] (ICR) against
HeLa cells has been clearly demonstrated (see Fig. 1)
[59]. There is also evidence that the first ruthenium
compound to enter clinical trials, Na{trans-
[Cl4(DMSO)(Im)Ru]} (NAMI), is activated by reduc-
tion [60,61].

2.2. Active Ru(Il) complexes

While the modest antitumor activity of Ru(II) com-
plexes such as cis-ClL,(DMSO),;Ru were studied rela-
tively early [62,63], significant activity has been seen
only recently with Ru(Il) complexes stabilized with
heteroaromatic ligands [64—66]. The isomer of cis-
[Cly(azpy)>Ru] (azpy = 2-(phenylazo)pyridine) with C,
symmetry exhibits substantial activity against several
cell lines [67,68]. Possible reasons for this are, (1) the
decrease in the rate of chloride aquation due the =-
acceptor effect of the imine ligands increasing the
effective charge on the metal ion so that the hydrolysis
rates are in the range of cisplatin; (2) increased hydro-
phobic or intercalative interactions with DNA, which
may facilitate covalent binding; (3) geometric effects
exerted by the ligands, which may facilitate (or inhibit)
protein binding to the nucleic acid.

Arene ligands stabilize Ru(Il) and provide a hydro-
phobic face that may enhance recognition and transport
through cell membranes and at least one such complex
inhibits topoisomerase II, which is essential in cell
division. Topoisomerase II (DNA gyrase) activity is
inhibited by what is reported to be [Cl,(Me,-
SO)(Cg¢Hg)Ru(Il)], but not by [(saldox),Ru(Il)] (sic),
where sal = salicylaldoximate [69]. Topoisomerase 11
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alters the topological properties of DNA, thereby help-
ing to maintain the structural organization of the
mitotic chromosomal scaffold in the replication, tran-
scription, recombination, and segregation of chromoso-
mal pairs during cell division [69,70]. As these roles are
particularly important in proliferating cancers, selec-
tively targeting topoisomerase I could inhibit neoplastic
cells division and possibly induce apoptosis by frag-
menting DNA. At the low halide concentration inside
the cell, [Cl;(Me,SO)(CgHg)Ru(I1)] likely exists as fac-
[(H,0)3(CsHg)Ru(Il)] and so might function analo-
gously to fac-Cl3(NH3)s;Ru (see below).

Piano-stool organometallic complexes of the type
[X(n®-arene)(en)Ru(Il)] ", where arene is benzene or
substituted benzene, en is ethylenediamine or N-ethy-
lethylenediamine, and X is a halide, inhibit the growth
of the human ovarian cancer cell line A2780, but do not
inhibit topoisomerase I or II [71]. Several complexes of
this type are as active as carboplatin, but are not as
active as cisplatin. Hydrolysis of the reactive Ru—X
bond is essential for activity, and Ru—Cl hydrolysis can
be suppressed by chloride ions. In solution, [Cl(n%-p-
cymene)(en)Ru(I)]* binds selectively to Gua bases on
DNA oligonucleotides to form monofunctional adducts
and slightly lowers the DNA melting temperature [69].
Since these complexes are monofunctional, their biolo-
gical mechanisms are probably different from either the
cisplatin or NAMI types of drugs.

The complex [Cl(terpy)(tmephen)Ru]™* (tmephen =
tetramethylphenanthroline) binds predominantly at
DNA purine sites and inhibits cell growth, which also
appears dependent on the lability of the chloride [72].
Complexes of the type [L(bpy),Ru(I)]", where L
represents the antimitotics colchicine (Col) and tri-
methylcolchicinic acid (Tmca), in which coordination
appears to involve an anionic tropolone ring on the
ligands, exhibit activity ca. the same as the free ligands.
Since the complexes do not appear to dissociate in
solution, the activity against human chronic myelogen-
ous leukemia (K562) and human colon adenocarcinoma
(COLO 205) was ascribed to the intact complexes [73].

2.3. Transferrin transport

Ruthenium ammine and imine complexes, such as
[(HO)(NH3)sRu(ID]**,  [CINH3)sRul**  rrans-
[(Im),Cl4Ru] ™ and trans-[(Im)(DMSO)CI4Ru] ™, bind
readily to surface accessible histidyl imidazole nitrogens
on a number of proteins. In the blood, albumin and
transferrin are responsible for most binding [34,35] and
transferrin appears to facilitate its entry into cells [74].
However, both the kinetics and equilibria of ruthenium
uptake and release are highly dependent on the complex
involved. As expected on the basis of the relative pK, of
the ligands, ruthenium binding to imidazoles on protein
surfaces is greater than to Gua on DNA [34,37,75,76].

The elevated requirements of tumor cells for nutrients
coupled with their higher membrane permeability and
angiogenesis with associated increased blood flow result
in both specific and nonspecific uptake of metallophar-
maceuticals. Specific intake for several metal ions
appears to be mediated by transferrin [77—79]. Trans-
ferrin is a glycoprotein of ca. 80 kDa [80] and consists of
a single polypeptide chain, arranged in two similar
lobes. Each lobe binds one Fe** through two tyrosines,
a histidine, an aspartate and a bidentate carbonate [81].
Release of Fe* ™ from transferrin is induced at low pH,
which may involve protonation of the histidine ligand
and/or a pH-induced change in hydrogen-bonding
between lysines in the N-lobe [82].

Tracer studies with '®>RuCl; were an early indication
of substantial transferrin (Tf) binding [74,83,84], and
injection of '“*Ru(II)-Tf demonstrated high tumor
uptake [74,84,85]. The diaqua intermediates of
Na{trans-[Clu(DMSO)(Im)Ru]} and its indazole analo-
gue bind to the iron binding site of apotransferrin with a
2:1 stoichiometry with the heterocycles remaining at-
tached. The Im—Ru-DMSO core can be reversibly
removed with citrate [86—89].

In contrast, citrate alone does not remove the metal
ion from [(NH3)sRu(Ill)],Tf. However, following re-
duction in the presence of GSH or citric acid about half
of the Ru is displaced. Unlike Tf—Fe(III/II) [90], the Tf—
Ru(ITI/IT) reduction potential should be biologically
accessible. Such reduction should facilitate release of
Ru from histidine sites on Tf particularly in the lower
pH of tumor tissue or the Tf endosome (pH 5.6) [91].

In addition to the histidines in each of the two iron
binding sites, human Tf contains 17 other accessible
histidines [92,93], which also appear to serve as potential
binding, lower-affinity, sites for Ru(II) and Ru(III). The
histidines in the Fe binding sites appear to have a high
affinity for Ru(III), while the solvent exposed, surface
histidines exhibit a lower affinity [89]. Approximately 6—
8 of the accessible histidines bind [(H,O)(NHj3)s-
Ru(ID)** [92].

Binding of the antitumor agent, trans-[Cly(Im),Ru] ",
to apotransferrin takes several hours, while trans-
[Cly(Ind),Ru] ~ takes only a few minutes [94]. Both
also bind to surface histidyl imidazoles on albumin in
the blood [95] as does NAMI [35]. Hydrolytic inter-
mediates are formed in buffer solution and the carbo-
nato complex may be taken into the protein [95].
Crystallographic data shows that trans-[Cly(Im),Ru] ™~
binds to a histidine at both iron binding sites [87—89].
While carbonate assists binding [95], the refined crystal
structure of trans-[(Ind),Cl4Ru]~ exhibits no evidence
of carbonate binding [89]. Holotransferrin loaded with
2, 4 or 8 Ru—Tf of trans-[(Ind),Cl4Ru]~ was ca. 8§0-fold
more effective at inhibiting the growth of SW707 human
colon cancer cells in culture on a molar basis than the
Ru complex alone [96]. Efficacy was independent of
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ruthenium loading and decreased when Ru-apotransfer-
rin was used [96]. While the binding of ruthenium to
both iron-binding and surface accessible histidyl imida-
zoles was taken to be quantitative in cytotoxic studies
with trans-[L,Cl4Ru]™ [96], the estimated net affinities
of pentammineruthenium ions for imidazole sites on Tf
are only 10°~10° M~ ' [97].

Binding the ammineruthenium complexes to Tf and
Fe,Tf had relatively little effect on the amount of
nuclear cellular DNA binding at the ruthenium ICs,
concentrations [97]. On the other hand, an order of
magnitude higher DNA binding was required to achieve
50% inhibition of growth compared with those of cis-
[CI,(NH3)4Ru]Cl and (ImH)trans-[(Im),Cl4Ru] against
HeLa cells ([Rulona/[Plona =0.3 x 1073 and 0.4 x
103, respectively, 24 h incubation) [59]. This difference
in the amount of [Ru]pna/[Plona required for ICsq cell
toxicity may be related to the increase in the ICs, values
for cis-[Ru(Cl,(NH3)4]Cl between the HelLa (3.5 pM)
[59] and Jurkat T, (190 uM) cell lines [97]. On the other
hand, the ICsq toxicity of (ImH)trans-[(Im),ClyRu]
remained essentially the same between the two cell lines
(2.0 uM, HeLa and 1.3 uM, Jurkat); but also required
an order of magnitude higher [Ru]pna/[Plona (0.20,
HeLa and 2.2-4.9, Jurkat) [59,97]. Since the amount of
Ru bound to nuclear Jurkat cell DNA required for 50%
inhibition of growth was in the same range for all
complexes studied, but was achieved at much lower
media concentrations of (ImH)#rans-[(Im),CIl4Ru], the
difference in toxicity between cell lines may have to do
with a cellular uptake and release mechanism in Jurkat
cells that better utilizes the higher affinity and reversible
release of the imidazole complex by Tf.

In contrast to the quantitative removal of the metal
from Cl3(Im),Ru—Tf by citrate at low pH [87], neither
Ru(IIl) ammine complex dissociated from Tf under
these conditions. When a 100-fold excess of citric acid
(pH 3.5, under argon over Zn—Hg amalgam, 24 h,
23 °C) was used to remove Ru from apotransferrin
complexes under reducing conditions, ca. 50% of the
original amount of [(NH3)sRu—] and 36% of the original
amount of cis-[(NH;3)4Ru—] were removed.

An 80-fold increase (per mole of Ru) in toxicity is also
seen for the apotransferrin form of [(NHj3)sRu(II)[,Tf
against Jurkat T,, cells; however, no increase in activity
was observed for cis-[(NH3)4Ru(IIl)] coordinated to
either apo- or holotransferrin [98]. Inhibition of HeLa
cell growth in tissue culture increased with added Tf for
both cis-[Cl,(NH;3)4Ru]Cl and (ImH)zrans-[(Im),ClyRu]
[59]. Since they are preferentially taken into tumor cells,
Ru-Tf complexes may provide a new family of less toxic
and more effective antitumor agents. The enhanced
toxicity of trans-[(Im),Cl4Ru]~ relative to cis-
[CI,(NHj3)4Ru(IIl)] against some cell lines may be due
to the former’s greater uptake by Tf in the blood and
more efficient release in the low-pH Tf-receptor vesicle

inside the cell, rather than greater DNA binding for the
same concentration within the cell or generating more
effective DNA lesions. While efficient uptake of Ru by
Tf and intracellular dissociation from it appears to be
necessary, it is also possible that the differences in
cytoxicity and DNA binding between the pentaammine
and frans-imidazole complexes among cell lines results
from metabolic differences other than differences in the
Ru uptake through the Tf receptor [97].

2.4. Covalent DNA binding

Relatively ‘soft’ transition metal ions such as Ru(II)
and Ru(Ill) tend to bind to nitrogen sites on DNA
bases. In the case of [L(NHj3)sRu(II)], essentially all N-
bound types of linkage isomers have been isolated and
spectroscopically [36,99—-103] and structurally charac-
terized (see Fig. 2). Linkage isomers are restricted by the
sugar in nucleosides, so that N’ coordination is most
frequently observed in purine nucleosides. When this
restriction is lifted nearly all linkage isomers are
obtained. The rate of the pH-dependent linkage iso-
merization between the N3 and N9 sites of Hyp (see Fig.
2) follows the rate law —d[N3)/ds = (k\[H " ]+koKy,)/
([H*]+K,)[N3], where [N3] is the concentration of
[Hypx™*(NH3)sRu(III)], ky=125x10"% s
ko=22x10"% s7! and pK, 4.82 [99,101]. Stable
exocyclic linkage isomers have been obtained with
cytosine, adenine (Ade, A) and related derivatives
[100,102,104,105]. The single exception appears to be
coordination to the exocyclic N* of Gua.

Since cationic metal complexes have an electrostatic
attraction to polyanionic nucleic acids, the rate of
nucleic acid binding of 'Gk"N7  sites by
[(H,O)(NH;)sRu(ID]* ™ proceeds fairly rapidly and is
strongly dependent on ionic-strength [76]. In DNA, a
second reactive phase probably has to do with coordi-
nation of interior sites exposed upon separation of the
nucleic acid strands [75]. The affinity binding constants
of [(H,O)(NH3)sRu(ID]* ™ are 5100 and 7800 M~ for
helical and single-stranded CT-DNA, respectively [75].
Binding to RNA is somewhat lower, probably because
the additional sugar oxygen has a modest effect on the
basicity of the purine N7 [76].

Unlike [(H,O)(NH3)sRu(IDJ* ™ [75], covalent binding
of trans-[(H>O)(py)(NH3),Ru(I)]** to DNA is Gk’-
specific [106], with Kg =1 x 10* M~ ', Pyridine ligands
(Pyr) slow DNA binding by trans-[(H,O)(Pyr)-
(NH;3),Ru(ID]*™ relative to [(H,O)(NH3)sRu(ID]**
and favor the Ru(III/IT) reduction by about 150 mV
[106]. The air oxidation of [(py)(NH;3)4Ru(1l)], —-DNA
to [(py)(NH;3)4Ru(IIl)],-DNA at pH 6 occurs with a

' The indicator «, as in Gk’, denotes the coordinating atom when
linkage isomers are possible.
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Fig. 2. Structures of (A) [(Hypk’)(NH3)sRu]** showing the typical N7 coordination of many transition metal ions at the N7 of a purine [101]; (B)
[(7MeGuak’)(NH3)sRu]’*, depicting one of the linkage isomers present when N9 is also available for bonding [36]; (C) cis-
[Clx(1,3,7Me;Xank®)(NH;);Ru]* * illustrating an unusual carbon-bound form of caffeine bound to ruthenium; and (D) [(1MeCytx™*)CI(NH;)Ru]**

portraying binding to an ionized exocyclic amine.

pseudo first-order rate constant of 5.6 x 10~% s~ ! at

#=0.1 and 25 °C [106]. Stabilization of Ru(Il) by
pyridine ligands also promotes the disproportionation
of Ru(Ill) to the corresponding complexes of Ru(Il)
and, presumably, Ru(IV), which facilitates both hydro-
lysis and autoxidation for both monomers and DNA
[103]. Surprisingly, the rate limiting step in the hydrox-
ide-dependent disproportionation pathway is not elec-
tron transfer between Ru(III)’s, but deprotonation of an
ammine.

In the anticancer complex, trans-[Cly(Im),Ru]” (ICR),
aquation occurs stepwise by sequential loss of two
chlorides at an initial rate of 9.6 x 10~ % s~ ! at 25 °C
and 5.26 x 107> s~ ! at 37 °C [107]. The formation of
blue-green (Amax =585 nm) precipitates in serum and
physiological buffer suggest that hydrolyzed forms
anate to form carbonato or carboxylato species [95].
After hydrolysis, ICR may cross link Gk’ sites on DNA
with histidyl imidazoles on proteins [108]. The surpris-
ingly high reduction potential of trans-[Cly(Im),Ru] ™
(—0.24 V) may allow in vivo reduction [107], which
would cause the chlorides to dissociate more rapidly,

and an activation by reduction mechanism has been
postulated [108,109]. It may be that a hydrido inter-
mediate is responsible for the high E°, which may
account for the rapid reaction between trans-
[Cl4(Im),Ru] ™~ and GSH [108].

In complexes such as [(Cytx™*) ™ (NH;)sRu(IID]* ",
the Ru(IIl) coordinates to the exocyclic amine and
rotates around the N4—C4 axis. Since such coordination
forces the unusual imine tautomeric form, the relative
stability of the two rotational isomers is a function of
pH, with the rotamer shown in Fig. 3 being stabilized
above the pK, ( ~ 3.2) by hydrogen bonding to N3. Figs.
3 and 4 illustrate the types of redox-dependent linkage
isomerization and pH-dependent rotamerization that
can occur in [L(NH;)sRu(II)], where L is a ligand with
a ring imine nitrogen adjacent to an exocyclic ammine,
such as 2-aminopyrimidineadenine (as illustrated in Fig.
3), Ade, Cyt, or isocytosine (as illustrated in Fig. 4). Due
to the difference in distance between the metal ion and
the ionization site, the rotamers in cytidine and adeno-
sine complexes exhibit different pK,. The interconver-
sion may be facilitated by proton dissociation and very
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| Ru'(NH3)s R (NHs)s

Fig. 3. Redox-dependent linkage isomerization of [(2AmPymx™!)-
(NH3)sRu(ID** and [(2AmPymik™?)(NH3)sRu(IID]P*™ and pH de-
pendent rotamerization. The linkage isomers exhibit distinct reduction
potentials and the rotational isomers display distinct "H-NMR signals
[104].

rapid rotation rates (3000—-6000 s~ !, T=25 °C) are
evident with small activation values (AH* ~ 1.6 kcal)
[104]. The k™2 to k™! linkage isomerization rate for the
2-aminopyrimidine complex following reduction to
Ru(I) is 3.0 s~ ' at 23 °C [104].

Full  structural  characterization  of  trans-
[Clz(dmtp),>(9-MeAde)Ru] (dmtp = 5,7-dimethyl[1,2,4]-
triazolo[1,5-a]pyrimidine; 9-MeAde = 9-methyladenine)
also reveals the Ru(IIl). coordinated through the
exocyclic N6 nitrogen. Two intramolecular hydrogen
bonds stabilize the coordination of the neutral-ligand
Ade with the proton at N1. This complex exhibits a
surprisingly short C6—N6 distance (1.293 A) [105].

Imidazolylidine (C*-coordinated) complexes form
spontaneously with xanthine ligands [36,110] and have
been induced by chelation through a pendant amine in
[CLL(DMSO)Ru] L =9-[2-(2-aminoethylamino)ethyl]-
Ade).

(NH3)5RL\ /j

Nk

NH35
PKa1(Rna)  -H* H* l H*  PKai(Ry1)
'O o
N
(NHg)R ‘ J\
L\N AN N
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Ru (NHa)s
PKaaRN3)  -H* -H* H*  PKaARny)

(NHg)kRu J:ﬁj

Fig. 4. Rotameric, tautomeric and ionization equilibria of
[ICyt™N*(NH;)sRu(IID]** [104].

Nk

NHa)s

2.5. DNA damage generated by covalently bound Ru

Ru(IIl) functions as a general acid in promoting
the hydrolysis of the N-glycosidic bond in
[(dGxN)(NH;)sRu(II)] (11, = 1.5 days, 56 °C, pH 7)
[111]; however, this has not been observed on DNA [75].
Ru(III) N7-coordinated to nucleosides also facilitates
their base-catalyzed air oxidation to 8-oxo-nucleosides
[36,112]. This reaction probably proceeds by hydroxide
attack at C8 induced by Ru(I1l) followed by sequential
single-electron transfers via the Ru to oxygen. Following
autoxidation, the glycosidic bond undergoes base-cata-
lyzed cleavage; however, this also has not been observed
to cleave DNA [75]. Autoxidation is hindered by the
electron-donating amine at C2 and proton ionization of
N1 [30,36].

Ruthenium(IV) at Gk"’ on DNA is a stronger

general acid catalyst, which also better facilitates Gua
autoxidation. A convenient route to Ru(IV) on DNA is
through the disproportionation of [py(NH3)sRu(III)] to
Ru(IT) and Ru(IV) [103,113]. Following the dispropor-
tionation of trans-[Guox™(py)(NH3),Ru(II)], the ap-
pearance of trans-[Guak™ (py)(NH;)4Ru(III)] and free
ribose is consistent with general acid hydrolysis of the
glycosidic bond induced by Ru(IV), which is subse-
quently reduced. In the presence of oxygen, trans-[8-
OGuox™'-
(py)(NH3)4Ru(I1T)] is also detected [103]. In contrast to
the monomer, the Ru-induced autoxidation of Gua on
DNA is favored over N-glycolysis by a factor of 1.7 at
pH 11 and 25 °C. Under these conditions, a dynamic
steady-state arises in which reduction of Ru(IV) pro-
duces additional Ru(Il)-Gpna, Which is air-oxidized to
Ru(II1)-Gpna followed by disproportionation back to
RU(II)*GDNA and RU(IV)*GDNA. The RU(IV)*GDNA
can hydrolyze to give Ru—G or undergo autoxidation to
yield Ru-80G products. This dynamic system slowly,
but catalytically, damages DNA [106].

Strand cleavage of plasmid DNA can also occur by
Fenton, Haber—Weiss or oxo-metal ion chemistry for a
number of ruthenium(IIl) ammines. However, the
covalently bound metal in [(NH3)sRu(IIl)],—DNA is
fairly inefficient at generating oxygen radicals [75].
Surprisingly, base-catalyzed cleavage by covalently
bound [Cl(py)(NH;3)4Ru(III)] is more efficient than O,
activation, even at neutral pH [106].

The A-enantiomer of cis-[Cly(phen),Ru(Il)] selec-
tively associates with B-DNA through electrostatic and
hydrophobic interactions before coordinating, presum-
ably at Gk’ and a number of mono- and diaqua
polypyridyl complexes of Ru(Il) covalently bind to
DNA, but at a relatively low level [114,115]. Interstrand
crosslinking has also been suggested for cis-diaqua
polypyridyl complexes [116]. Covalent binding of mer-
[Clz(tpy)Ru] to DNA occurs with about 2% interstrand
cross-linking, presumably through frans-(Gk™), coor-
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dination, which may be responsible for its antitumor
activity [117]. A series of complexes with thiazole and
phosphine ligands has been prepared for testing and the
structure of mer-[Cl5(thz);Ru], (thz = 1,3-thiazole) has
been determined.[118,119].

The complexes trans-[CI(SO,)(NH;),Ru] © [120], mer-
[C15(Me,SO)sRu], trans-[Cly(Me,SO),Ru] —, and mer,-
cis-[Cl3(H,0)>,(Me>SO)Ru] all produce DNA inter-
strand crosslinks [121]. Adjacent intrastrand Gik™'—
Gk crosslinks with cis-ruthenium ions may be possi-
ble, but are sterically more crowded by the octahedral
geometry  [65,122—124]. For  example, trans-
[Cl4(Me,SO),Ru]™ reacts with d(GpG) to yield a
macrocyclic chelate with the likely formulation, cis-
[d(GxNpGkN)CI(H,0)(Me,SO),Ru(Il)], in which the
sugars are in anti configurations and the Gua are
destacked in a head-to-head arrangement [125].

The Ru-Pt dinuclear complex, [{cis,fac-(RuCl,(Me,-
SO)3)iu-NH>(CH,)4NHo-{cis-(Pt(NH3)CL)}],  rapidly
loses Me,SO and chloride from the ruthenium center
and crosslinks DNA repair proteins to DNA [126,127].
The DNA lesion responsible for efficient DNA-protein
cross-linking is most probably a DNA-DNA inter-
strand crosslink by the platinum end of the molecule
[127].  Analogous  complexes of the type
[(bpy)>2M(dpb)PtCL]Cl, (where M = Ru(Il) or Os(ID),
and dpb = 2,3-bis(2-pyridyl)benzoquinoxaline)  also
form both intrastrand DNA crosslinks, due to the cis-
CLPt(Il) moiety, and interstrand crosslinks, which are
probably made through the second metal center
[128,129]. Complexes of the type, [(bpy).R-
u(dpb)PtCL,]Cl, covalently bind to DNA through the
Pt but may provide for photochemical effects through
the Ru [129].

2.6. Modulation of DNA binding by glutathione

Glutathione (y-glutamate—cysteine—glycine = GSH)
[130] is present in cells at concentrations of 0.1-10
mM, but is readily oxidized to the disulfide (GSSG,
E° = —0.246 V vs. NHE) [131]. GSH helps protect cells
from: reactive oxygen intermediates, UV radiation, and
heavy metal toxicity [132]. Decreased GSH levels have
been implicated in cytochrome-c¢ escape from the
mitochondria, which is a triggering event in apoptosis
[133]. GSH reduces some metal ions, such as CrOF ~ and
Pt(IV) anticancer drugs [134,135], to species that co-
ordinate or otherwise react with DNA [136-140]. On
the other hand, GSH binding to Pt(II) inhibits DNA
binding and appears to contribute to cisplatin resistance
in tumor cells [141-143]. GSH (0.1 M, pH 6, apparently
in air) rapidly reduces the anticancer complex trans-
[Cly(Im),Ru]~ (E° = —0.24 V), which then dissociates
its imidazole ligands within 1 h GSH coordination of
trans-[Cl4(Im),Ru] ~ followed by electron transfer has
been assumed [108].

Fig. 5. MM2 energy-minimized structure for the peptide portion of
[(GS)(NH3)Ru(II)] ™ illustrating the probable wrapping of the
carboxylates around the metal cation [38,353,354].

The aerobic reaction of GSH with
[CI(NH3)sRu(IID)]** is first order in [GSH] and yields
only [OH(NH3)sRu(II)]* ™ and GSSG. Since GSH only
slowly reduces [CI(NH3)sRu]** under physiological
conditions (t;, = ~ 10 min) and the Ru(II) product is
readily oxidized by air, this mode of activating Ru to
bind to biopolymers by reduction may not be important
in tissues under normal oxygen tensions, but may be in
the hypoxic environment of tumors [54,59]. Since
oxygen also effectively prevents GSH coordination,
this could circumvent some thiol-based resistance to
rutheniumammine anticancer agents.

The anaerobic reaction of GSH with [CI(NH;)sRu]**
proceeds through reduction of Ru(IIl) by GSH to give
[HO(NH;)sRu(I)]**, followed by coordination to
produce [GSH(NH;)sRu(I)]** and then oxidation by
[OH(NH;)sRu(II)** or GSSG to yield [GS(NH3)s-
Ru(IIl)]* (Fig. 5) [38]. The reduction potential
of [(GS)(NH3)sRu(Ill)] is pH dependent with: E=
E°—0.59 log{K./(H']+K,}, where E°=—0.44 V
and pK, =7.1.

Depending on its relative concentration, GSH both
facilitates and inhibits ruthenium binding to DNA. At
[GSH)/[Ru(IIl)] <1, the coordination of [CI(NHj3)s-
Ru(IID]* ™ to DNA is facilitated by GSH reduction to
the more substitution-labile [H,O(NH3)sRu(IT)**.
However, at [GSHJ/[Ru(IIl)]>1, DNA binding is
inhibited by GSH, which coordinates the Ru(II) and
facilitates oxidation back to Ru(III) because of the low
E° of [GS(NH3)sRu(III)]". Consistent with this is the
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increased toxicity of [CI(NH3)sRu]* " to Jurkat T-cells,
when GSH levels are suppressed [38].

Inhibition of DNA binding by GSH is most evident at
Gx™" and GSH removes most of the metal ion from
Gk™ sites on DNA. It is less effective in preventing
binding or removing the metal from Ax™® and Cx™
sites owing to the lower Ru(IIL,IT) reduction potential
[100], when the metal ion is attached to the exocyclic
ammine of these ligands [102]. The ability of Ade to
provide strong n-binding sites for both Ru(II) (N1) and
Ru(III) (ionized N6) may account for its maintaining
ruthenium binding even at high [GSH]. Such altering of
DNA binding at physiological concentrations of GSH
may have a significant effect on the mechanism of
ruthenium antitumor compounds by favoring A and C
binding over G [38], but speciation of nuclear DNA with
respect to Ru-binding has not been determined.

Since GSH partially removes ammineruthenium(III)
ions from Tf, NH; from [(NH3)sRu]> ™ and pyridine (py)
from [py(NH;3)sRu]** to form [GS(NH3)sRu(IID)] * [38],
it may be involved in the metabolism of many types of
ruthenium pharmaceuticals.

2.6.1. Cytotoxicities of Ru complexes

There appears to be a correlation between cytotoxi-
city and DNA binding for the representative ruthenium
am(m)ine anticancer compounds, cis-[ClL(NH3)4-
Ru(I1D)]Cl, and (HIm)[trans-[(Im),Cl4Ru(IIl)] in cell
cultures [59]. Also consistent with DNA binding in
vivo, a number of ammine, amine and heterocyclic
complexes of ruthenium exhibit: inhibition of DNA
replication [43], mutagenic activity and induction of the
SOS repair mechanism [144], binding to nuclear DNA
[59,145], and reduction of RNA synthesis [146]. EDTA-
type complexes of Ru(Ill) and even Ru(IV) have shown
anticancer activity, apparently through DNA binding
[147,148]. The compound mer-[Ru(terpy)Cls] (tpy =
2,2:6",2"-terpyridine) exhibits antitumor activity mid-
way between those of cisplatin and carboplatin in the
L1210 cell line, which possibly involving interstrand G—
G crosslinks [117].

More recently, Ru(I) complexes have shown good
activity. In particular, the two isomers of cis-[Cl,(az-
py)2Ru] (azpy = 2-(phenylazo)pyridine) are remarkably
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Fig. 6. The a-isomer of cis-[Cly(azpy),Ru] (azpy = 2-(phenylazo)pyr-
idine) [67,68].

different in their cytotoxicities with the a-atropisomer
(with C, symmetry, see Fig. 6) being far more active
than the B-isomer or the (¢rans-head-to-head)) y-isomer
[67,68]. As with cis-[Cly(bpy),Ru], steric constraints
hinder coordination and only monoguanine adducts
have been characterized to date [67]. However in
contrast to the inactive cis-[Cl,(bpy)>Ru] [149], the
more flexible azapy analogue allows for more orienta-
tions for a coordinated Gua, which may allow for
binding of more than one DNA base. Indeed, the
inactivity of B-[Cly(azpy),Ru] may also be due to greater
steric constraints relative to the a-isomer. It is possible
that the details of rotation between the phenyl rings on
the azpy ligands and the rotational flexibility of the Gua
or other DNA base ligands is important to under-
standing the differences in toxicity among the otherwise
structurally similar Ru(II) complexes with polypyridine
ligands [67,68].

While some monoacido complexes, such as
[CH3CH,CO,(NH3)sRu](ClOy), are active, multichloro
compounds such as cis-[ClL(NH3)4Ru]Cl, fac-
[Cl3(NHj3);Ru] [44,150—-152] and  (HIm)trans-
[Cl4(Im),Ru] [153,154] exhibit the best activity against
primary tumors.

Solubility can be enhanced by increasing the number
of chlorides, and trans-complexes of the type
(LH)[Cl4L,Ru] (where L =imidazole or indazole),
which show activity against a number of cancer cell
lines [155-157] are particularly effective against color-
ectal tumors [107,109,153,158—-161]. These and other
multiacido ruthenium(IIl) complexes, particularly di-
through tetrachloro complexes, appear to be trans-
ported in the blood by Tf and albumin (HSA), with
the major portion (80%) binding to the latter
[74,83,84,87,88]. Albumin can bind up to five (hydro-
lyzed) units of [Cl4L,Ru]- [94], which disrupts the
protein a-helical structure. Quenching of the HSA Trp
214 fluorescence is consistent with Ru binding to the
nearby His 242 so as to alter the local structure and
expose Trp 214 to water [162]. Similarly, a substantial
reduction of heme and bilirubin binding is attributed to
Ru-histidine coordination at or near the HSA —heme
binding site. Solubility can be increased by utilizing
dialkylsulfoxide (R,SO) analogs, as in complexes such
as trans-[Cl,(Me,>SO)4Ru], [Cl3(Me,SO),BRu] (B = imi-
dazole or indazole) and Natrans-[Cl4(R,SO),Ru], where
R =methyl and tetramethylene [60,121,163].

Mixed-valent, p-carboxylato complexes of the type, pu-
[(RCO,)4CIRu,] (R =CHj3, CH3CH,) [160], are active
against P388 lymphocytic leukemia [160], possibly by
binding to DNA along the lines of the structurally similar
rhodium complexes. Complexes with p-N,N’-diphenyl-
formamidinate and p-(fluoroanilino)pyridinates have
also been prepared [164—166]. The compound p-
[(FgCC02)4(F3CC02)Ru2] forms CiS-[M-(F3CC02)4M-
(9EtGua)Ru(I),(CH;0H),]* ", where 9EtGua =9-
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ethylguanine, in which the Gua bridge between the two
Ru(IT) atoms in a N7-0O6 head-to-tail fashion [167].

Preparations of ‘ruthenium red’ (see below) bind to
polyanions such as plant pectins and the protective
mucopolysaccharide coat on some tumor cells [168].
Consequently, Ru-red concentrates in tumors [169] and
inhibits tumor growth, perhaps by inhibiting Ca’*
transport [170,171]. The complex p-O-
[(H,0)»(bpy)>Ru(II)],** coordinates to DNA at rela-
tively low levels ([Rulpna/[Plpna =0.02) with low
stereoselectivity, which may favor the AA isomer.
Coordination at this level also stabilizes the thermal
melting of DNA by about 8§ °C and may involve
interstrand crosslinks [116].

Some nitrosylruthenium(I) species may be active by
releasing toxic nitric oxide upon reduction in vivo [172—
174]. The binuclear complex {[Ru(NO)Cl;],(tpada)}
(tpada = N,N,N’,N’-tetrakis(2-pyridylmethyl)adipa-
mide) contains two DNA-coordinating, photo-labile
Ru(Il) centers, and a groove-spanning tether moiety
[175].

2.7. Complexes with EDTA-type ligands

Ruthenium complexes with polyaminopolycarboxylic
chelating ligands constitute a relatively new group of
anticancer compounds [176,177]. The complex
[(H,O)(edta)Ru(II)]*~ coordinates to both the N7
(30%) and N3 (70%) sites on 5-GMP, but the Ru(III)
form binds only at N7. [(5'-GMP)(edta)Ru(III)]" ™ has a
reduction potential of 0.01 V (22 °C), but ionizes a
proton from N1 at a pK, of 7.2, which should cause its
reduction potential to decreases at higher pH [178].

In [Cly(cdta)Ru(IV)], where cdta = 1,2-cyclo-hexane-
diaminotetraacetate, the chlorides are cis to one another
and the carboxylates appear to be labile. The Ru(IV,III)
reduction potential occurs at 0.78 V, while that for the
Ru(ITLII) couple is at —0.01 V [177], so that these
complexes may belong to the class of multi-acido
ruthenium(III) complexes, whose activity involves trans-
port by Tf [34]. The compound, cis-[Cly(pdta)Ru(111)],
where pdta = 1,2-propylendiaminetetraacetate, also
shows good antitumor activity, possibly by cross-linking
Guas on DNA; and a model complex, [(Gua),(pdta)R-
u(IT)], has been isolated. The solid state structure of cis-
[Cly(pdta)Ru(III)] reveals coordination by two nitrogens
and two monodentate carboxylates [148]. In solution,
the chlorides dissociate to produce a number of reactive
Ru(IIl) species; however, the metal ion maintains its
oxidation state as well as the pdta ligand [179]. The
complex rapidly binds to albumin, apotransferrin or
diferric Tf to produce relatively stable adducts in which
(pdta)Ru(I1I) is probably bound to histidines on the
protein surface [34]. Cis-[Cly(pdta)Ru(II)] damages
nuclear DNA, inhibits DNA recognition and DNA lysis
by restriction enzymes [180], alters the conformation of

pHV14 DNA [180], stimulates NADPH oxidase and a
respiratory burst in phagocytic neutrophils, and elicits
phosphorylation of tyrosine residues [147,148].

The complex [(hedta)Ru(I1)] ™ binds to the usual N3
position of pyrimidines, but can also bind in a n*
fashion to C5—C6 [181,182]. A distribution between n'
binding at both N1 and N3 of pyrimidine, which can be
either stereochemically rigid or fluxional, as well as n*
binding is  observed [183]. The  complex
[Ru,(II)(ttha)(DMU),J*~ (ttha = triethylenetetramine-
hexaacetate; DMU = 1,3-dimethyluracil) suggests an
interstrand cross link between uracils [181]. As n*
coordination across C5—C6 raises the Ru(III/11) reduc-
tion potential to ~ 0.5 V, the n>-Ru(II)~DNA adducts
may be stable in vivo. The complex {[Ru(Il)-
(hedta)]»(tpada)}>~ (tpda = N,N,N’,N’-tetrakis(2-pyri-
dyl)adipamide) is being investigated as a DNA cross-
linking agent as an extended bridge between DNA and
proteins [184].

2.8. Complexes with R,SO

The compound cis-[Cl,(Me,SO)4,Ru] exhibits only
marginal antitumor activity, but was the origin of efforts
in the investigation of other diaklysufoxide ruthenium
complexes as anticancer agents. Covalent binding of this
compound to DNA does not significantly affect the
conformation of B-DNA but does increase its thermal
stability. Comparisons with the inactive trans complex
may also be instructive. Trans-[Cl,(Me,SO),Ru] binds
much more rapidly to DNA with greater changes in its
CD spectra, which are attributed to disruption of the
DNA structure due to crosslinking [185]. While indivi-
dual guanosines bind reversibly to trans-[Cl,(Me,-
SO)4Ru] [186] and 5-dGMP forms an N7-PO, chelate
rather than a bis-5'-dGMP complex [65], NMR evidence
suggests the formulation of cis-[d(Gk'pGxk’)Cl-
(H>,O)(Me,»SO),Ru(Il)] [125], in which the sugars are
in anti configurations and the Gua are destacked in a
head-to-head arrangement similar to that of cisplatin
[125]. Both the cis and trans isomers induce the B to Z
transition in poly(dGdC), with the trans complex being
much more effective. DNA extracted from cells, which
were separately treated with each isomer, showed a five-
fold higher content of Ru in the trans case [64,187,188].

Since metastatic cancer is particularly difficult to
treat, the antimetastatic activity of the ruthenium
dimethylsulfoxide complexes, particularly Natrans-
[Cl4(Me,SO)(Im)Ru] (NAMI) represents an important
development. Such complexes could be particularly
useful in minimizing the growth of undetected micro-
metastases following surgery or radiotherapy [189,190].
While structurally similar to (ImH)¢rans-[Cly(Im),Ru]
(ICR, E° = —0.24 V), NAMI has a significantly higher
Ru(ITI/II) reduction potential (0.235 V) [107,153,191]
owing to the m-acceptor effect of the S-bound DMSO,
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which also exerts a kinetic trans-effect. Relatively high
concentrations (> 100 pM) are needed to produce a
cytotoxic effect, which depends upon the lipophilicity of
the complex and the presence of serum and plasma
proteins [192]. Of those tested, the most lipophilic
complex, Natrans-[RuCly(TMSO)Iq] (TMSO = tetra-
methylensulfoxide; Iq =isoquinoline), causes DNA
fragmentation similar to cisplatin.[193]. While preferen-
tially binding to G—C rich regions, NAMI is much less
effective than cisplain at altering DNA conformation,
affecting DNA electrophoretic mobility, and inhibiting
DNA recognition and cleavage by restriction enzymes
[180,194]. Comparison with cisplatin and other similar
cytotoxic ruthenium complexes indicate that the anti-
metasatic action of NAMI does not result from direct
cytotoxic effects [193]. NAMI can be administered
orally [163,192] and is active against a broad range of
tumors including Lewis lung carcinoma, B16 melanoma,
and MCa mammary carcinoma [195].

NAMI appears to increase resistance to the formation
of metastases [192,196,197], but not through an en-
hanced antigenicity or an immunological response
[189,198]. While NAMI binds to DNA and forms
DNA —protein crosslinks, it does not significantly form
DNA interstrand crosslinks (less than 1%) [189,199].
While the antimetastatic action of NAMI does not
appear to involve DNA binding, 80-90% of the com-
plex in solution binds to CT-DNA within 24 h at 37 °C.
Such binding stabilizes DNA in low salt media (0.01 M
NaClOy), but alterations in the CD spectrum suggest
unwinding of the DNA. Binding also inhibits the B to Z
transition in poly(Dg—dC) and significantly inhibits
DNA and RNA polymerases, with termination occur-
ring preferentially at Gua residues [189].

At levels that cause a dramatic reduction in lung
metastases, NAMI greatly alters the ratio between the
mRNAs of MMP-2 (a metalloproteinase capable of
degrading the extracellular matrix) and TIMP-2, the
specific tissue inhibitor of this enzyme [200,201]. This
corresponds with a pronounced increase of extracellular
matrix components in the tumor parenchyma and
around tumor blood vessels, which probably hinders
metastasis formation and blood flow to the tumor [202].
Overall, NAMI appears to down regulate type-IV
collagenolytic activity and the metastatic potential of
MCa mammary carcinoma [198]. Combining NAMI
with 5-fluoruracil achieved better results in mice against
the solid metastasizing MCa mammary carcinoma and
lymphocytic leukemia P388 [203].

NAMI can undergo a number of hydrolysis and
electron transfer reactions under physiological condi-
tions. Loss of DMSO and imidazole following chloride
dissociation results in polyoxo complexes of ruthenium.
At 25 °C, hydrolysis of the first chloride occurs within
an hour, while the second takes more than twice as long.
At physiological pH, trans-[Cly(Im)(Me,SO)Ru]™ is

more labile to substitution than frans-[Cly(Im),Ru]™
(tip=19.7 h at 25 °C) [107]. Chloride loss for the
former is catalyzed by reduction to Ru(II), which is
expected to occur under physiological conditions and is
enhanced in vitro by traces of biological reductants,
such as ascorbic acid or cysteine [60,61]. Consequently, a
redox-catalytic (activation by reduction) mechanism is
suspected.

NAMI-A, (ImH)trans-[Cly(Me,SO)Im)Ru], is a
more stable and reproducible solid than NAMI, while
exhibiting similar pharmacological properties [204,205].
It selectively interferes with the growth of Lewis lung,
MCa mammary carcinoma and TS/A adenocarcinoma
metastases already settled in rodent lungs in a manner
that is independent of the stage of the metastatic growth
[206] and not simply related to a larger concentration in
the lungs than in other tissues [207]. When administered
intraperitoneally, NAMI-A is rapidly distributed to the
body and rapidly cleared from the blood by the kidneys
[207], with only 10% of the original dose remaining in
the blood after 5 min [189]. It significantly increases the
percentage of CD8™ cells at three dose levels, while
CD4 ™ cells increased only at the lowest dose and remain
unchanged at medium and high doses. NAMI-A sig-
nificantly increases the thickness of the connective tissue
of the tumor capsule and around tumor blood vessels,
and impairs MMP-2, possibly at the level of its gene
and/or its inhibitor TIMP-2 [189]. NAMI-A appears to
be less toxic than cisplatin, does not modify cell growth,
and causes a transient cell cycle arrest of tumor cells in
the premitotic G2/M phase; whereas, cisplatin causes a
dose-dependent disruption of cell cycle phases and
reduces cell proliferation [206].

2.9. Photodynamic therapy

In photodynamic therapy (PDT) light is used to kill
undesired cells in the body. The activity of PDT agents
depends on their ability to associate with biopolymers or
aggregates such as cell membranes or DNA. Cell
membranes can be disrupted by the conversion of light
energy to heat by nonradiative conversion, whereby
photothermal sensitizer molecules produce localized
hypothermal damage. Damage to DNA can also occur
by photoinduced electron transfer between the excited
state of the PDT molecule and DNA, thereby damaging
the cell’s ability to function. Alternatively, light absorp-
tion by a photosensitizing molecule can lead to energy
transfer to activate another molecule, such as the
conversion of O, to the excited singlet state [32,208—
210]. Photoinduced ligand substitution is also possible
whereby a metal complex would either release a
biologically active molecule or bind to nucleic acids or
protein active sites [210,211].

To be useful in PDT, the ground state complex should
be stable and generally nontoxic. The complex should
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also have well described photophysical properties with
an efficient photochemical conversion to the biologically
active form. Since mammalian tissue is highly absorbant
in the higher energy part of the visible spectrum, PDT
complexes must absorb strongly at the relatively long
wavelengths (640—850 nm) that penetrate tissues fairly
well [210].

Metal complexes of phthalocyanines, naphthalocya-
nines, porphyrins and texaphyrns absorb at long wave-
lengths and often show tumor localization. Since
complexes of these molecules with paramagnetic ions
often have short triplet lifetimes and decay by non-
radiative pathways releasing their energy as heat, they
can act as photothermal sensitizers [210].

Diamagnetic Ru(Il) phthalocyanines are thought to
react by direct electron transfer to the photoexcited state
(type I mechanism) [212,213]. A series of complexes of
the type trans-[Ru(Il)(nc)X,], where nc = 2,3-naphtha-
locyanine, prepared from trans-[Ru(Il)(nc)(PhCN),]
(PhCN = benzonitrile) that have fairly strongly absorb-
ing Q-bands (710-760 nm, & ~ 10> M~ cm ") exhibit
activity against HeLa cells at micromolar concentrations
[214,215]. The greatest phototoxicity and relatively low
chemotoxicity was observed when aromatic nitrogen
heterocycles (nicotinic acid, pyrazinic acid, 3-pyridine-
sulfonic acid) were coordinated in the axial positions to
enhance solubility [215].

In the case of anticancer photodynamic therapy,
DNA is usually the target. Metal complexes can interact
with DNA by, (1) electrostatic binding between a
cationic metal complex and the DNA polyanion
[216,217]; (2) noncovalent hydrophobic surface binding;
(3) intercalating between DNA bases, and 4) covalent
binding [218]. Any of these types of binding may also be
incorporated into shape-specific binding to particular
nucleic acid substructures [219]. Due to their intense
metal-to-ligand charge transfer transitions and long-
lived excited states, ruthenium(Il) complexes with N-
heterocyclic ligands are particularly attractive as poten-
tial PDT agents [32,220-222], not only for DNA, but
also for specific DNA or RNA substructures
[219,223,224]. Polypyridyl and related ligand complexes
of Ru(Il) are usually activated by a metal to ligand
charge transfer excitation, which leads to a triplet
MLCT state C(MLCT) [211]. The *MLCT can convert
by the following methods with the corresponding rate
constants, (1) radiative emission of light (k) around 600
nm; (2) radiationless deactivation as heat (k,.); and (3)
thermal conversion to a higher energy, metal-centered
triplet °MC). The lifetime () of the MLCT is thus
controlled by the rates of these three processes [211].

1/t = k, +k,, + kyce “E/RT

The *MLCT state, which is simultaneously a better
oxidant and reductant than the ground state, often leads
to an electron transfer reaction. In contrast, the *MC
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Fig. 7. Type I oxidation products of deoxyguanosine following
photoinduced single-electron oxidation, and Type II oxidation pro-
ducts initially following oxidation by singlet oxygen.

state often involves populating a higher energy d-orbital
with antibonding character thereby weakening one or
more of the Ru—N bonds resulting in ligand substitution
[211,221]. The ‘flash-quench’ approach involves oxidiz-
ing the (usually *MLCT) excited state by an added
oxidant, such as [(NH3)¢sRu]’", to prepare a more
powerful ground state oxidant such as [(bpy);Ru]’ *.

Gua, which is the most easily oxidized DNA base, is
most commonly affected [225,226]. However, oxidation
of the other bases as well as the sugar is also possible
[227]. Different products are observed depending on
whether deoxyguanosine (dG) is oxidized by electron
transfer to the photoexcited complex (Type I) or by
oxidation by 'O, (Type II) [228,229]. Single-electron
oxidation tends to give 2-aminoimidazolone and oxazo-
lone products, which are piperidine labile and lead to
DNA cleavage [230]. Singlet oxygen attack initially
forms 8-oxoguanine and 4-hydroxy-8-oxoguanine pro-
ducts but further reaction with 'O, yields the oxalone
and additional 4-hydroxy-8-oxoguanine (see Fig. 7).
Photoinduced single-electron oxidation of 80G can
also yield the imidazolone [229]. Stacked G’s are
predicted to be thermodynamically more easily oxidized
than single G’s and single-electron oxidation takes place
preferentially at the 5-G of 5'GG-3" sequences
[231,232].

Table 1 summarizes the affinities of a number of
ruthenium complexes for noncovalent association with
DNA and indicates which appear to bind through
intercalation. Single strand cleavage resulting from the
photoexcitation of [(bpy)sRu]*™ or [(phen);Ru]*™,
which bind to the surface of DNA, in the presence of
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Table 1
Binding constants for trisbidentate complexes of Ru(II)

Complex K Site size Enantio-selectivity Likely intercalator Reference
[Ru(bpy)s]** 7 x 10 6-12 no no [344]
[Ru(bpy)(tpy)(H,O* * 6.6 x 10° no [343]
[Ru(bpy)phen]* * 7% 10? 10-14 A no [344]
[Ru(bpy),dip]* ~ 1.7 x 10° 12-18 A yes [344]
[Ru(bpy).ppz]* + 5.5%10° 3-4 yes partial [346,347]
[Ru(bpy)>qpy]* 1.3 x 10* 2-3 no yes [346]
[Ru(bpy)>Me»qpy]** 2.8 x 10* 3 yes yes [346]
[Ru(phen)s]* 3 x 10* 3-4 A no(?) [348]
[Ru(NH;),dppz] * 1.24 x 10° yes [349]
[Ru(bpy)-phil* " 1.6 x 10° 4 yes yes [344]
[Ru(tpy)dppz(H,O)* * 7.3 % 10° yes [345]
{(dpp)[(NH3),Ru(ID)],}** 8.3 x 10° 6 yes [350]
[Ru(phen)>dppz]** ~ 108 2 yes yes [351,352]

Enantioselectivity is indicated as to whether binding by the A or A is preferred. If the reference indicates enantioselective binding, but does not

indicate which isomer a ‘yes’ is indicated.

S ap
O /N\ a Q%jj

prehat

phen

Fig. 8. Structures of N-heteroaromatic ligands.

air results primarily from the formation of 'O, [233].
For [(bpy);Rul*" the quantum yield increases from
1.2 x 10~ ° under anaerobic conditions to 6.6 x 10~ ¢ in
air [32]. On the other hand, the excited states of a
number of complexes of the type [L(bpy)>Ru]**, where

L =hat, tap and bpz (see Fig. 8) and similar ligands
react primarily by electron-transfer rather than by
generating singlet oxygen [234]. Covalently bound
DNA adducts involving the exocyclic amine of Gua
also occurs for some complexes whose excited states
oxidize guanine. This probably occurs by radical reac-
tions involving the reduced (radical ligand) ruthenium
complex and oxidized Gua radicals [32].

When [dip(tap),Ru]*" was tethered to oligodeoxyr-
ibonucleotides at the 5" position of a thymidine, photo-
induced electron transfer from the Guas on the
complimentary strand occurred. Photooxidation of
Gua is probably involved in the formation of photo-
product(s) that irreversibly crosslink the two strands
[235]. Flash-quenched generated [dppz(phen),Ru]®™
bound to DNA produces Gua radicals that are capable
of crosslinking to tyrosine [236] and tryptophan [237]
radicals that may also be generated by long range
electron transfer in DNA, which implies that DNA-
protein crosslinked proteins may be introduced by
PDT [238].

The dinuclear complex, p-hat[(phen),Ru],**, exhibits
the same photoreactivity as the mononuclear hat com-
plex, but forms strong ion pairs with nucleotides and
interacts more strongly with single- than double
stranded DNA. Analogous complexes with dppz are
significantly better intercalators, but have shorter ex-
cited life times than [(bpy);Ru]* " and so generate less
'0, [219]. A complex in which two [(bpy)sRu]*" ions
are tethered exhibited an affinity for DNA ca. 100-fold
greater than that of the monomer and also yielded more
efficient DNA strand cleavage [239].

While [(phen),(prehat)Ru]® ", which does not emit in
water, luminesces upon intercalation, the luminescence
of [(tap)x(prehat)Ru]** is quenched by binding to DNA
or in the presence of GMP. This strongly suggests
photoinduced electron transfer from the Gua residues of
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GMP or DNA to the excited tap complex indicating it
as a good DNA photoreagent [240]. Bis intercalation of
dimeric complexes that must thread through the DNA
helix or in which the linker has to sling itself around
opening base pairs in order to thread has been suggested
as a way of increasing the affinity of PDT complexes for
DNA and extending their residence lifetime on this
biopolymer [241,242]. While threading does not always
occur in tethered dimers [242], the complex p-
(cpdppz),[(phen),Ru],* ", in which two chiral mono-
intercalator complexes of [dppz(phen),Ru]** are teth-
ered to each other via the dppz moieties and an aliphatic
diamide linker, does thread through DNA [241]. Bind-
ing titrations indicate that the size of the binding site is
about four base pairs, consistent with a nearest-neigh-
bor-exclusion binding model, in which the two inter-
calated dppz subunits of the complex are separated by
two base pairs. The linear dichroism spectrum of the
meso (A,A) stereoisomer bound to DNA was an average
of those of the two opposite enantiomers (A,4) and
(A,A) suggesting that the binding geometry of each
subunit depends solely upon its absolute configuration
and not upon any diastereomeric intramolecular inter-
actions between the Ru(phen), moieties.

A supramolecular tetraruthenated tetrapyridylpor-
phyrin, p-[meso-5,10,15,20-(py)4porphyrin][Cl(bpy),R-
u(Il)]s (TRP), introduces single-strand breaks into
DNA in the presence of light. This occurs by both
Type I and Type II mechanisms (see Fig. 7) but with 8-
oxoguanosine predominating as the product through the
formation of singlet oxygen [243]. In model studies using
dG alone, the Type II/Type I product ratio was 2.3[209].

Ogawa has attempted to utilize a synthetic ‘leucine
zipper’ (bZIP) DNA-binding peptide to carry a ruthe-
nium photosensitizer to DNA [244]. A photoactive
ruthenium site, [Ru(bpy),(phen-IA)], where 1A =iodoa-
cetate, was attached to a surface-exposed cysteine
residue of the bZIP peptide. While the free metal
complex causes Gua-specific damage and the synthetic
Ru-bZIP peptide recognizes and binds the consensus
AP-1 DNA element, it does not damage DNA. It may
be that DNA photodamage does not occur because the
Ru binds at a point on the peptide that places the metal
within the coiled-coil region of the protein [244].

The complex [(bpz);Ru(ID]** (bpz = trisbipyrazyl)
photolytically damages both single- and double-
stranded oligonucleotides by oxidative mechanisms
involving both excited state electron transfer and
production of singlet oxygen, both of which are
enhanced by Cu/Zn superoxide dismutase [245].

A unique ‘photodynamic’ approach is to use the
Mossbauer absorption of y-rays by ruthenium com-
plexes bound to DNA to induce Auger electrons to
damage the nucleic acid [246].

Fig. 9. Structure of (A) ruthenium red [247,355] and (B) Ru360 [266].

3. Ruthenium red and Ru360: inhibitors of Ca%™
utilization

Since preparations of the mixed-valent complex
ruthenium red (Ru-red, see Fig. 9A),
[(NH;3)sRu(II1)Oru(IV)(NH;),Ru(III)(NH;)s]°*  [247],
have been used as a cytological stain for over a century,
its biological properties are well known [149,248,249].
The affinity of Ru-red for mucopolysaccharides pro-
vides for the radioscintigraphic visualization of tumors,
which often generate a protective coating consisting
largely of hyaluronic acid [168]. Ruthenium red binds to
a number of calcium-binding proteins and interfere’s
with metabolism involving Ca®>* [250—255] and is also
an antagonist for capsaicin [256,257]. Ruthenium red
injected into rat brains concentrates in neuronal somas
located near the injected areas. In the case of the CAl
region of the hippocampus, there is remarkable damage
(vacuolization) of the pyramidal neurons followed by
cell loss and disruption of the CA1l cell layer. The
damage caused by selective penetration of ruthenium
red into neuronal bodies results in hyperactivity of
glutamatergic neurotransmission that leads to pro-
nounced changes in motor function [258].

Nanomolar levels of Ru-red strongly inhibit respira-
tion-driven Ca®" uptake in mitochondria [259], which
has led to increasing interest in Ru-red as a drug
[170,260—262]. Ru-red’s ability to inhibit calcium ion
uptake by the mitochondria has also facilitated the
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characterization of Ca®>" utilization in this organelle
[263,264].

Commercial preparations of ruthenium red often
contain substantial impurities. The dimeric impurity,
[X(NH3),Ru(IINORu(IV)(NH3),X]> "™ (Ru360, X =
Cl~ or OH™ see Fig. 9B) [265], is often responsible
for most of the inhibition of Ca®* uptake in mitochon-
dria [259,266]. Ru360 specifically blocks uptake of Ca*
into the mitochondria of cardiac myocytes; but it does
not exhibit antitumor activity in cell culture screens
[266]. Ru360’s tripositive charge, hydrogen bonding
capability, and ability to readily deform probably allow
it to bind to a variety of anionic carboxylate sites on
proteins including Ca®* receptors. Decomposition of
the hydroxo capped complex at physiological pH also
yields a substance that irreversibly binds to polyanionic
materials.

The bridging Ru-O bond in Ru360 is quite short
(1.8240(6) A), while the Ru—Ogyrmae bond length
(2.033(3) A) is typical for a Ru—O single bond. The
crystallographic equivalence of the two Ru atoms,
together with magnetic (uerr = 1.15 B) and electrochemi-
cal evidence (E7=1.17 V, E5=0.05 V; AE°=1.12 V)
indicate strong electronic coupling between the mixed-
valent Ru’s. The apical formates are easily replaced by
chlorides in HCI. Aquation rates of both the formato
and chloro complexes are pH dependent [266].

Since Ru360 is at least an order of magnitude more
potent than ruthenium red and specifically inhibits the
uptake of Ca’* by the mitochondria (Ru360 ICs,=
0.184 nM; ruthenium red 1Csy=6.85 nM), it should
be preferred for probing the effects of Ca®™ in this
organelle [252.253]. '®Ru360 binds to isolated mito-
chondria with a high affinity (Kq = 0.34 nM) [267]. The
inhibition of the calcium ion uniporter by Ru360 is
noncompetitive with Ca’* (K;=9.89 nM) [263,265].
The binding of Ru360 to the uniporter protein has been
reported as ~ 5 pmol mg ' protein in one study [263]
and 0.08 pmol mg~"' in another [267]. Ruthenium red
and Ru360 are mutually exclusive inhibitors of the
mitochondrial uniporter and appear to involve the same,
low-affinity Ca®* binding sites [263,268]. Since La®"
bound to the high affinity Ca®* site was not displaced
by Ru360, it has been speculated that the binding site in
the uniporter for both Ru-red and Ru360 involves a
negatively charged phosolipid membrane region, which
may be closely associated with the uniporter inhibitor-
binding site [263]. Ru360 has also been used as an
affinity ligand in an effort to isolate the calcium ion
uniporter protein [268].

The ability of Ru360 to bind to similar, if not the
same sites, as ruthenium red is probably due the two
ions being somewhat similar in their cationic charge
density, ability to hydrogen bond through their ammine
ligands, and capability to readily deform along the Ru—
O-Ru axis. These properties should allow both type of

ions to bind to a variety of anionic carboxylate sites on
proteins including low-affinity Ca®>" receptors as well as
anionic phospholipids in the membrane. The smaller size
of Ru360 and its ability to covalently bind to amino acid
carboxylate groups through its apical sites may account
for its greater biochemical activity relative to ruthenium
red. Ru360 is probably also responsible for at least a
portion of ruthenium red’s ability to stain for electron
microscopy.

4. Nitric oxide complexes

Nitric oxide (NO) is involved in a wide range of
physiological processes [172,269-271]. When produced
by macrophages to kill invasive tumor cells, bacteria and
fungi [272], activation is caused by interferon-g, endo-
toxins (bacterial cell wall lipopolysaccharides that elicit
inflammatory responses), or T cells [272,273]. The toxic
effect appears to derive from inhibition of enzyme
activity through NO binding to nonheme protein iron-
centers and release of intracellular iron from targeted
cells [274-276]. In toxic-shock syndrome, excessive
macrophage NO-synthase (NOS) activity leads to arter-
ial expansion and cardiovascular collapse [277].

Nitric oxide synthase (NOS) catalyzes a net Se™
oxidation of a terminal nitrogen of arginine to yield
citrulline and nitric oxide. There are three major classes
of NOS, endothelial, neuronal and immunological [269].
To some degree all have inducible and constitutive
forms and all are NADPH-dependent cystolic oxyge-
nases that incorporate oxygen from O, into both
products [271,278,279]. NOS contains both a P450-
type domain and a P450-reductase domain. As a P450
type enzyme, it is activated by a 2e-reduction in which
an oxygen from O, is added to arginine to produce N-
hydroxy-arginine as an intermediate. The second step
involves a tetrahydrobiopterin cofactor [280], which
appears to facilitate the odd-electron oxidation to yield
NO* [281,282].

Sodium  nitroprusside, Na,[NO(CN)sFe]-2H,O0,
which is clinically used to rapidly lower blood pressure,
is activated by reduction in vivo to [Fe(CN)sNOJ*~ in
which an antibonding orbital becomes populated to
facilitate the loss of NO [283]. Consequently, the
biological reduction of metallonitrosyls is already a
proven method of delivering NO to a desired tissue in
a clinical setting. Since varying levels of NO at specific
sites through the controlled binding/release of NO to/
from metallopharmaceuticals would be beneficial in a
number of biomedical applications, it is important to be
able modulate the rate of NO association/dissociation
while minimizing the occurrence of side reactions
involving the metal.

NO, functioning as a neuromodulator in the hippo-
campus of the brain, plays a fundamental role in the
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basic neuronal processes involved in short-term memory
and neuronal development and thereby in learning and
experience [284,285]. As these abilities are among the
very essences defining humanity, understanding them at
the molecular level is of fundamental importance.
Memory begins with an event that potentiates a network
of synapses to fire again upon the same or similar
stimuli. Since this potentiation must be relatively long-
lasting, even for short-term memory, this process is
called long-term potentiation (LTP). LTP involves the
growth of new synapes between neurons and usually
involves either a strong signal or simultaneous activa-
tion by many inputs [286]. Since learning tends to occur
in situations that are, (a) new or striking; (b) reinforced
through many senses; or (c) repetitive, there are
probably parallel mechanisms for potentiating neural
networks to fire (i.e. thoughts to occur) under the
appropriate stimuli. The precise role of NO has been
controversial [287], as LTP and memory occur in
animals not possessing the hippocampal NOS gene
[288]. Curiously, these animals also exhibit extremely
aggressive behavior. Consequently, NO seems to be
involved as a diffusive agent coordinating nearby
neurons as well as playing a role in the post/presynaptic
LTP feedback [289]. As LTP requires erasure to form
new memories, it may be that NO is involved in the
inverse process, long-term-depression (LDP) [290].

Communication across hippocampal synapses occurs
by vesicular release of neurotransmitters, particularly
glutamate. The glutamate travels from the presynaptic
neuron into the synapse and then arrives at (among
others) both an NMDA receptor and a non-NMDA
receptor on the postsynaptic membrane. On binding
glutamate, the non-NMDA receptor opens ion channels
that allow Na™ to rush in, thereby depolarizing the
membrane. This depolarization opens a Ca’*-channel
associated with the NMDA receptor. Calmodulin binds
the incoming Ca>" and then activates NOS directly and
indirectly through stimulating several Ca*" -calmodulin
dependent kinases (a-CaMKII, protein kinase C and
tyrosine kinase) [291-293], which can also be involved
in LTP independent of NOS. NO released from NOS
[294,295] diffuses out to neighboring synapses and back
to the presynaptic neuron, where it activates guanylate
cyclase, initiating biochemical changes that stimulate
additional glutamate synthesis and release [275,285]. NO
thereby closes a feedback loop, which is initiated by
exceeding an activity-dependent threshold and whose
result is potentiating the neuron to fire again through
added synaptical junctions [296].

As the noninnocence of the nitrosyl group, it can be
coordinated as NO*, NO* or NO ", in which the M—
N-O bond angle can vary from linear to markedly bent.
At least in Fe and Ru nitrosyl complexes, the n*-nitrosyl
orbital generally lies between the metal d, (t,z) and c*
(eg) orbitals [297-299]. In the case of nitropursside,
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Fig. 10. Structure of the NO-releasing complex, trans-
[(NO)(P(OCH,CH;)(NH;),Ru(II)] [321].

Fig. 11. Structure of the ruthenium nitrosyl vasodilator complex
trans-[CI(NO)cyclamRul** with hydrogens omitted for clarity [321].

ZINDO (INDO/1) calculations suggest the HOMO’s are
primarily cyano rather than metal in character [300].
Reduction of these complexes populates a © molecular
orbital with both w*-nitrosyl and metal d, character
[301]. This probably decreases the n-bonding interaction
with the metal, but leaves the o-bond intact. In the case
of nitroprusside the trans cyano is preferentially lost.
This, in turn, lowers the energy of the metal d.. -orbital,
so that it lies below that of the n*-NO. Consequently,
this o* orbital now becomes partially populated and all
the o-bonds become labilized, leading to loss of both
NO and CN ™.

While a number of workers have pointed out that the
relative stability of ruthenium(II) nitrosyl complexes
provides a good model for the systematic study of
various nitrosyl association and dissociation pathways
[172], this approach has been most actively pursued by
Franco, Tfouni and coworkers in Brazil. The trans-
[(NO)L(NH;),Ru]** and related trans-
[(NO)L(cyclam)Ru]" " systems (Figs. 10 and 11) are
generally soluble in water with the equatorial nitrogen
ligands being inert to substitution [302,303]. The related
complexes trans-[(NO)L(cyclam)Ru] (L=Cl~ and
OH™, dioxocyclam =1,4,8,11-tetraaza-cyclo-tetrade-
cane-5,7-dione) have been recently prepared and char-
acterized by NMR, IR and ESI-MS techniques [304].
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In ruthenium chemistry, tertiary phosphorus ligands
are very effective in stabilizing Ru(II) and in labilizing
firmly bound trans ligands, such as nitric oxide [305—
307]. Owing to the phosphite’s trans-effect, trans-
[(NO)P(OEt)3(NH;)4Ru]> ™ releases nitric oxide follow-
ing reduction. Unfortunately, the strong m-acceptor
nature of this ligand also facilitates hydroxide attack
on the coordinated NO to yield NO5, which dissociates
fairly readily. The relevant reactions are summarized
below.

trans-[(NO)(P(OEt),)(NH,),Ru’* + 20H -

E°=0.14 V

k-xo;
e’ [(H,0)(P(OEY),)(NH,),RuP’" +NO; (1)

+NO, —
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Fig. 12. The influence of [(NO)(P(OEt);)(NH;3)4Ru](PF¢); on hippo-
campal, evoked potentials recorded from the CA1l region. The upper
part of each figure shows the magnitude of 10 averaged potentials
recorded 10 min before (potentials a) and 60 min after (potentials b)
application of the compound. The lower parts of each figure depict the
changes in the magnitude of the potentials recorded during the whole
experiment. (A) Amplification of the magnitude of EPSP depicting the
slow but persistent increase in the magnitude of the potential after
addition (marked by an arrow). Calibration, 5 ms, 0.3 mV. (B)
Facilitation of the population spike following addition of the
compound. Calibration, 5 ms, | mV. The multiple potential waves in
(A) and (B) following application of indicate firing of nearby neurons.
(C) Ineffectiveness of molecule R added to the slices, which were
preincubated with oxyhemoglobin to scavenge released NO. Calibra-
tion, 5 ms, 1 mV.

[(NO)(P(OE);)(NH),Ru]*
= [(NO)P(OE),)(NH,),Ruf** @

[(NO)(P(OEY);)(NH;),Ru]**

+H,0 & [(H,0)(P(OEL), ) (NH, ), Ruf*

KiNO

+NO* 3)

The facilitated release of NO from trans-
[(NO)(P(OEt);)(NH3)4Ru](PF¢)3 (Fig. 10) is responsible
for the biological activity of this complex in inducing
neuronal firing in hippocampal slices upon an electrical
stimulus [308,309]. Fig. 12 illustrates a typical experi-
ment with this compound and Table 2 contains the
average results of pertinent experiments. The increase in
the amplitude of the wave form shown in Fig. 8 indicates
an increase in the number of neurons firing and appears
to be due to the in situ production of NO. Related
complexes without NO or without a trans-labilizing
ligand are inactive (Table 2). Similarly, the addition of
an NO-scavenger, oxyhemoglobin, also climinates the
effect Fig. 13.

The phosphito complex also exhibits a vasodilator
capability as do a number of complexes of the type
trans-[(NO)L(NH;3)4Ru]* ", where L =an aromatic ni-
trogen heterocycle, and trans-[(NO)Cl(cyclam)Ru]® "
[173,310]. The vasodilator function appears to be open
to complexes with weaker trans-effects, which release
NO more slowly, than the phosphito complex.

Due to the thermal instability of nitrosyl complexes
with iron porphyrins, the possibilities of photodynamic
therapy involving ruthenium(II) nitrosyl complexes is
being explored. Complexes of the type trans-[(NO)(N-
0,)(TPP)Ru] release both NO and NO, upon irradia-
tion at 355 nm, but regenerate the original complex in
the presence of NO [311,312].

Effective scavengers of NO, such as K[CI(EDTA)R-
u(IIT)], may be useful in treating toxic shock syndrome
by lowering the dangerously high level of NO in the
bloodstream [313—315]. In aqueous solution, this aqua-
tes rapidly to give [H;O(EDTA)Ru(I1I)] ~, in which the
EDTA is pentadentate with a pendant carboxylate
(pK.(COOH) =24, pK,(H,0) =7.6), which varies be-
tween the four possible sites, thereby labilizing the
molecule [316—-318]. At pH 7.4 and 7 °C, the complex
coordinates NO in a second-order reaction to form
[NO(EDTA)Ru(ID)] ~, (k=2x10""M's~ !, K ~10®
M ) [319]. The EDTA complex exhibited a protective
effect against nitric oxide toxicity in several cell lines and
inhibits the vasodilator response to NO-releasing agents
[313]. In a rat model for toxic shock [314] animals
treated with K[CI(EDTA)Ru(III)] returned to normal
blood pressure after 9 h as opposed to 24-28 h for
untreated animals [314]. Similar effects were seen in a
porcine model [320]. Overall, polyaminecarboxylate
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Table 2

Influence of trans-[(NO)(P(OEt)3)(NH3)4Ru](PFg); and related control complexes on the hippocampal population spike [309]

Compound Concentration (mM) E°? N % Increase in P.S.
trans -[(NO)(P(OEt)3)(NH;),Ru](PFs); 1-2.5 0.14 14 178446

trans -[(H,O)(P(OEt);3)(NH3)4Ru](PFg), 0.25-0.75® 0.69 8 2.049.3

trans -[(P(OEt)3)>(NH3)4Ru](PF), 1-2.5 0.89 7 21.5+21.4
[(NO)(NH3)sRu]Cl3 1-2.5 —0.012 9 30+18

trans -[(NO)(P(OEt)3)(NH3)4Ru](PFg); + oxyhemoglobin 1-2.5 0.14 5 42423

NaNO, 0.2-0.3 9 inhibition

trans -[(H,O)(P(OEt)3)(NH3)4,Ru](PFg), 1.0 0.69 16 74411

+NaNO, 1-2.8

% Relative to SHE.
® Concentration limited by solubility.
E°, reduction potential; P.S., population spike.

complexes of Ru(IIl) appear to be effective scavengers
of NO in a variety of biological models and may provide
an alternative therapeutic strategy to NOS inhibitors for
the treatment of NO-mediated diseases [313].

The administration of trans-[(NO)Cl(cyclam)-
Ru(IT)** reduces blood pressure in Wistar rats, espe-
cially in hypertensive rats. Notably, the slower rate of
release of NO* from this complex following reduction

produces a hypotensive effect 20 times longer than that
generated by sodium nitroprusside in either normoten-
sive or hypertensive rats. The rate of NO* release is
(k_no) is 2.2 x 1073 s~ ! at 35 °C following chemical
reduction (E°=0.10 V vs. NHE) of trans-

[(NO)Cl(cyclam)Ru(II)]** [321]. The continuous infu-
sion of trans-[CI(CF;SOs)(cyclam)Ru(III)]* blocks the
hypotensive

effect of the trans-[(NO)Cl(cyclam)-

Fig. 13. Structures of ruthenium immunosupressant complexes: (A) frans-[(Im),(NHz),Rul>* [356], (B) cis-[(Im),(NH3),Rul**™, (C)

[(1MeIm)sRu]** [324]. Hydrogen atoms omitted from C for clarity.
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Ru(ID]** probably by scavenging the NO* released
after reduction. Taken together, these results suggests
that ruthenium cyclam complexes could be used as a
‘NO-buffer’ system to control physiological levels of
available NO [322].

5. Immunosuppressants

Since the most widely used immunosuppressive agent,
cyclosporin A, interferes with a Ca-dependent step in the
immune response [323] and also prevents the Ca’™-
dependent opening of a megachannel permeability
transition pore in the inner mitochondrial membrane,
it is conceivable that other Ca®* blocking agents, such
as ruthenium red and its related complexes, might
interfere with the immune response. Procept Inc. found
that ruthenium red inhibited the antigen-induced pro-
liferation of T cells with an ICsy of 35 nM, which is
comparable to that of cyclosporin A [249]. Subsequent
studies revealed that simple, substitution-inert Ru(I1/I1I)
complexes with nitrogen ligands (NHj3, imidazole, py)
can be potent immunosuppressants [324-326]. For
example, nanomolar concentrations of [4Me-
py(NH3)sRu(IIl)] (PRO-2844) and cis-[(Im),(NH3)y-
Ru(III)] (PRO-2846) strongly inhibit antigen-stimulated
T lymphocyte proliferation with few or no acute toxic
side effects. While showing nM activity against antigen-
stimulated T cells, the compounds are notably less toxic
(ICsps > 10 uM) against a Jurkat cell line [326]. Since
these Ru drugs are mechanistically distinct from the
clinically used agents, cyclosporin A and FK506, and
may function through an electron-transfer pathway
[324], they may point the way toward an exciting new
class of immunosuppressive drugs [326,327].

The reported active Ru-immunosuppressant agents,
so far have involved six, small N-coordinated ligands
(Ng¢-coordinate) [324,326]. Among these compounds,
there is a window of activity between ~ 50 and ~ 400
mV, which not only indicates a redox process in their
mechanism, but also suggests why only Ru complexes
have thus far been reported to be active [327]. If electron
transfer is involved, this should be facile and take place
within a biologically accessible range of reduction
potentials. As has been well documented in studies of
Ru-anticancer agents, simple Ru complexes with nitro-
gen ligands fulfill this requirement [149]. It seems likely
that the small size of the active complexes (among the
largest are [(1Melm)sRu]’> ") allows them to approach
electron-transfer sites inside proteins. The higher activ-
ity of those complexes with aromatic ligands, is in
keeping with Gray’s studies indicating that aromatic
ligands penetrate deeper into electron-transfer sites in
proteins [328]. Also consistent with this is the reduction
of a highly active immunosuppressant agent, [py(NH3)s-
Ru]®> " by HeLa cells [98].

Given the ‘redox window’ and the high activity of
these complexes, it is apparent that they must function
catalytically, i.e. by continually short-circuiting one or
more redox processes by accepting an electron from one
molecule and passing it to another. It is possible that
oxygen serves as the oxidant, which would bypass much
of the mitochondrial respiratory redox chain and
produce toxic superoxide. While active complexes such
as [py(NH;3)sRu]** are so slowly oxidized by O, [56],
that it would seem that another biological oxidant might
be more likely, autoxidation is accelerated if a ligand is
lost thereby allowing O, to interact in an inner-sphere
fashion, or if a catalyst, such as Fe(II/III) is present. It
may be that a reductant at least as reducing as
ubiquinone in the mitochondrial respiratory redox chain
and/or an oxidant around cyt-oxidase or O, are involved
in redox cycling of the Ru(II/IIl) to short-circuit the
production of ATP.

Given hydrolysis rates for a number of Ng Ru(Il)
complexes, ligand loss is a very real possibility over the
time spans (1 day—1 week) of tissue culture experiments
and would certainly be expected to occur over the long
periods required for drug administration needed to
suppress rejection of organ transplants [329]. The
reaction of GSH with [(4-picoline)(NH;)sRu]** and
[(NH3)6Ru]’* also produces some [GS(NH3)sRu-
(IIDJ* ™, which is indicative of a reduced intermediate
that eliminates nitrogen ligands, and suggests that GSH
is conceivably involved in the ruthenium immunosup-
pressant activity. Ligand loss would give rise to com-
plexes with substitutable sites of the type discussed
under anticancer agents that would be expected to bind
to DNA, interfere with nucleic acid metabolism, and
would probably be mutagenic.

6. Radiopharmaceuticals

Metal containing radiopharmaceuticals can be classi-
fied into two broad types, (1) Those that find their target
by virtue of the properties of aqua metal ion or the metal
ion complex itself; and (2) those that localize in the
desired tissue by virtue of being attached to a targeting
protein or polypeptide. Localizing o- or B-emitting
radionuclides in a tumor can be used to kill the tumor
cells. Utilization of a y-emitting radionuclides, such as
the widely used °°™Tc, allow for diagnostic organ
imaging. Radioscintigraphy refers to the visualization
of organs that have concentrated a y-emitting radio-
nuclide [10]. The y-rays are detected by a photodetector
and converted into a visible image by computer methods
in real time. This provides not only for visualizing the
organ, but observing its function as well. For example,
the clearance of a radioactive compound from the blood
by the liver can be seen both as a decrease in activity in
the blood and an increase in activity in the liver,
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followed by the progression of activity into the gall
bladder and finally the intestine.

The radiophysical properties of *’Ru are nearly ideal
for some types of radiodiagnostic imaging. It decays by
electron capture with a 2.88 days half-life and emits a
216 keV y-ray that can be used in common radio-
scintigraphic instruments. Unfortunately, ’Ru is not
commercially available. An alternative isotope, '**Ru is
commercially available, but emits a 497 keV vy-ray,
which is of only fair utility in radioscintigraphy, and
has a longer (39.35 days) half-life. On the other hand, its
longer half-life and lower specific activity can be an
advantage in developing synthetic methods [330].

A corollary of the activation-by-reduction hypothesis
for chemotherapy involving Ru(Ill) ammine complexes
is that they should concentrate in tumors as a result of
reduction and intracellular binding. Indeed, a number of
ruthenium ammine complexes exhibit good tumor
uptake [330,331]. Unfortunately, they also remain in
the blood through binding to albumin and Tf. RuCl;
exhibits some nonspecific binding to erythrocytes [332].
The coordination of ruthenium to Tf can be used to
enhance tumor uptake, since neoplastic cells, especially
those in rapidly growing tumors, have a high iron
requirement and display a large number of Tf receptors
on their membrane surfaces. The approach of using a
protein to localize radioruthenium in a tumor was
demonstrated by Srivastava, Larson, et al. who showed
that the uptake of '“*Ru-labelled Tf by EMT-6 sarcoma
in mice was almost twice as high as that of a widely used
tumor-imaging agent, ’Ga- citrate [74,330,333].

Effective radio-imaging agents for the liver have been
developed using radioruthenium(IIl) with iminodiace-
tato ligands containing lipophilic groups that facilitate
uptake by the liver and biliary tract [334—336]. Several
lipophilic ruthenocene derivatives are excreted in both
urine and bile following hydroxylation in the liver and
formation of a glucuronide conjugate [337] and some
ruthenocene derivatives have been designed to localize
in the adrenals and other organs [338,339]. Rutheno-
cene-haloperidol exhibited a high affinity for the lung,
but not the brain, in rats [340]. The complex
[(pyal)(NH;3)sRu(IID)]* (pyal = B-(4-pyridyl)-a-ala-
nine) displayed good uptake by the pancreas [341].
Ruthenium complexes with phosphate and phospho-
nates tend to localize in bone [84]. Ruthenium red [247]
binds in vitro and in vivo to cell surfaces high in acidic
glycoproteins and has been used to image tumors
[169,171,342]. The complex [(BLM)(NH3):**Ru], where
BLM = bleomycin, a clinically used antitumor antibiotic
that tends to localize in tumors, yielded a tissue
distribution in normal and tumor-bearing mice essen-
tially the same as BLM itself [330,343].

Aside from uptake owing to nonspecific causes such
as increased blood perfusion and higher cell permeabil-
ity in tumors, overall it is likely that tumor accumulation

of simple ammineruthenium complexes proceeds by two
pathways. First, rapid tumor uptake proceeds through
activation of the Ru(IIl)-prodrug toward binding by
reduction in the tumor. Since small ions are excreted
fairly readily by the kidneys, this mode of binding
should decrease rapidly with time. Second, Tf mediated
tumor binding, which may occur for many days follow-
ing injection.

7. Conclusion

The versatile synthetic chemistry of ruthenium opens
up a wide range of complexes with a variety of ligands
that could provide an arsenal of compounds for clinical
uses. Ruthenium compounds appear to penetrate tu-
mors well and bind to cellular DNA. While the initial
DNA binding site of many ruthenium complexes is the
same as that of cisplatin, i.e. the N7 of Gua, their
antitumor mechanisms are different. In the case of the
ruthenium compound now in clinical trials, NAMI, its
antimetastatic activity is independent of DNA coordi-
nation, and may depend on the regulation of a matrix
proteinase. Better understanding Tf mediated Ru trans-
port into tumors could lead to more effective and
probably less toxic agents. Use of the radionuclide,
97Ru, could have considerable advantages over **™Tc in
that its longer half life allows for more complicated
synthetic methods, purification and quality control
while still providing excellent radioscintigraphic images.
The substantial body of work on the photochemistry of
Ru(IT) complexes with aromatic nitrogen ligands, parti-
cularly those that intercalate into DNA, offer the
potential for novel photodynamic approaches to cancer
therapy.

Particularly exciting is the unusual ability of simple
ruthenium complexes to suppress the immune response
by inhibiting the proliferation of T cells. While the initial
set of complexes tested are likely to give rise to others
that would bind to DNA and possibly be mutagenic, the
idea of short-circuiting electron transfer pathways
synergetically coupled with other subcellular interac-
tions is one with rich possibilities for controlling the
division and multiplication of selected cell types.

The ability to tune both the uptake and release of the
ubiquitous intercellular messenger molecule, NO, by
manipulating other ligands on Ru lays out a definite
way in which coordination chemists can contribute not
only to new classes of drugs to affect a variety of
biological functions, but also possibly to the develop-
ment of a molecular tool chest that can be used to probe
NO function in the same way that ruthenium red has
been used to probe that of Ca’™.
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