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Medicinal Applications of Metal Complexes Binding

to Biological Macromolecules

Jan Reedijk

Summary: Biological macromolecules present in living organisms, like proteins, DNA,

have manymetal-binding sites. As a consequence, coordination compounds can react

with such cellular components, displaying possible toxic effects, or they also may

have beneficial applications. So metal ions and compounds not only are essential for

life in e.g. dioxygen transport, or biocatalysis, but they can also be used for controlled

toxicity in medicinal applications. Well-known examples are the application of gold

compounds in arthritis treatment, bismuth compounds for ulcer healing, and silver

compounds for open skin protection. However, only in a few cases details of the

mechanist are known, and if so, the biological macromolecules play a key role.

Transition-metal coordination compounds that have metal-ligand exchange rates

comparable to cell-division processes, i.e. in particular Pt and Ru, often appear to be

highly active in killing cancers, as seen from the study of several cancer cell lines.

Classical examples, like cisplatin, and new examples of Pt and Ru compounds will be

discussed in some detail, with a focus on their binding to the DNA biomacromolecule.

The classical compound cis-diamminedichloridoplatinum(II), often abbreviated as

cisplatin, and its first-generation derivatives are known to bind to several bioma-

cromolecules in a specific way, and eventually bind at DNA. Four important examples

are shown in the figure. However, on its way to DNA other cellular components, like

proteins and peptides might be intermediates before the final target is reached.

Other metal-containing drugs, like Ru compounds, that show anti-cancer activity

have a less well-known mode of action. Molecular-based mechanistic studies may

result in improved clinical administration protocols.
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Introduction

Metal-containing drugs, have for long been

of interest, but the interest of the scientific

community for medicinal aspects of metal

compounds has rapidly grown in the last

few decades.[1,2] The anticancer agents,

cisplatin, carboplatin and oxaliplatin enjoy

the status of the world’s best selling antic-

ancer drugs.[3,4] After the appearance of the

first patents and papers on cisplatin (IUPAC

name: cis-diamminedichloridoplatinum(II),)

and its enormous success in the treatment of
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a variety of tumors, the research on Pt-

antitumor chemistry has attracted much

interest from chemists, pharmacologists,

biochemists, biologists and medical re-

searchers,[5] generating several studies on

metal-macromolecule interactions, with spe-

cial attention to DNA binding. As a positive

result of these multidisciplinary studies, an

already quite detailed knowledge of the

mechanism of cisplatin and related drugs is

available.[5,6] In addition, this knowledge has

resulted in much improved clinical adminis-

tration protocols, as well as research about

and application of other, related drugs

containing transition metals.

All chemotherapeutic drugs are known

to have – often very serious – drawbacks,
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including intrinsic or acquired resistance

and also disturbing toxicity. The platinum-

based drugs are no exception, despite many

efforts to reduce the side effects. Fortu-

nately, improved understanding of the

mechanism of action of cisplatin, originat-

ing from the efforts of many research groups

during the last two decades has resulted in a

variety of newly designed platinum drugs,

and also drugs with other metals, like

ruthenium.[7–11] Although many mechan-

istic questions have been answered, espe-

cially for the Pt compounds, several impor-

tant questions remain, especially for the

drugs containing non-Pt metals, in parti-

cular dealing with how these molecules

interact with biomacromolecules, both

kinetically and thermodynamically.[4–6]

Given the limited space, this paper will

devote most attention to the interactions of

the platinum species with macromolecules,

in particular nucleic acids and proteins. I

shall start with a brief introduction on the

coordination chemistry of medicinal rele-

vant metals, with a focus on Pt and other

noblemetals that have been shown to possess

important biological properties. The main

part will be dealing with a description of the

state-of-the-art in metal-anticancer drugs

and the current mechanistic insights for

cisplatin and related platinumand ruthenium

drugs. Interaction of the metal coordination

compounds with the bio-macromolecules is a

central them in the discussion. Finally, a brief

discussion will be given to the design,

synthesis, structure and biological activities

of new bifunctional and multifunctional,

platinum, ruthenium and mixed-metal com-

pounds, their possible applications and

binding to bio-macromolecules.
Metal Coordination Compounds
and their Binding to Bio-
Macromolecules

Metal-ion coordination bonds are of inter-

mediate strength, i.e. much weaker than

covalent bonds, and usually much stronger

than the so-called non-covalent interactions

(stacking, hydrogen bonding). For proper
Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
understanding of reactivity knowledge of

electronic structures, thermodynamics and

kinetics of M-L bond formation is therefore

important.

In many biological, now often called

supramolecular, systems these intermediate

and weak interactions play an important

role, not only in protein structures (sec-

ondary, tertiary and quaternary structures),

and in DNA structures (stacks in the helix,

double helices). Also in metal-binding

reactions to bio-macromolecules such inter-

actions play an important role, and many of

these together may generate a high thermo-

dynamic stability.

In addition to this ‘‘thermodynamic’’

stability of molecules and aggregates, the

‘‘kinetic’’ stability has to be considered, i.e.

how fast are the bonds formed and broken.

It is well known that ligand-exchange

processes of ions likeMg(II), Ni(II), Ca(II),

Na(I), are very fast indeed (up to 109/sec),

whereas the ligand exchange processes of

Pt(II), Ru(II), Os(II), Ir(III), Cr(III) and

Pt(IV) are much slower; such processes

may take hours (Pt, Ru) or even longer at

ambient temperatures. A schematic pre-

sentation of ligand exchange rates for

metal-aqua complexes is depicted in

Figure 1; the figure is based on the early

results published by Taube.[12] It is clearly

seen that Pt(II) and Ru(II) have exchange

reactions that are within the range of

biological (cell division) processes.

Of course it should be realised that with

other ligands, different rates may apply,

and also that in chelates, like e.g. metal-

porphyrins, the ligand exchange rates are

much slowed down.[13]
Brief Overview Platinum
Anticancer Drugs

The history of the discovery and develop-

ment of cisplatin, starting with the serendi-

pitous discovery of Rosenberg[14] and its

reported anticancer activity,[15] is well

documented, and the main work before

1999 is mentioned in the excellent mono-

graph compiled by Lippert.[16] More recent
, Weinheim www.ms-journal.de
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Relative ranking of metal ions in water ligand exchange (after Taube,[12]).
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updates are available from several sources,

and are recommended for further read-

ing.[5,17–21]

The number of compounds used routi-

nely in the clinics, as per 2007, is still

limited. Some examples are depicted in

Figure 2. A recent overview of the used

drugs is available.[22]
Cisplatin Mechanism

A brief summary can only be given here,

and the reader is referred to recent reviews

for details.[4,5,18–20,23] So, after the admin-

istration of cisplatin in the blood (usually by

injection or infusion), the drug is well

known to be transported over the body. The

presence of a relatively high chloride

concentration in the blood (about 100 mM),

prevents ligand exchanges and hydrolysis.

Nevertheless, the small fraction that does

hydrolyse is known to be responsible for the

acute toxicities, such as kidney damage.

Carboplatin and oxaliplatin have much

slower hydrolysis, and do hardly dissociate

in blood, and therefore have smaller side
NPt
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Figure 2.

Schematic structure of the 3 routinely-used platinum a
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effects. The Pt compounds do enter –

almost all – types of cells, whereby use is

made of passive or even active transport via

specific receptors. It appears that the so-

called CTR1 receptor (used by Nature for

Cu transport), may assist or influence the Pt

species to enter the cell, with or without

changing the ligands around the metal.[5]

During the process of entering the cells

binding of the platinum species to one of

the membrane components, i.e. phosphati-

dyl serine, has been proposed based on

NMR analysis,[24]. A schematic structure of

such a macromolecular adduct is presented

in Figure 3.

Early studies of mechanistic research on

cisplatin had made clear that DNA is a

main target,[16] and therefore binding of Pt

compounds to DNA and its oligomeric

fragments have been the subject of many

investigations.[25–30] From such studies it

became soon clear that the guanine base

binds much more rapidly to Pt than the

other bases do, and also is held much longer

at this position. This behaviour has been

explained by a higher basic pKa and by

simultaneous H-bonding of the amine-NH
H3

Pt
NH2

NH2

OO

OO

in Oxaliplatin

nticancer compounds.
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Figure 3.

Schematic structure of the reaction product of cisplatin with phosphatidylserine.
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to the O6 of guanine.[4,8] Detailed analysis

had shown earlier a much larger amount of

GG adducts than statistically expected

(about 2/3 of all Pt binds at GG).[31] This

binding process has been studied in detail,

starting with the mononuclear level,[32,33]

followed by dinucleotide and trinucleotide

species,[34,35] including crystal structure

determinations,[25,30]. More recently also

double-stranded DNA coordinated as a

macromolecular ligand to the cisplatin unit,

has been studied. In all cases a clear kinked

chelated structure is formed, as shown by

several NMR and XRD structure determi-

nations.[26,36–38] In the next stages, particu-

larly through the work of Lippard,[39,40] it

was found that proteins, known to recog-

nize the kinkedDNAdo bind to the kinked,
Figure 4.

Structure of the HMG protein fragment (space filling), sta

model), after Lippard.[41] The phenylalanine stacking in

Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
platinated DNA. Even a 3D crystal struc-

ture of such a protein, bound to platinated

DNA has been determined recently,[41]

showing that the overall kinked structure

is not changed and that the protein more or

less embraces the platinated DNA; a

phenylalanine side chain, located between

the two coordinated guanine bases, possibly

stabilises the kink. The structure of this

impressive ternary bio-macromolecular

complex is redrawn in Figure 4. It might

be that as a direct, or indirect, consequence

of this this protein binding the tumor cell

might be killed by apoptosis .[5]

From the beginning of mechanistic

studies it had been puzzling why all

platinum species would not bind at the

numerous sulfur-donor ligands (which are
bilizing the cisplatin-bound kinked DNA (2-colour stick

between the 2 Guanines is clearly visible.

, Weinheim www.ms-journal.de
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known platinophilic) in the cells, and never

reach the DNA. In fact the possibility of

rapid S-donor ligand binding to the Pt

species, was considered some time ago

already, in particular to act as an inter-

mediate[42–44] on its way to the DNA in the

nucleus. Despite the fact that several S

donor ligands do react differently from one

another, such a temporary binding to

molecules like glutathione and methionine

is highly likely,[20,45], but also retardation of

DNA binding has been proven.[46]

The questions how Pt species can pass

the cytoplasm and find its way to the

nucleus have been studied,[47] using a cis-

diamine-Pt compound carrying a fluores-

cent label; this will allow the processes in

cells to be followed in real time, i.e. from

entering the cell, entering the nucleus, and

leaving the cell via the Golgi apparatus. We

have shown this also to be possible with

other Pt compounds.[48,49]
Mechanistic Studies on Related Pt
Compounds

Rather early in the history of cisplatin

numerous derivatives were prepared and

studied, in a search for structure-activity

relationships.[21] Initially variations on cis-

platin were dealing with the changes of the
H3N
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Figure 5.

Platinum drug development in a schematic way, startin
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amines, and in the anionic ligands. These

studies have resulted in carboplatin (see

Figure 2); later on compounds with other

amines, were synthesized, like oxalipla-

tin,[50,51] which is now frequently used in the

treatment of colon cancer, Oxaliplatin, also

sometimes called Eloxatin, was discovered

over two decades ago by Kidani[52] and

subsequently developed;[51] however, it

took a long time before it was fully accepted

and only recently is has been routinely used

in the clinic. This compound is especially

interesting as it is sensitive to tumors to

which cisplatin does not well respond. In

fact almost the same Pt-DNA adducts have

been reported as for cisplatin, including a

3D structure of a synthetic adduct with a

double-stranded piece of DNA.[53]

Initially trans-Pt compounds based on

primary amines were all found to be

inactive; more recently, it has been shown

that sterically hindered amines and imines,

even when in trans positions, generate

active species for aromatic imines [54,55]

and for aliphatic amines and mixed imine-

amine complexes.[56–59] .These and other

possible developments are schematically

depicted in Figure 5.

Often ideas of new compounds arise

from mechanistic findings with previous

generations of drugs. Some important new

developments that may lead to, or just have
dinuclear and oligonuclear
compounds

Other metals, like Ru;
Mixed-metal compounds Ru

Cl

Cl

N

Cl

Cl

NH

O=S

-

Me

Me

Pt  Cl

NH3

NH3

NH2(CH2)n

NH3

NH3

Pt NH2
PtCl

NH3

NH2

NH3

(CH2)nNH2

4+

Cl

N

; carboplatin

Nami-A

g from cisplatin, up to oxaliplatin, and NAMI-A.

, Weinheim www.ms-journal.de



N

N

N

ORu

N

N

N

N

N

N

PtOO Cl

Figure 6.

Dinuclear cationic species containing Ru(II) and Pt(II),

with a variable spacer, and a chloride as a leaving

group.
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led to clinical applications of platinum

drugs are the recent dinuclear and

trinuclear compounds of the third genera-

tion Pt anticancer compounds; in fact all

such compounds have at least a H-donor

function available on one of the amines.

The role of this N-H group has been

explained kinetically in its approach of

the guanine, and in the additional stabilisa-

tion of the formed GG chelates by hydro-

gen bonding to a DNA backbone phos-

phate,[8,60] making them less prone to

reversion by binding to the S-donor ligands

in the cell.

Surprisingly also the inert Pt(IV) can

yield compounds that are anti-cancer active;

they were initially assumed to be reduced to

Pt(II) in vivo, before binding to the DNA.

Later studies have shown that also certain

Pt(IV) compounds may react with DNA

and with DNA fragments,[61] and that

traces of Pt(II) catalyse this reaction.[62–

65] The mechanism of reduction also

involves the phosphate groups, as elegantly

proven for 50-GMP.[66]

A most surprising new class of dinuclear

and trinuclear compounds, with diamines as

bridging ligands has been studied in great

detail by Brabec and Farrell.[67–76] The

flexible linker between the Pt ions does

allow multiple binding on the DNA chain,

and this has resulted in interesting geome-

trical differences between isomers.[77]

A quite different approach deals with

rigid ligand bridges between the Pt ions.

After the first experiments by Kozelka[78],

Komeda[79–81] found that the rigidly

bridged dinuclear Pt compounds, contain-

ing either pyrazole or triazole bridge, may

generate very active species, that do bind to

DNA. Earlier attempts with imidazoles

yielded mononuclear compounds upon

binding to transition metals,[82] followed

by platinum.[83] These compounds initially

turned out to be rather inactive, but their

use in trans compounds[84] and with the

azolato anion as a bridging ligand, showed

very high cytostatic activities.[79,80,85] In

Figure 6 a structure determined by high-

resolution NMR studies on double-

stranded DNA with such a (pyrazolato)Pt2
Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
unit bound[86] is redrawn; this structure was

also confirmed by DFT-based theoretical

calculations.[87]
Ru Compounds and Mixed-Metal
Compounds

The similarity in ligand exchange behaviour

for Pt(II) and Ru(II) has led to a variety of

new Ru(II) and Ru(III) compounds that

show promising activity in cell lines and

animal studies. After the early work of

Clarke,[88,89] important work from the

Trieste groups on the NAMI-class com-

pounds,[90] and related work by Keppler,[91]

the field of Ru anticancer research has now

rapidly evolved.[10] Here only a few com-

plexes can be discussed, as the binding to

DNA and other macromolecules has not

yet been that far developed, compared to

cisplatin. To be mentioned in particular are

the three rather recently reported types of

Ruthenium compounds:
a) N
, W
AMI-type compounds (see Figure 5

for a structural drawing of the anionic

Ru species in NAMI-A).
b) T
he aza-pyridine compounds, in which

different isomers show significantly

different cytostatic activity.[92–94]
c) T
he organometallic half-sandwich com-

pounds of formula [Ru(sandwich)(dia-

mine)Cl], in which the amine ligand is

an important factor for the activity;[95–97]

also here hydrogen bonding plays an

importance role.

The mechanism of action of the Ru

compounds is hardly known, and even the

fact that DNA is an important target is not
einheim www.ms-journal.de
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sure as yet; a recent review is recommended

for further studies.[98]

Finally, a few new mixed-metal Pt

compounds should be mentioned here. If

two different metals can be linked, in a

kinetically inert way, i.e. by using a spacer

of variable length, fine-tuning and a wealth

on new compounds become accessible.

Using both Pt and Ru, a few cases have

been reported already[99,100] including a 3D

structure determination; the corresponding

chemical structure is redrawn in Figure 6.

The antitumor activity of this prototype

complex is limited, but as a result new Pt-

Ru and Pt-M compounds have been

investigated. When combining the slow

metal with a faster metal, like Cu(II), a

well-known DNA cleaving agent, comple-

tely new systems become possible.[101]

In fact combining the principle of

Figure 6, to the DNA cutting capabilities

of the Cu systems, a powerful bifunctional

system becomes accessible, where the Pt

species on the DNA does the selective

binding, where the Cu part can do the

cutting, at fixed distance, determined by the

space lengths. The prototype of this system

has just been proven and is schematically

shown in Figure 7.[102]
Final Remarks

The work summarized above has been

aimed shown that the ‘‘heavy metals’’

platinum and ruthenium, when coordinated
Figure 7.

Schematic structure of a bifunctional compound with

a Cu-containing DNA-cleaving moiety and a Pt ion as

the anchor, capable of recognizing and chelating to a

GG site in the double-stranded DNA, after de Hoog

et al.[102]
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to the proper ligands, may act on macro-

molecules, while acting as powerful antic-

ancer drugs. The important property of

these metals appears to be they are ‘‘slow’’

in ligand-exchange reactions, in fact the

exchange of some of their ligands falls

within the same time scale as many of the

cellular division processes takes place. This

may explain why these compounds are not

defragmented before any of their biological

targets is reached. It is realized that the

present short overview can only be far from

complete; however, I have tried to focus on

some issues that Pt and Ru have in common

(ligand exchange kinetics), and on their

binding to biologically relevant macromo-

lecules, in particular DNA. The list of

references given below, including some

specialist reviews, should help the inter-

ested reader to find more details.
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