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Chapter 1

INTRODUCTION



Hippocrates, 25 centuries ago, had named malignant tumors in the human body as

karkinois (crab) because the swollen blood vessels around the tumor mass gives it the

appearance of a crab. Cancer has been with man all along his existence. This disease,

characterized by abnormal and uncontrolled division of cells, arises due to genetic

instabilities that develop over the years in the DNA of these cells. Increased life

expectancy, coupled with the increase of numerous environmental pollutants and

mutagens has cumulated the genetic aberrations, which increased the incidence of cancer.

Inheritance of these genetic aberrations has also turned it into a potential inheritable

disease.

Cancer in the world:

Cancer is the second common cause of death in the developed countries next to

cardiovascular diseases. In Europe and North America, approximately one in five people

die of cancer. Such is the widespread mortality of cancer that according to a WHO

estimate, out of 50 million deaths annually in the world, more than 5 million are attributed

to cancer, and this number is rapidly increasing.

Cancer in India:

Increase of human life span in India over the last 5 decades has also increased the

incidence of cancer. Approximately, 500,000 new cases of cancer are reported every year

and according to a survey conducted by the Indian Cancer Society, 1.5 million people

suffer from this disease at any given point of time. Oral and Cervical cancer are the major

cancers in this country.
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Cancer Therapy:

Though great strides are being made in unraveling the molecular basis of carcinogenesis,

this knowledge has not yet been translated into a complete and effective cure for cancer.

Whatever the treatment procedure adopted, there is always a doubt of an incomplete cure

or a relapse. Presently, cancers are treated by the following methods depending upon the

site and stage of the disease.

1. Surgery

2. Radiation therapy

3. Chemotherapy

4. Hormonal therapy

Chemotherapy is the treatment of choice because of its effectiveness on various types of

cancers. It is used as a combination regimen of different drugs or as an adjunct to surgery

and radiation.

Development of Chemotherapeutics:

Traditionally, cancer chemotherapeutics were discovered through random large-

scale screening of synthetic chemicals and natural products against tumor systems,

primarily murine leukemias. Advances in molecular cell biology and knowledge of the

macromolecules involved in cellular functions has lead to the identification of target sites

and mechanisms of action of these drugs. An overview of different chemotherapeutic

drugs and their sites of action is presented in panel 1. The identification of specific
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intracellular targets for various drugs has paved the way for the development of drugs

targeted at these sites of action.

PANEL 1
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Anticancer targets:

A large number of anticancer drugs target DNA at various stages, causing lethal genetic

aberrations, which results in death of the cancer cells. Unfortunately, this generalized

action takes a huge toll on normal cells too, which narrows the therapeutic index of these

agents. In the light of this drawback, it would be more meaningful to develop drugs which

target a specific molecule involved in cancer progression, without whose function, the

division of cancer cells, but not normal cells will be grossly affected. Numerous such

cellular targets have been identified and have become the basis for the development of

cancer therapeutics. Some of these anticancer targets are-

- Adenosine deaminase - Ribonucleotide reductase

- Dihydrofolate reductase - Farnesyl transferase

- Topoisomerases
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TOPOISOMERASES

DNA is a very dynamic molecule and during the lifetime of a cell, it constantly undergoes

various topological changes without affecting its genetic makeup. Numerous topological

problems like negative/positive supercoiling and catenation arise in DNA during

replication and transcription. This causes intertwining of DNA that has to be resolved in

order to maintain normal functioning of the genome. Topoisomerases resolve this

intertwining and thus maintain genome integrity (Wang, 1985, 1991, 1996; Prus and

Drlica, 1986; Watt and Hickson, 1994). The enzymes are also involved in decatenation of

DNA in the G2 phase of cell division for separation of newly replicated chromatids

(Downes et. al., 1994). In the M phase, they help in chromosome condensation and

segregation (Adachi et. al, 1991).

The catalytic activity of these enzymes typically involves breaking one strand

(topoisomerase I) or both strands (topoisomerase II) of a duplex DNA segment and

passing the other strand in case of a single strand break or a duplex DNA segment in case

of a double strand break through a gate created by the broken DNA strand(s), and then

resealing the broken strands. The strand passage reaction is central to the various

functions of topoisomerases.
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CLASSIFICATION OF TOPOISOMERASES:

Topoisomerases in general, are of two types in both prokaryotes and eukaryotes. They are

the type I topoisomerases and type II topoisomerases (Reviewed by Roca, 1995; Wang,

1996).

Type I topoisomerases: These are monomeric enzymes which do not require ATP for

their activity. They change the linking number of DNA in steps of one (linking number is

the number of right handed turns that one DNA strand makes around the other in a DNA

duplex). The type I topoisomerases are of two types.

Topoisomerase I- 5': Molecular weight of this protein is -97 kDa. This enzyme binds to a

single strand of duplex DNA and forms an enzyme-DNA intermediate through a covalent

bond between a tyrosine residue of the enzyme and the 5' -phosphate at the DNA break

site.

Functions: Partial relaxation of negatively supercoiled DNA and knotting of single

stranded DNA rings into a double stranded ring.

Examples: E. coli DNA topoisomerase I, III and eukaryotic topoisomerase III.

Topoisomerase I- 7>': This is a 95-135 kDa protein. It is similar to the 5' enzyme but binds

preferentially to double stranded DNA and cleaves a single strand of DNA. It forms a

phosphotyrosyl linkage between a tyrosine residue of the enzyme and the 31- phosphate at

the break site. The unbroken strand is passed through this break to release the twisting

stress on the helix.
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Functions: complete relaxation of both positive and negative supercoils in DNA.

Examples: eukaryotic topoisomerase I, vaccinia virus topoisomerase I and topoisomerase

V of hyperthermophilic bacteria.

Type II topoisomerases: These are essential enzymes for the life of all organisms. They

are dimeric molecules and are ATP dependent. These enzymes change the linking number

of DNA in steps of 2. Depending on whether they are prokaryotic or eukaryotic, they are

divided into two types.

DNA gyrase : This is the prokaryotic topoisomerase II. Its catalytic activity is the same as

that of the eukaryotic enzyme as described below.

Functions: Preferential relaxation of positive supercoils and induction of negative

supercoiling in the bacterial chromosome and extrachromosomal DNA (plasmids).

Examples: All the prokaryotic type II topoisomerases and topoisomerase IV fall under this

category.

Topoisomerase II : This is the eukaryotic equivalent, which is a 160-180 kDa protein and

is highly conserved in all organisms. It binds to duplex DNA and breaks both the strands,

4 base pairs apart. The 5' broken ends are covalently bonded to two tyrosine residues (one

from each monomer) through phosphotyrosyl linkages. Additional interactions restrict free

rotation of the free 3' ends at the break site. A second duplex segment is transported

through this break.



Functions: If the gated and transported segments reside in the same DNA segment, this

enzyme catalyzes relaxation of supercoils or knotting/unknotting of DNA. If they are in

different DNA segments, the enzyme catalyzes their catenation or decatenation.

Examples: All the eukaryotic topoisomerase II enzymes.

Human topoisomerase II: In humans and also most mammals, two genetically distinct

isoforms of topoisomerase II have been detected (Drake et. al., 1987). The first type is the

topoisomerase Ila, which is a -170 kDa protein, similar to the topoisomerase II of all

eukaryotes and performs all the functions of the typical type II enzymes (Woessner et. al.,

1990). The second is topoisomerase 11/?, which shares a sequence homology of 68% with

the a isoform and has a molecular weight of ~ 180 kDa. The two isoforms appear to have

arisen from a recent gene duplication event which included several flanking markers like

the retinoic acid receptor a and (J genes (Coutts et. al., 1993). The a isoform has been

mapped to chromosome 17q21-22 (Tsai-pflugfelder et. al., 1988) while the /?enzyme is on

chromosome 3p24 (Tan et. al., 1992). The two isoforms show distinct patterns of

expression during cell cycle and also during oncogenic transformation (Woessner et. al.,

1990, 1991). While the a enzyme is over-expressed during the G2 and M phases of the

cell cycle, the J3 enzyme is constant throughout. The functions of the /? isoform are not

clearly known, but it is believed that it may be required for housekeeping functions during

the resting phase of the cell cycle, while the a enzyme is required for cell cycle

progression and for fast growth and division of cancer cells.
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STRUCTURE, CATALYTIC ACTIVITY, FUNCTIONS AND REGULATION

OF TOPOISOMERASE II

Among the eukaryotic topoisomerases, topoisomerase II is the major target for

some of the most important anticancer drugs. This is comprehensible because this enzyme

is absolutely essential for viability of cells; though the function of topoisomerase I can be

replaced by topoisomerase II, the latter enzyme's function cannot be replaced in most

cases (DiNardo et al., 1984; Uemura and Yanagida, 1986). A closer look at the structure

and functions of topoisomerase II will explain its importance in the growth and division of

living cells.

Structure of topoisomerase II :

The crystal structure of topoisomerase II was worked out in detail by Berger et al.

in 1996. The study shows that topoisomerase II in its active form is a heart shaped

homodimer with a large central hole (panel 2). The monomer is a flat crescent shaped

fragment which can be distinguished into three discrete domains. The first is the ATP

binding domain in the N-terminal region (B' region). It has a consensus sequence for ATP

binding and has the capacity to hydrolyze ATP. This domain dimerizes with the other

monomer upon binding of ATP, and imposes a conformational change all over the

enzyme, required for catalytic activity. The second is the DNA binding domain or the

DNA breakage/reunion domain, present in the A' region. The active site tyrosines which

associate with the broken ends of DNA during the catalytic cycle are present in this

domain. The third is the primary dimer interface in the C-terminal region which forms the



dimer interface of the enzyme by associating with the other monomer. Apart from forming

the dimer interface, this region is also implicated in regulation of enzyme activity and

nuclear localization.

PANEL 2

CRYSTAL STRUCTURE OF TOPQISOMERASE II

(reproduced from Berger et. al., 1996)

SPACE FILL MODEL RIBBON MODEL
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Catalytic Activity:

In its catalytic cycle shown in panel 3 (described by Berger et al, 1996), the

topoisomerase II dimer first binds to a duplex DNA segment termed as the 'G' (gated)

segment and undergoes a conformational change. It then binds to ATP with the ATP

binding domain and also binds to a second DNA segment called the 'T' (transported)

segment. This binding causes a series of conformational changes in the enzyme, which

causes the A' regions to be pulled apart from each other, leading to cleavage of the G-

segment in both the strands, four base pairs apart. The active site tyrosines in the DNA

binding domains then form covalent bonds with the nicked DNA strands through a trans-

esterification reaction between the phenolic hydoxyl groups of the tyrosines and the 5 -

phosphoryl ends of the nicked DNA. Concomitantly, the ATP domains dimerize and the

T-segment is transported through the gate formed by the nicked DNA into the central

hole. Following this transport, the G-segment is rejoined by a second trans-esterification

reaction and the T-segment is transported out of the enzyme through the opening formed

in the dimer interface. The monomers immediately dimerize at the interface and the ATP

is hydrolyzed and released. This regenerates the starting state and the enzyme is ready to

begin a fresh catalytic cycle.

The DNA cleavage/religation reactions do not require energy from a high energy co-factor

(like ATP) because the phosphate bond energy is conserved in the two successive trans-

esterification reactions (Roca, 1995). The ATP binding and hydrolysis is involved in

introducing conformational changes in the enzyme for carrying out its catalytic functions

and not for DNA nicking and resealing.

11



PANEL 3

CATALYTIC CYCLE OF TOPOISOMERASE II

ATPase

Topo II binds to the 'G' segment of DNA and undergoes a conformational change. Upon
binding of a second segment ('!" segment) and ATP, the enzyme further undergoes
conformational changes leading to generation of double strand breaks in the 'G'
segment and passage of the 'T' segment through the gate formed by the broken strand
into the large central hole in the enzyme. Following this transport, the 'G' segment is
rejoined and the 7" segment is released out of the enzyme through an opening of the
primary dimer interface. At this stage, ATP is hydrolyzed and the enzyme starts afresh
reaction cycle.
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Functions of topoisomerase II:

Resolving the need for a 'Molecular SwiveP : The local unwinding of the DNA helix

during DNA replication and transcription leads to positive supercoiling ahead of the

advancing fork and negative supercoiling in the region behind the fork (Lockshon and

Morris, 1983, Liu and Wang, 1987). This causes torsional stress on the DNA, which is

removed either by topoisomerase I or II by relaxing the positive and negative superhelices

(Kim and Wang, 1989).

Decatenation of replicated chromatids and segregation : DNA replication in the dense

chromatin results in catenation of the replicated chromatids. The separation of these

intertwined daughter strands requires decatenation, which is performed by topoisomerase

II in the G2 phase of the cell cycle (Ishida et al., 1994). This helps in segregation of the

newly replicated daughter strands at mitosis and meiosis. Cells lacking topoisomerase II

accumulate multiply-intertwined, catenated dimers (DiNardo et al, 1984, Uemura and

Yanagida, 1986). The failure to segregate intertwined DNA molecules eventually leads to

cell death as the cells attempt to divide (Holm et al., 1985).

Maintaining Genome Stability : . Both the type I and type II topoisomerases, through

relaxation of supercoils and unlinking of inappropriately paired intertwined DNA strands,

greatly reduce recombination frequency, especially in the rDNA clusters and help in

maintenance of genome stability (Christman et al., 1988). Topoisomerase II plays an

important role in recombination suppression during meiosis (Holm et al., 1989). Absence
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of any of these enzymes inadvertently results in a hyper-recombination phenotype, in

which the rDNA gene clusters tend to get excised as extrachromosomal DNA rings (Kim

and Wang, 1989b).

Chromosome Structure : Topoisomerase II is associated with interphase chromatin as well

as the cell division stage chromosomes (Swedlow et al., 1993, Eamshaw and Heck, 1985).

In fact, topoisomerase II is the major component of the chromosome scaffold and is

concentrated at the base of the chromosomal loops, called the scaffold attachment regions

(Gasser and Laemmli, 1987). Though the detailed structural interaction of topoisomerase

II with chromosomes is yet to be worked out, it is believed that topoisomerase II gives

structural alignment to chromosomes prior to mitosis but is not required for maintaining

the chromosomal scaffold through mitosis (Hirano and Mitchison, 1993).

Chromosome condensation/decondensation: Topoisomerase II is required for

chromosome assembly and condensation prior to cell division (Adachi et al., 1991; Wood

and Earnshaw, 1990). The enzyme is believed to interact with other proteins of the

chromosomal scaffold like the SMC proteins ( SCII, XCAP-C and XCAP-E) during

chromosome condensation (Ma et al., 1993; Saitoh et al., 1994). Removal of

topoisomerase II activity either through immuno-depletion or antibody blocking

completely inhibits chromosome assembly and condensation (Hirano and Mitchison,

1993). Similarly, the enzyme is also required for chromosome decondensation after cell

division.
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Regulation of topoisomerase II activity :

Topoisomerase II expression and activity is tightly regulated in cells. In the Gl and S

phases of the cell cycle, topoisomerase II activity is largely confined to the relaxation of

supercoils generated during the processes of transcription and replication (Cardenas and

Gasser, 1993). This requires low expression levels and the enzyme activity is also very

less, which is regulated through phosphorylation. As the cell passes on to the G2 and M

phases, the phosphorylation status of enzyme is very high, consistent with its high activity

(Cardenas and Gasser, 1993). The functions of topoisomerase II and its regulation in the

cell cycle are schematically shown in panel 4.

Fast growing cancer cells, unlike the normal cells show very high expression of

topoisomerase II in all the phases of the cell cycle (Hsiang et al., 1988). The enzyme is

also highly phosphorylated in these fast dividing cells, without which the cells cannot

accomplish their high turnover.

Depending on the requirement, phosphorylation of the enzyme can lead to increase in its

activity by 2 to 15 fold (Corbett et al., 1992, 1993b; Takano et al. 1991). Casein Kinase II

and protein kinase C are the major enzymes that phosphorylate topoisomerase II

(Ackerman et al., 1985, 1988; DeVore et al., 1992). In addition, other 'mitotic kinases'

like the mitogen-activated protein kinase (MAP kinase) phosphorylate the enzyme during

the G2 and M phases (Kuang and Ashorn, 1993). The phosphorylation of topoisomerase

II by these kinases may be regulated by the master controller of mitotic events, the p34cdc

kinase (Cardenas et al., 1992).
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PANEL 4

TOPOISOMERASE II ACTIVITY IN THE CELL CYCLE

In the Gl and S phases of the cell cycle, topo II expression and activity is very less.
Phosphorylation of the enzyme is also very minimal (shown as 'P'). In these cell cycle
phases, the enzyme is involved mostly in resolving the siipercoiling generated during
transcription. As the cell cycle passes on to the G2 and M phases, topo II expression and
activity through phosphorylation is drastically increased. The enzyme in these phases
helps in replication, segregation of daughter chromosomes (shown in red), condensation
of chromosomes through precondensation complex (PCx) formation and during
decondensation. The enzymes that phosphorylate topo II are Casein Kinase II, Protein
Kinase C, etc. Cancer cells generally over-express topo II throughout the cell cycle
because of the heavy requirement for this enzyme during the various DNA topological
transformation processes.

16



ANTAGONISM OF TOPOISOMERASE II ACTIVITY

In contrast to the limited number of drug classes that act on topoisomerase I or DNA

gyrase, topoisomerase II is a target for a number of structurally disparate compounds

(Chen and Liu, 1994). The present topoisomerase II drugs can be classified into four

groups (Drlica and Franco, 1988; D'Arpa and Liu, 1989, Liu, 1989). They are -

DNA intercalating topoisomerase II poisons : These molecules possess a domain for

intercalation with DNA and a domain for enzyme interaction. Through this bi-directional

interaction, they form an Enzyme-Drug-DNA ternary complex called the 'cleavage

complex'. The formation and importance of this 'cleavage complex' has been described in

the next section. Examples of this class of drugs are amsacrine (m-AMSA), adriamycin,

ellipticine.

DNA non-intercalating topoisomerase II poisons :

These molecules also form the ternary cleavage complex, but do not intercalate with

DNA. They interact with the enzyme and may or may not interact with DNA, but without

intercalation. Examples: Etoposide and Teniposide
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Drugs that interfere with the A TP hydrolysis reaction of topoisomerase II:

ATP hydrolysis causes a conformational change in the enzyme which opens a molecular

clamp for passing a double stranded DNA segment through the distal (C-terminal) end of

the enzyme. Drugs which inhibit ATP hydrolysis by the enzyme do not allow the passage

of the DNA segment through this clamp. Examples are Novobiocin, Coumeromycin and

Amonafide.

Topoisomerase II inhibitors:

These class of drugs bind to the enzyme and inhibit the catalytic activity of the enzyme

without forming the cleavage complex or interfering with the ATP hydrolysis. Example of

this class is Fostriecin.

These four classes of topoisomerase II drugs are important antineoplastic agents

because topoisomerase II antagonism brings about anticancer action. Among these classes

of drugs, the DNA intercalating and non-intercalating poisons are the most effective

anticancer agents for the specific reasons which are described in the next heading.
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TOPOISOMERASE II IS AN ANTICANCER DRUG TARGET

The strand passage event in the catalytic cycle of topoisomerases comes with a

heavy price, which is, generation of double stranded breaks in the DNA. Under normal

circumstances, these DNA breaks are fleeting intermediates between the DNA cleavage

and religation action of the enzymes (Reece and Maxwell, 1991; Gupta et al., 1995).

However, conditions that significantly increase the lifetime and physiological

concentrations of these DNA breaks unleash a myriad of deleterious effects on the genetic

material (Corbett and Osheroff, 1993; Anderson and Berger, 1994; Ferguson and Baguley,

1994).

In the early 1980's, researchers had shown that some of the well known anticancer

drugs like etoposide and amsacrine (m-AMSA) act on this aspect of the enzyme activity

(Nelson et al., 1984, Chen et al., 1984). These drugs, which allow DNA cleavage by the

enzyme but block the DNA religation event are known as 'topoisomerase II poisons',

unlike the topoisomerase II inhibitors which basically interfere with enzyme turnover

(Smith, 1990). Typically, these poisons interact bi-directionally with the enzyme and DNA

or with the enzyme alone (when the enzyme is bound to DNA). The drug bound

topoisomerase II, as per its normal catalytic cycle, cleaves the DNA. At this point, the

transient intermediate of the covalently linked 'enzyme-cleaved DNA complex' is frozen

by the drug. This ternary complex consisting of enzyme-drug-DNA is called the 'cleavage

complex' (Liu, 1989, Smith, 1990). Formation of this complex disturbs the DNA

cleavage/religation equilibrium, which shifts towards DNA cleavage and the enzyme is no
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longer capable of resealing the breaks (Maxwell, 1992; Pommier, 1993). This results in

permanent double strand breaks in DNA which are protected by the covalently linked

topoisomerase II (Froelich-Ammon and Osheroff, 1995).

Cancer cells generally over-express topoisomerase II (Hsiang et al., 1988; Tricoli

et al., 1985; Bodley et al., 1987), and these cells when treated with topoisomerase II

poisons, tend to harbor numerous topoisomerase II induced DNA cleavage complexes

(Potmesil and Kohn, 1991; Slichenmyer et al., 1993; Sinha, 1995). Traversal by replication

or transcription complexes in the region of the breaks will apparently split up these

cleavage complexes, which will expose the DNA breaks. Once exposed, these breaks will

become targets for repair and recombination pathways. This in turn stimulates sister

chromatid exchange, large insertions/deletions, translocations and large chromosomal

aberrations (Corbett and Osheroff, 1993, Chen and Liu, 1994, Anderson and Berger,

1994; Ferguson and Baguley, 1994). When these genetic aberrations accumulate at high

concentrations, they trigger a series of events which will ultimately lead to cell death

through apoptosis or necrosis (Liu, 1994; Pommier et al., 1994; Beck et al., 1994). The

impact of topoisomerase II poisons on enzyme activity and the subsequent effects are

depicted schematically in panel 5.
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PANEL 5

HOW TOPOISOMERASE II POISONS KILL CANCER CELLS

In its normal catalytic cycle, topo II (shown in red) binds to DNA and generates double
strand breaks. Binding of a topo II poison (green) freezes topo II and DNA in a 'cleavage
complex', in which the enzyme cannot rejoin the broken DNA. When such a cleavage
complex encounters unwinding stress due to an advancing DNA replication machinery or
a transcription complex (shown in yellow), the cleavage complex dissociates, exposing
the DNA double strand breaks. Accumulation of numerous such DNA breaks due to
cleavage complex formation, eventually leads to cell death (described in the text).
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METAL COMPLEXES AS CANCER THERAPEUTICS

The therapeutic use of metal containing compounds can be traced back to the ancient

Chinese (between 2000 and 2500 B.C.), who used gold in metallotherapy for various

diseases including cancer. Paracelsus (1493-1541), who is regarded as the father of

metallotherapy, used alchemical mixtures of various heavy metals such as iron, cadmium,

mercury, arsenic and antimony to treat patients with diseases like cancer. Ehrlich had used

the arsenic compound, Salvarsan® to treat syphilis, until the discovery of penicillin

(Ehrlich, 1910). In 1929, Bell had demonstrated the use of Lead phosphate and colloidal

Lead for curing neoplastic diseases. The ancient Indian system of therapy called 'Siddha'

also uses mixtures of metallic compounds with plant juices for treating numerous diseases.

The modern era of cancer chemotherapy started with the accidental discovery of

the cytostatic properties of a platinum coordination complex, cis-diamine dichloro

platinum (II) (cisplatin) (Rosenberg et al., 1969).

Cisplatin therapy produced such dramatic results on testicular, ovarian, head and neck

carcinomas that it spurred an extensive search for other platinum containing complexes.

Subsequently, the derivatives of cisplatin- carboplatin, iproplatin and spiroplatin were

synthesized, which showed increased efficacy (DeVita et al., 1985; Nicolini, 1988). But

surprisingly, compounds like transplatin ( trans isomer of cisplatin, whose ligands are in

the trans-conformation) did not show any anticancer action. Detailed analysis revealed that

cisplatin and its analogues interact with DNA by predominantly (>90%) forming the 1,2-

intrastrand cross-links with adjacent purine bases (especially guanine) (Lippard, 1993).
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Transplatin shows very less cross-linking with adjacent bases. This explains the difference

in the anticancer action between cisplatin and transplatin. But most importantly, this

suggests that the ligand orientation and possibly the type of ligand attached to the metal

atom may influence the anticancer activity of such metal complexes.

Cisplatin discovery also sparked off an extensive search for anticancer metal

complexes which contain a metal atom other than platinum. A very few among these

complexes actually matched the cytostatic efficacy of cisplatin, but more importantly,

some of these non-platinum metal complexes were active against tumor types which were

unresponsive to cisplatin and other existing anticancer drugs, eg., gastrointestinal

carcinomas insensitive to cisplatin and other chemotherapeutic treatment are very

responsive to treatment with antirumor titanium compounds (Kopf-Maier, 1989). This is a

promising aspect for development of non-platinum anticancer metal complexes. The

noteworthy point here is that, apart from the type and orientation of the ligands, the

central metal atom may also be an important determinant for anticancer action.

To date, the most effective non-platinum cytostatic agents are spirogermanium, a

germanium complex (Rice et al., 1977), gallium nitrate (Adamson et al., 1975), titanocene

dichloride and budotitane, which are titanium complexes (Kopf-Maier, 1989, Keppler et

al., 1991) and trans-indazolium (bis indazole) tetrachloro ruthenate, a ruthenium complex

(Keppler et al., 1989). The purported mechanism of cytostatic action by these complexes

is through inhibition of DNA, RNA and protein synthesis (Waalkes et al., 1974; Hill et al.,

1982, Kopf-Maier and Kopf, 1988; Fruhauf and Zeller, 1991). But, as mentioned earlier,

this generalized action also causes enormous toxicity on the body.
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A more viable approach for the development of anticancer metal complexes would

be through a rational drug design. This concept stresses on the need to recognize specific

targets of action, and then design antagonistic molecules that bind to the targets with a

very high affinity to bring about specificity of action. This would not only increase the

potency of anticancer action, but also decrease toxic side effects to a great extent. The

work presented in this thesis is an attempt to develop anticancer organometallic complexes

of iron and ruthenium which target topoisomerase II, and which can be safely delivered to

cancer cells by using a natural delivery approach.
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OBJECTIVES OF THE WORK

For developing potent anticancer metal complexes with minimal associated toxicity, a

three pronged approach was adopted.

1 Metal induced toxicity of anticancer metal complexes can be reduced if the metal atom

is strongly bonded with one or more ligands. The strongly bonded metal atom would,

at least in part be inert towards biological molecules, which may otherwise easily

interact with a metal which has lost its ligands. Organometallic compounds are

excellent candidates for this purpose because they possess a strong bond

(organometallic bond) between the metal atom and the 7t-electron cloud of an aromatic

ring of the ligand. This linkage would prevent non-specific association of the metal

atom with biological molecules.

2. Toxicity can be further reduced if the compounds are designed to specifically interact

with a single molecular target in cancer cells, in the present case, topoisomerase II.

3. Targeted delivery of the drugs in a bound or encapsulated form to achieve selective

localization in cancer cells will further reduce non-specific toxicity.

In the present study, organometallic compounds of iron and ruthenium have been

designed to specifically poison the activity of topoisomerase II. Detailed analysis on their

molecular interaction with topoisomerase II and DNA have been carried out to determine

their mechanism of action. Anticancer activity of these compounds was tested using 3H-
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thymidine incorporation assays. Lastly, a delivery approach was attempted for the

ruthenium compounds to improve their potency of anticancer activity.
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Chapter 2

EXPERIMENTAL PROCEDURES



MATERIALS

-RPMI-1640 and DMEM cell culture media, Amsacrine (m-AMSA), PMSF, DTT,

Polymin-P, Calf thymus DNA and human Apotransferrin (Mr 80,000) were from Sigma

Chemical Co., U.S.A.

-Anti-topoisomerase II antibody was from Topogen Inc., U.S.A.

-Protein A-agarose, fetal calf serum, trypsin and antibiotics were from Gibco-BRL, U.S.A.

-Biogel-HTP (hydroxyapatite) was from Bio-rad.

-PEI (polyethyleneimine) Cellulose-F TLC sheets were from Merck.

-Proteinase K and ATP were from Boehringer-Mannheim, Germany.

-The radioactive chemicals- y 3*P- ATP and 3H labeled thymidine were supplied by the

Board of Radiation and Isotope Technology, India.

-Chemicals used for synthesis of the iron and ruthenium metal complexes were from

Aldrich, Fluka and Lancaster.

-Other chemicals and biochemicals were of analytical grade.
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SYNTHESIS OF THE ORGANOMETALLIC COMPLEXES

SYNTHESIS OF THE IRON (FERROCENE) COMPLEXES:

Ferrocene : Di-K-cyclopentadiene iron (II)

This was synthesized according to the procedure of Wilkinson et. al. (1956). Di-

cyclopentadiene was monomenzed by cracking the dimer in liquid paraffin at 240 °C. .In

these conditions, the monomeric cyclopentadiene (b.p. 42 °C) vaporises which was

distilled out and collected in an air-tight flask and was immediately mixed with dry

tetrahydrofuran. This solution was slowly added to sodium metal in tetrahydrofuran and

stirred for 3 h to form sodium cyclopentadienide solution.

Anhydrous FeClj and Fe powder in dry tetrahydrofuran were refluxed for 5 h. to give a

gray powder of FeCb. The FeCl2 powder was added to the sodium cyclopentadienide

solution and refluxed for 2 h to form iron cyclopentadiene (ferrocene). Ferrocene was

extracted from the remaining residue with large portions of petroleum ether and purified

by elution with hexane from an alumina column. All the reactions were carried out in dry

nitrogen atmosphere.

Proton NMR spectra: Singlet peak at 4.18 PPM, corresponding to the cyclopentadiene

ring hydrogens (spectra I).

Note: Spectral data for all the synthesized compounds are given at the end of the thesis,

under the heading "Spectral data of the synthesized complexes"
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The following derivatives of ferrocene were synthesized according to the procedure of

Broadhead et.al. (1955).

Acetyl Ferrocene: 1-acetvl di-n-cyclopentadiene iron (II)

Acetyl chloride in chloroform was added to dry aluminum chloride and allowed to stand

for 2 h to form a binary complex of the two constituents. This was added to ferrocene in

chloroform and stirred for 90 min to form red solution. To this solution, ice was added

and stirred for 2 h. The organic layer was separated from the aqueous layer and dried.

This was chromatographed on alumina with hexane to purify red colored acetyl ferrocene.

Proton NMR spectra: 4.2 PPM corresponding to the un-svbstitnted lower ring

hydrogens, 2.42 PPM corresponding to methyl group hydrogens, 4.5 and 4.8 PPM

corresponding to the shifted hydrogens in the acetyl substituted ring (spectra 2).

Diacetyl ferrocene: I. I'-diacetvl di-n-cyclopentadiene iron (II)

Acetyl chloride in chloroform was added to aluminum chloride and allowed to stand for 2

h to form the binary complex. This was added to acetyl ferrocene in chloroform and

stirred for 90 min to form a red solution.

To this, ice was added and stirred for 2 h. The organic layer was separated, dried and

chromatographed on alumina with hexane to yield diacetyl ferrocene.

Proton NMR spectra: 2.3 PPM corresponding to the methyl group hydrogens. 4.48 and

4.7 PPM corresponding to the hydrogens on the acetyl substituted ring (spectra 3).
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Ferrocene Carboxaldoxime: 1-carboxaldoxime di-K-cvclopentadiene iron (II)

N-methyl formanilide (4 ml) was added to 5 ml of phosphorous oxychloride and mixed for

1 h at room temperature. To this, 2.9 gm ferrocene was added while shaking. The solution

was then allowed to stand for 72 h. To this resulting solution, ice was added and the

organic phase was extracted. The organic phase was dried and chromatographed in hexane

to purify ferrocene carboxy aldehyde.

To 1.5 gm of this aldehyde, 0.7 gm of hydoxylamine hydrochloride in 10 ml of dry

ethanol was added and refluxed for 2 h.

After cooling, the black oxime was filtered and suspended in ether to liberate free

ferrocene carboxaldehyde. This was crystallized in benzene.

FT-IR spectra: IR band at 3412 cm-1 confirms the presence of carboxaldoxime group in

ferrocene (spectra 4)

Ferrocene dicarboxaldoxime: 1.1'-di-carboxaldoxime di-n-cyclopentadiene iron (II)

4 ml of N-methyl formanilide was added to 5 ml of phosphorous oxychloride and mixed

for 1 h at room temperature. To this, 2.9 gm of ferrocene carboxyaldehyde was added

while shaking. The solution was then allowed to stand for 72 h. To the resulting solution,

ice was added and the organic phase was extracted. This was chromatographed to purify a

dark brown compound of ferrocene dicarboxaldehyde.

To 1.5 gm of this di-aldehyde, 0.7 gm hydroxylamine hydrochloride in 10 ml of dry

ethanol was added and refluxed for 2 h. After cooling, the di-oxime was filtered and

suspended in ether to liberate the dicarboxaldehyde. This was crystallized in benzene and
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separated from the monoxime on an alumina column using hexane. The di-oxime was

crystallized in benzene.

FT-IR spectra: Hi band at 3557 cm "' confirms the formation of the dicarboxaldoxime

(spectra 5).

PANEL 6

CHEMICAL STRUCTURES OF THE FERROCENE COMPLEXES
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SYNTHESIS OF THE RUTHENIUM COMPLEXES:

Ruthenium Coordination Complexes:

RuSAL: Trans bis salicvlaldoximato ruthenium (II)

This was synthesized following a slightly modified procedure of Lumme et al. (1984) for

the synthesis of copper salicylaldoxime. Dry salicylaldoxime (10 millimole) was dissolved

in dry methanol and anhydrous ruthenium trichloride (5 millimole) was added in the

presence of dry nitrogen gas. The constituents were refluxed at 70 °C for about 1 hour

until a green solution formed. This was vacuum dried and crystallized to form dark green

complex of ruthenium (II) salicylaldoxime.

IR spectra: Band at 1608 """' confirms the formation of a coordination bond between

imine nitrogen and metal atom; band at 1493 cm~' confirms the metal- oxygen bond

(spectra 6).

Rulnd: trans-indazolium (bis indazole) tetrachloro ruthenate (III):

Rulm: trans-imidazolium (bis imidazole) tetrachloro ruthenate (III):

These two metal complexes were generous gifts from Prof B.K. Keppler, Department of

Inorganic Chemistry, University, of Heidelberg, Heidelberg, Germany. The synthetic

procedures of these complexes are described by Keppler et. al. (1989).
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PANEL 7

CHEMICAL STRUCTURES OF THE RUTHENIUM
COORDINATION COMPLEXES

RuSAL

Rulnd
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Ruthenium Organometallic Complexes:

Synthesis of the dimeric starting compound:

This complex was synthesized as previously described by Zelonka et. al. (1972). Briefly,

freshly synthesized 1,3-cyclohexadiene (6 ml) was added to RuCl3. 3H2O (1.7 gm) in 100

ml of aqueous ethanol. The solution was maintained at 45 °C for 3 h to form a red

precipitate which was washed in ethanol and dried in vacuo to give the dimeric complex of

[RuCb(C6H6)2]. This dimer was the starting compound for the synthesis of all the

complexes of the 'RuBen' type.

RuBen(dmso): [ (rf-benzene) dichloro sulfinyl bis(methane)-O-ruthenium (II) ]

To the dimer, DMSO was added to form the monomeric DMSO complex

[RuCb^H^dmso], referred as RuBen(dmso) throughout this thesis. This was vacuum

dried to give a bright red precipitate.

Proton NMR spectra in d6- DMSO (the 'dtnso' ligand is also d6-DMSO): 5 4.07 PPM

corresponding to the organometallic bonded benzene ring hydrogens (spectra 7).

RuBenPy: f (rf-benzene) (pyridine)-N-ruthenium (II) /

100 mg of the above dimer was stirred in 10 ml of pyridine for 48 h. at room temperature

to give an orange-red solid. This was filtered and washed in methanol followed by diethyl

ether.
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Proton NMR spectra in d6-DMS0: 8 6 and 7.4 PPM corresponding to the shifted

pyridine hydrogens, 5 3.4 PPM corresponding to the benzene ring hydrogens (spectra 8).

RuBenAPy: f (rf-benzene) (3-amino pvridine)-NJ-ruthenium (II) ]

5 mmole of the dimer was suspended in absolute ethanol and 10 mmole of 3-amino

pyridine was added. The mixture was refluxed for 12 h. in dry nitrogen atmosphere. A

dark green product formed which was filtered and washed in ethyl alcohol: diethyl ether

(70:30) mixture.

Proton NMR spectra in d&-DMSO: 8 7.1, 7.65 and 8.7 PPM corresponding to the

shifted pyridine ring hydrogens, 8 3.9 PPM corresponding to the benzene ring hydrogens

(spectra 9).

RuBenABa: ( (rf-benzene) (p-amino benzoic)-O-ruthenium (II) /

To 5 mmole of the dimer in dry ethanol, p-amino benzoic acid was added. This was

refluxed for 6 h. in dry nitrogen atmosphere to give a dark purplish-pink precipitate. This

precipitate was dried in diethyl ether.

FT-IR Spectra: Bands at 3462 cm' and 3364 cm' correspond to the anti-bonding

stretching by the hydroxyl oxygen upon coordination with the ruthenium atom (spectra

10).

RuBenAGu: [ (n6-benzene) (amino suatiidine)-Nl-ruthenium (II) 1
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10 mmole of amino guanidine was added to 5 mmole of the dimer in dry alcohol and

refluxed for 6 h. The solution was cooled and allowed to stand at room temperature for 24

h. A dark blue precipitate formed, which was washed and dried in diethyl ether.

Proton NMR spectra in d6-DMSO: 8 5.9 and 7.3 PPM corresponding to the amino

hydrogens of the amino guanidine group, 5 3.3 PPM (spectra 11).

PANEL 8

CHEMICAL STRUCTURES OF THE ORGANOMETALLIC COMPLEXES

RuBen(dmso) RuBenPy RuBenAPy

RuBenAGu
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MOLECULAR MODELING OF THE SYNTHESIZED COMPLEXES:

Structural conformations of the synthesized metal complexes were determined by

computer-aided molecular modeling analysis. Molecular models were generated on a

IBMRS/6000, model 530 Unix based silicon graphics workstation, using the SPARTAN

molecular modeling package (Wave Functions Inc.).

The following tasks were performed to obtain minimum energy standard conformations of

the metal complexes.

1. The SPARTAN graphic interface was used for generating 3-dimensional models of the

molecules, which were subjected to energy minimization using the AMI semi

emperical calculation.

2. Frequency vibration calculations were carried out to bring the optimized

conformations to a stable minima.

This produced minimal energy conformational structures of the molecules which should

correspond with the actual conformations of these molecules.
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BIOCHEMICAL PROTOCOLS

GENERAL PROTOCOLS:

- Protein estimation was done according to the colorimetric method described by

Bradford (1976).

SDS-PAGE electrophoresis was carried out according to the procedure of Laemmli

(1970).

Silver Staining of the SDS-PAGE protein gels was carried out according to the

method of Blum et. al. (1987).

- Western Blotting was done following the procedure of Towbin et. al. (1979).

PURIFICATION OF pBR 322 NEGATIVELY SUPERCOILED PLASMID DNA:

The negatively supercoiled pBR322 plasmid DNA was purified from the E.coli

HB101 strain containing the plasmid, using the alkaline lysis procedure of Wang and

Rossman (1994). The procedure described is for a 1 litre culture, which can be scaled up to

4 liters. An overnight culture of the plasmid containing bacteria (grown in the presence of

70 /ig/ml ampicillin and 20 //g/ml tetracycline) was used for purification of the plasmid.

Buffers used in the purification:

Lysis buffer: 50 mM glucose, 25 mM tris-HCl, pH 8.0, 10 mM EDTA and 5 mg/ml

lysozyme.
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Alkaline solution: 0.2 N NaOH and 1% SDS.

Acid extraction solution: 0.75 M NaCl, 10 mM EDTA, 0.3 M sodium acetate (pH 4.2).

Reverse extraction buffer: 1.5 M tris and 5 mM EDTA.

Tris-EDTA buffer: 10 mM tris-HCl, pH 7.5 and lmM EDTA.

Procedure:

Bacterial cell growth and harvesting:

25 ml of LB broth was inoculated with a single bacterial colony containing the plasmid.

The culture was grown in a shaking incubator for 8 h at 36 °C. This culture was used for

inoculating 1 litre of LB broth. The 1 liter culture was grown overnight (12 -14 h) at 37

°C in a shaker incubator. The purification procedures were carried out 4 °C.

Cells were harvested by centrifugation at 5000 rpm for 10 min. The cells were lysed with

40 ml of lysis buffer by constant stirring over a period of 15 min.

Alkaline lysis:

80 ml of freshly prepared alkaline solution was added and the constituents were mixed by

swirling in a bottle. The mixture was placed on ice for 10 min. 50 ml of freshly prepared

saturated ammonium acetate solution was added gently against the walls of the bottle. The

bottle was placed on ice for 10 min. The precipitated proteins were removed by

centrifugation at 12,000 rpm. The supernatant was clarified by filtering it through glass

wool. Ice cold isopropanol (0.7 volume) was added to the supernatant and placed on ice

for 20 min.
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Acidic phenol extraction of RNA:

The precipitated DNA was pelleted at 12,000 rpm. The supernatant was removed and the

pellet allowed to dry. This pellet was dissolved in 25 ml of ice-cold acid extraction

solution. After 5 min on ice, an equal volume of water saturated phenol was added and

vortex mixed for 2 min in 50 ml tubes. The tubes were centrifuged at 12,000 rpm for 10

min. The aqueous phase (containing RNA) was removed and the phenol phase was again

washed with an equal volume of the acid extraction solution.

Extraction of DNA from phenol:

To the phenol phase, 15 ml of reverse extraction buffer and 15 ml of chloroform were

added and vortex mixed for 2 min. The tubes were centrifuged again at the same speed.

The aqueous phase containing the pure plasmid DNA was taken and the phenol phase

containing proteins was discarded.

Precipitation and dissolution of DNA:

The aqueous phase containing the DNA was treated with 0.7 volume of ice cold

isopropanol and 0.1 volume of 3 M sodium acetate (pH 4.2) and placed on ice for 20 min.

The DNA was pelleted and washed twice with ice-cold ethanol (70%). The pellet was

dissolved in a proper volume of Tris-EDTA buffer.

Panel 9 shows the characterization of pBR322 DNA by Eco Rl digestion.

41



PANEL 9

CHARACTERIZATION OF pBR 322 PLASMID DNA

Lane 1: DNA molecular weight marker (bp)

Lane 2: Purified pBR 322 DNA;
lower band- supercoiled DNA (indicated by I)
Upper band- nicked circular DNA (indicated by II)

(also referred as relaxed DNA)

Lane 3: Eco R1 digestion of the pBR 322 DNA linearizes the closed
circular plasmid DNA to show the actual molecular weight
of the the plasmid (4.36 kb). The linear DNA is indicated by III
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PURIFICATION OF TOPOISOMERASE II FROM RAT LIVER:

Topoisomerase II was purified from rat liver tissue following the procedure of

Galande and Muniyappa (1996). In principle, the procedure involves the isolation of

enriched nuclei for minimization of protease action. From the nuclei, topoisomerase II is

isolated by polymin P precipitation of chromatin, followed by salt extraction of proteins,

ammonium sulfate precipitation and finally two rounds of gradient elution in a

hydroxyapatite column. All the steps were carried out in a cold room at 4 °C.

Buffers used in the purification:

Buffer A: 10 mM Tris-HCl (pH 7.5), 5 mM MgCl2, 25 mM KC1, 0.34 M sucrose and 0.1

mM PMSF.

Lysis Buffer: 5 mM potassium phosphate (pH 7.5), 100 mM NaCl, 10 mM 2-

mercaptoethanol and 0.5 mM PMSF.

PR buffer: 20 mM potassium phosphate (pH 7.5), 10 mM NaHSO3, 10% glycerol, 10 mM

2-mercaptoethano and 0.5 mM PMSF.

Storage buffer: 30 mM potassium phosphate (pH 7.5), 50% glycerol, 0.1 mM EDTA and

0.5 mM DTT.
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Procedure:

Isolation of enriched nuclei:

400 gm liver from 2 month old rats (wistar strain) was washed twice in ice cold saline,

minced thoroughly and homogenized in 2.5 litres of buffer A. The cell-free homogenate

was centrifuged at 5000 rpm for 10 min. The pellet suspended in 700 ml of buffer A

containing 2.2 M sucrose and the supernatant was discarded. Enriched nuclei were

obtained by ultracentrifugation of the reconstituted pellet at 28,000 rpm for 1 h in a

Beckman Ti-70 rotor. The nuclear pellet was washed once at 15,000 rpm with 200 ml of

buffer A containing 1 M sucrose followed by 200 ml of buffer A with 0.1% triton X-100.

Lysis of Nuclei:

The nuclear pellet was resuspended in lysis buffer and subjected to lysis in an MSE

sonicator with a macroprobe for 4 times, 30 s each, with two min intervals.

Polymin P precipitation:

10% Polymin P (pH 7.8) was added slowly to the lysate, while stirring to a final

concentration of 0.35% during a period of 15 min. The precipitate was pelleted at 6000

rpm for 10 min. The Pellet was resuspended in 200 ml of PR buffer. Proteins were

extracted from the chromatin-polymin P complex with 0.55 M NaCl, while stirring for 30

min. Nucleic acids were reprecipitated by adding extra polymin P up to concentration of

0.7% while stirring for 15 min. The nucleic acid precipitate was removed by centrifugation

and the supernatant was filtered through glass wool.
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Ammonium sulfate precipitation and dialysis:

The clarified supernatant was subjected to ammonium sulfate (60%) precipitation with

continuous stirring for 1 h. The precipitate was collected by centrifugation at 12,000 rpm

for 20 min. The pellet was resuspended in 100 ml of PR buffer and dialyzed against 3 X 1

liters of the same buffer over a period of 15 h. A precipitate formed during the dialysis,

which was removed by centrifugation at 26,000 rpm for 20 min.

Chromatography on hydroxyapatite:

The clarified supernatant was loaded on a biogel-hydroxyapatite column equilibrated with

PR buffer containing 200 mM potassium phosphate. The Proteins were eluted with a

linear gradient of potassium phosphate from 200 mM to 700 mM. In these conditions,

topo II elutes between 400 and 500 mM. The chromatography was repeated on a second

biogel-hydroxyapatite column in the same conditions. The topo II containing fractions

were pooled and concentrated in centricon-10 concentrators. The final enzyme preparation

was dialyzed in 2 X 1 liters of storage buffer.

Characterization of topoisomerase II:

The purification profile of topo II is shown in a silver stained SDS-PAGE gel (10%) in

Panel 10. The protein was confirmed by western blotting, with a polyclonal antibody

against topo II. Protein concentration was determined by the Bradford method (1976).

Enzyme activity was determined using the relaxation assay described in the

'Topoisomerase II Activity Assays' section.
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Definition of enzyme activity: One unit of topo II activity is defined as the minimal

amount of the enzyme required to completely relax 0.3 fjg (0.5 nM base pairs) of

negatively supercoiled pBR322 plasmid DNA in the presence of Mg 2* ions, in a specified

period of time at 30 °C.

PANEL 10

CHARACTERIZATION OF RAT LIVER TOPOISOMERASE II
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DNA BINDING STUDIES:

Thermal denaturation studies on calf thymus DNA to determine binding of the

metal complexes to DNA:

Calf thymus DNA (sodium salt) was dissolved in 1 mM sodium phosphate buffer

containing 1 mM sodium chloride. DNA concentration was adjusted to give an absorbance

of 1.0 in 1 ml at 260 nm. The metal complexes were added to DNA at concentrations

which gave drug to nucleotide ratios of 1:40, 1:20, 1:10, 1:5 and 1:1 respectively. The

samples were incubated in 1 ml quartz cuvettes for 2 minutes to allow drug-DNA

interaction. A Hitachi 150-20 spectrophotometer was set to give a 1 °C rise in temperature

per minute with a KPC-6 thermo-programmer and SPR-7 temperature controller. Increase

in absorbance at 260 nm was recorded from 40 to 90 °C. Tm was determined from the

denaturation curves and the data was plotted.

Curve Width Analysis of the melting temperature curves:

Curve width is the temperature range between which 10% to 90% of the absorbance

increase occurs during the temperature induced melting of DNA. Curve width of the

individual melting curves was calculated by the procedure of Kelly et al. (1985). The data

was plotted as drug/nucleotide (D'/N) versus curve width and analyzed.
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Circular Dichroism Studies to Determine Conformational Changes induced in DNA

upon Interaction with the Drugs:

The RuBen drugs and pBR322 DNA proportionately corresponding to that required for

inhibition of topo II relaxation activity and 0.6 //g DNA (the maximum concentration of

drug and DNA used in the relaxation assay) were incubated in the relaxation buffer for 5

min to allow drug-DNA interaction. The DNA intercalator, m-AMSA, corresponding to

100 fjM in the topo II assay was included as a control. CD. spectra of the samples was

measured between 240 and 300 nm wavelength in a Jasco J-715 spectropolarimeter.

Molar ellipticity [9] was calculated from the CD. spectra using the formula- [G] = Mr *

i|//100Lc

where [9] is molar ellipticity, Mr is mean residual weight, y is CD. value in milli degrees,

L is path length of the cuvette in cm and c is the concentration of the sample (DNA) in gm

nucleotide phosphate per ml.

TOPOISOMERASE II ACTIVITY ASSAYS TO DETERMINE MOLECULAR

MECHANISM OF ACTION OF THE METAL COMPLEXES:

DNA relaxation assay:

Relaxation of the supercoiled DNA occurs in a stepwise manner. Each DNA relaxation

step of topo II involves a change in the linking number of DNA by 2. Thus, in an

incomplete reaction, the supercoiled DNA band (form I DNA) disappears and a ladder of

bands (each band differing in linking number by 2 from its successive band) in different
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stages of relaxation appear. Complete relaxation of the plasmid DNA can be visualized as

a single band (form II) of DNA. This is because, all the bands in the ladder are completely

relaxed into form II DNA. In the present study, an incomplete relaxation reaction has been

employed for the drug assays.

This assay was performed following the procedure of Osheroffet al. (1983). The reaction

mixture (20 juL) contained relaxation buffer (50 mM Tris-HCl, pH 8.0), 120 mM KC1, 0.5

mM EDTA, 0.5 mM DTT, 10 mM MgCl2, 30 jug/mL BSA, 1 mM ATP), 0.6 //g of

negatively supercoiled pBR322 plasmid DNA and increasing concentrations of the RuBen

drugs. The reaction was initiated by adding 2 units (~8 nmole) of topo II and incubated at

30 °C for 15 min. The reaction was stopped by adding 2 /iL of 10% SDS. To this, 3/iL of

loading dye (0.5% bromo-phenol blue, 0.5% xylene cyanol, 60% sucrose, 10 mM tris-

HC1, pH 8.0) was added, and the products were separated on a 1% agarose gel in 0.5x

TAE buffer (20 mM tris-acetate, 0.5 mM EDTA) at 50 V for 8 h. The gel was stained

with ethidium bromide, visualised using a Photodyne UV transilluminator and

photographed.

PANEL 11

PATTERN OF RELAXATION BANDS IN AN AGAROSE GEL
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DNA Cleavage Assay:

In presence of a topo II poison, a ternary 'cleavage complex' consisting of'cleaved DNA-

drug-topo II' is formed. The formation of this complex is confirmed by treating the

reaction products of the cleavage assay with SDS. This detergent treatment denatures the

enzyme, thus liberating the cleaved DNA. Proteinase K treatment completely disrupts the

association of enzyme with DNA. This cleaved DNA is visualized as a form III (linear

plasmid DNA) in an agarose gel.

The formation of cleavage complex was assayed following the procedure of Zechiedrich et

al (1989). The 20 juL reaction mixture contained relaxation buffer (minus ATP), 0.6 //g of

pBR322 supercoiled DNA and increasing concentrations of drugs. The reaction was

initiated by adding 10 units (40 nmol) of topo II and incubated at 30 °C for 15 min. The

reaction was stopped with 2 fjL of 0.5 M EDTA and 2 /iL of 10% SDS. The DNA bound

protein was degraded by incubating the reaction mixture with 2 /iL of 1 mg/mL Proteinase

K at 45 °C for 1 h. The products were separated on 1% agarose gel for 8 h at 50 V in lx

TAE buffer (40 mM tris-acetate, 1 mM EDTA), stained and photographed. The linear

DNA band was quantified in terms of percentage of total DNA in a UVP gel

documentation system.
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PANEL 12

DNA CLEAVAGE ASSAY OF TOPOISOMERASE II

DNA stimulated ATPase activity of topoisomerase II:

Binding of DNA and ATP to topo II induces conformational changes in the enzyme,

which stimulates ATP hydrolysis by the enzyme. Drugs that inhibit the relaxation activity

of topo II also interfere with the ATPase activity of topo II. The products of the ATPase

reaction were subjected to thin layer chromatography. The resolved components (ATP,

ADP and Pi) were cut out of the TLC sheet and quantified as described below.
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This assay is a modified procedure of Osheroflfet al (1983). The 20 pL reaction mixture

contained relaxation buffer (the 1 mM ATP component contained 0.025 ftCi yP32-ATP),

0.6 //g of pBR322 DNA and increasing concentrations of drugs. The reaction was initiated

with 2 units of topo II and incubated at 30 °C for 15 min. The reaction was stopped with 2

//L of 0.5 M EDTA. The reaction mixture was spotted on PEI cellulose-F TLC sheets and

the sheets were subjected to thin layer chromatography in 1 M lithium chloride solution. In

these conditions, / 2 P/ migrates first followed by ADP and y^-ATP. After resolution, the

bands were monitored under reflected UV light at 366 nm in a Photodyne transilluminator.

The illuminated bands of ^2ATP, ADP and n Pi were cut out of the sheet and counted for

32P in a liquid scintillation counter.

Immuno-precipitation assay to determine presence of drug in the Cleavage complex:

Cleavage assay was performed in the presence of 500 /iM of the drugs. After the reaction,

topo II in the cleavage complex and in free form was immuno-precipitated with 0.04 units

of anti-topo II antibody. The antibody-antigen complex was trapped in 20 /A of protein A

agarose. This was washed twice with lx relaxation buffer at 1000 rpm to remove unbound

reactants. Topo II in the immuno-precipitate was released by adding 20 fA of 1% trichloro

acetic acid (TCA). To this, 10 /il of 1 N HC1 was added and the samples were boiled in

steam to dryness. Samples were then analyzed for parts per million of iron or ruthenium

metal by Atomic Absorption Spectroscopy in an ECDL-AAS4129 atomic absorption

spectrometer. For the RuBen(dmso) and RuSAL, the same assay was also performed with
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3H-thymidine labeled DNA. After TCA treatment, the samples were spotted on filter paper

strips and the radioactivity was measured.

APOTRANSFERRIN BINDING BY THE RUTHENIUM (RuBen) DRUGS:

uv-visible spectroscopic studies to determine apotransferrin binding:

This assay was carried out by the procedure described by Kratz et al. (1994). Briefly, ATr

was dissolved in a physiological buffer containing 4 mM NaH2PO4, 100 mM NaCl, 25 mM

NaHCC>3 (pH 7.4) and the uv-visible spectra of the RuBen drugs (50 //M) in absence and

presence of 50 jM ATr was monitored after incubating the samples in the above buffer for

4 and 8 h at 37 °C. The data was plotted as absorbance versus wavelength in nm.

Circular Dichroism studies to determine apotransferrin binding:

The circular dichroism studies were carried out in the same manner as the uv-visible

spectroscopic studies by following the method of Kratz et. al. (1994). In these studies, 100

fM ATr was incubated with 100, 200 and 300 /M. of the drugs (drug to ATr ratios of

1:1, 2:1 and 3:1) for a fixed time period of 8 h. The increasing drug concentrations were

used for determining the concentration of drug required for saturated binding with ATr,

after 8 h. incubation. The CD. spectral data was converted to molar ellipticity [8] using

the formula described in the DNA binding studies. The molar ellipticity data of ATr alone

was subtracted from that of drug-bound ATr to give the change in ellipticity (A 9). A 9

was plotted against wavelength in nm and the data was analyzed.
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R e l e a s e o f t h e R u B e n d r u g s f rom A i r :

To analyze if Tr binding by the RuBen drugs was reversible, pH of the drugs in solution

was lowered to 4.5 with citric acid to simulate the low pH of the endosomes (in

endosomes, the natural release of iron from Tr occurs at this pH). Release of the RuBen

drugs from Tr was monitored through uv-visible spectroscopy. To analyze if Tr binding

and release affected the topo II poisoning ability of RuBen drugs, the Tr-released drugs

were first subjected to TCA precipitation (final concentration of 10%) for 1 h on ice and

the samples were centrifuged at 12,000 rpm to sediment the protein. The supernatants

containing the drugs were taken, the concentration of drugs adjusted to that required for

cleavage complex formation, and the cleavage assay was carried out in presence of these

Tr-released drugs.

ANTICANCER ACTIVITY ASSAY:

[3H]-Thymidine incorporation by proliferating cells was the assay used for determining the

in vitro anticancer activity of the Ferrocene and RuBen drugs. Five different human cancer

cell lines were used for performing this assay. The cell lines are HL-60 (promyelocytic

leukemia), HUT-78 (T-cell lymphoma), Colo-205 (colon adeno-carcinoma), A-431 (skin

carcinoma) and ZR-75-1 (breast carcinoma). The cells were procured from the National

Centre for Cell Science, Pune.

The cells were grown in RPMI-1640 medium supplemented with 10% fetal calf serum (A-

431 cells were grown in DMEM with 10% serum). 0.2 x 106 cells/200 fA were distributed

in triplicates in 96 well microtitre tissue culture plates. The cultures were incubated for 16
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hours at 37 °C in a CO2 incubator (Forma Scientific) maintaining 5% CO2 atmosphere.

Increasing concentrations of the drugs were added to the cells in culture. The DNA

intercalating topo II poison, m-AMSA, was used as a positive drug control (positive and

negative controls always contained an equal amount of DMSO present in the drug treated

samples). The drug treatment was stopped after 6 h by centrifiigation and change of

media. After this, the cultures were further incubated for 48 h. The cultures were then

pulsed with 0.5 /JCi of 3H-thymidine and incubation was continued for 4 h to allow

thymidine incorporation by the proliferating cells. In case of non adhering cells (HL-60

and HUT-78), the cultures were directly harvested on glass microfibre strips using a

Skatron automated cell harvester. In the adhering cell cultures (A-431, Colo-205 and ZR-

75-1), the medium was removed and the adhering cells were treated with 10 /JL of trypsin-

EDTA (0.25% trypsin, lmM EDTA) for 5 min at 37 °C to release the cells from the

adhering surface. Trypsinization was stopped by adding 10 /iL of serum to the cells. The

original cultures were then added back to the wells and the cells were harvested as

described above. Radioactivity was measured in a Wallac liquid scintillation counter. The

mean result of three independent experiments conducted in triplicates was plotted as drug

concentration versus percentage of proliferation.

ANTICANCER ASSAY USING THE Tr-BOUND RuBen DRUGS:

The same procedure described above was used for estimating the anticancer activity of the

Tr-bound RuBen drugs. The colon carcinoma (colo-205) and breast carcinoma (ZR-75-1)
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cells were used in this study. Increasing concentrations of the Tr-bound RuBen drugs (at

saturated binding) were added to the cells. m-AMSA, in presence and absence of ATr was

included as a control. The incubation and harvesting was carried out as described above.

The data was plotted as a comparison between the Tr-bound and unbound drugs.
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Chapter 3

TOPOISOMERASE II POISONING AND ANTICANCER ACTIVITY
BY DNA NON-BINDING DERIVATIVES OF FERROCENE.



INTRODUCTION

Numerous inorganic and organic iron compounds and ionic ferricinium salts of the type

[(CsHs^ Fe+ X"] have earlier been shown to possess anticancer activity, but they also

cause typical iron toxicity (Collier and Krauss, 1981; Kopf-Maier and Kopf, 1988). The

toxicity arises due to release of inorganic iron from the compounds, and its association

with several biological molecules in various tissues. The toxic effects arise because of two

reasons. The first is, since iron is an oxidant, It produces hydroxyl radicals which attack all

classes of biological molecules and produce effects like depolymerization of

polysaccharides, inactivation of enzymes and initiation of lipid peroxidation (McCord,

1996). The second reason is that iron is a nutrient for invading microbial and neoplastic

cells, and these cells possess exceptionally powerful mechanisms for obtaining host iron

(Weinberg, 1995).

Neutral ferrocene compounds which are less toxic compared to the above mentioned

derivatives have been used in the present study. The organometallic bonds between the

metal atom and the cyclopentadiene rings as well as the uncharged iron atom account for

the low toxicity. Mono- and di- substituted acetyl and carboxaldoxime derivatives were

synthesized for this study (described in the Experimental Procedures section). Acetyl

substitutions were used because the acetyl groups are strongly interacting ligands. The

carboxaldoxime substitutions were designed because an earlier study with a cobalt

salicylaldoxime complex showed that the oxime group plays a critical role in topo II

poisoning (Jayaraju et. al., 1999).
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In the present study, mechanism of topo II interaction and the resulting antagonism of the

enzyme's activity was investigated. Anticancer activity of the ferrocene derivatives has

also been carried out using five different human cancer cell lines.

Anticancer activity of the ferrocene drugs:

The[3H] thymidine incorporation assays were carried out on five different cancer cell lines.

The results (Figure 1) suggest that Fecp does not appreciably inhibit proliferation of any

of the five cancer cell lines tested. The mono substituted acetyl and carboxaldoxime

derivatives (AcFecp and FecpOx) showed a markedly higher inhibition than the parent

molecule, Fecp. The di-substitued derivatives, DacFecp and FecpDox were more effective

than the mono-substituted derivatives. FecpDox showed the highest potency of

proliferation inhibition, almost comparable to that of the DNA intercalating drug, m-

AMSA. These drugs were most effective on the Colo-205 cell line followed by HL-60,

Hut-78, ZR-75-1 and least on A-431 cell line.

Topoisomerase 11 activity assays:

Inhibition of relaxation activity of topo II.

The relaxation assay using ferrocene derivatives (Figure 2) shows that Fecp had no

inhibitory effect on the relaxation activity of topo II. AcFecp and FecpOx could

completely inhibit the enzyme activity at 500 //M concentration. DacFecp could inhibit the

enzyme activity at 400 fuM and FecpDox at 300 juM concentrations respectively. The
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DNA intercalating topo II poison, m-AMSA showed complete inhibition of relaxation

activity at 75 juM concentration (Figure 2, lane 3).

Formation of Cleavage complex.

The formation of enzyme-drug-DNA cleavage complex could be evidenced by the

appearance of linear DNA (form III plasmid DNA) in an agarose gel after SDS treatment

of the cleavage products. The linearized DNA results from dissociation of the topo II

homodimer from cleaved DNA by SDS. Neither Fecp nor AcFecp and FecpOx could

induce cleavage complex formation, but the di-substituted compounds do so. DacFecp

induces formation of linear DNA at a concentration of 400 //M and FecpDox shows a

higher potency of cleavage complex formation at 200 /jM concentration (Figure 3). m-

AMSA induces cleavage complex at 150 /JM concentration and also causes a small shift in

DNA migration through agarose gel due to DNA intercalation. No such shift was

observed for the ferrocene drugs.

Inhibition ofATPase activity of topo II.

This assay was performed to examine the effect of the drugs on the DNA stimulated

ATPase activity of topo II. Relaxation assay was performed with increasing

concentrations of the drugs in presence of /12P ATP and the products were resolved on

PEI Cellulose-F TLC sheets. Radioactivity of the resolved components was measured and

data was plotted (Figure 4). The results show that Fecp could inhibit only 5.2% of the

60



DNA stimulated ATPase activity at 250 jiM concentration while AcFecp, FecpOx and

DacFecp could inhibit 37%, 40% and 46% of this activity. FecpDox was most effective in

inhibiting the ATPase activity of topo 11 (52%). These results correlate well with the DNA

relaxation assay.

Immuno-precipitation of the topoisomerase II cleavage products to determine the

presence of ferrocene drugs in the cleavage complex:

Cleavage assay was conducted in the presence of 500 ,uM concentration of the ferrocene

drugs. After incubation, the enzyme in the cleavage complex as well as the free enzyme

was immuno-precipitated with anti-topo 11 antibody. The antigen-antibody complex was

then trapped in protein A-agarose matrix. Samples were washed to remove unbound

components and the bound enzyme was released from protein A agarose by 1% TCA and

analyzed for presence of iron by atomic absorption spectroscopy. The results presented as

percentage of drug bound (Figure 5, table) show that AcFecp and FecpOx associate with

topo II alone and with topo II-DNA complex with the same affinity (~ 6%). DacFecp and

FecpDox show a small increase in binding to topo II alone (9% and 12%) compared to the

mono substituted compounds. In case of all the drugs, some amount of drug may be

released from topo II in absence of DNA during the wash and TCA treatments. In

presence of DNA however, DacFecp and FecpDox seem to be more strongly associated

with topo II compared to AcFecp and FecpOx (15% DacFecp and 19% FecpDox is

present in the topo Il-DNA complex) due to which, there is a marked reduction in the

release of the drug from the enzyme-DNA complex.
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Melting temperature studies to determine Drug-DNA interaction:

Melting of calf thymus DNA was monitored in presence of increasing concentrations of

drugs and Tm was determined from the melting curves. In the absence of drugs, DNA

showed a Tm of 59 °C. The melting temperature curves for the highest concentration of

drug used (1:1 drug to nucleotide ratio) are represented in Figure 6/1, which show no

change in the Tm of calf thymus DNA in presence of Fecp and a very minor increase in Tm

in presence of FecpOx and FecpDox (-61 °C for both drugs). AcFecp and noticeably

DacFecp slightly increased the Tm (64 ° and 68 °C at the highest concentration). On the

other hand, m-AMSA induced a very steep increase in Tm (74 °C) at a drug to nucleotide

ratio of only 1:10. The curve width analysis to determine the mode of DNA interaction

revealed that though the acetyl groups increased the Tm of calf thymus DNA, they are

essentially DNA non-binders as they show no change in curve width of the melting curves

plotted against drug/nucleotide (D/N) (Figure 6B). m-AMSA however showed a steep

increase in the curve width, a typical feature of DNA intercalators.

Molecular Modeling Analysis:

Molecular models of the ferrocene derivatives were generated as described in the

experimental section. The models are shown in Figure 7. The lateral and longitudinal

views of Fecp show an iron atom in the centre bonded to two cyclopentadiene rings

through organometallic bonds between the iron atom and the rc-orbitals of the ring

hydrogens. In AcFecp and DacFecp, the acetyl groups orient towards the ferrocene

backbone, along the longitudinal axis. This 'closed-in' conformation of the acetyl
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derivatives may confer a weak DNA binding ability to them, but it may not provide the

orientation for a strong topo II interaction. The carboxaldoxime groups in FecpOx and

FecpDox, unlike the acetyl groups, extend out further from the backbone. This extended

molecular conformation may allow the two oxime derivatives to interact strongly with

topo II, but not with DNA, which explains their stronger topo II antagonism but not DNA

binding. The double substitution in DacFecp and FecoDox may help these molecules to

get a stronger hold on the enzyme. The extended conformation plus two electronegative

atoms (nitrogen and oxygen) may confer on FecpDox, a stronger topo II poisoning ability.

But the 'closed in' conformation and a single electronegative oxygen atom may limit a

strong topo II interaction by DacFecp.
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DISCUSSION

In the present study, two active chemical moieties, acetyl and carboxaldoxime, were

substituted on ferrocene and tested whether the resulting compounds show anticancer

action by interfering with the activity of topoisomerase II, an important molecular

anticancer target.

The in vitro anticancer assay shows that while Fecp could not inhibit the proliferation of

any of the cancer cell lines tested, the acetyl and carboxaldoxime substitutions on

ferrocene (AcFecp and FecpOx) conferred potency to the compounds in this action. In the

next step, by making a second substitution of the same groups to the singly substituted

compounds, anti-proliferative action was substantially increased. The di-substituted

derivatives (DacFecp and FecpDox) were clearly more effective than the mono-substituted

compounds in proliferation inhibition. In both mono and di derivatives, it was observed

that the carboxaldoxime group conferred a higher potency of proliferation inhibition

compared to the acetyl group. Tests with more than two substitutions were not attempted

as such compounds were inherently unstable.

Topo II relaxation assay with the substituted ferrocenes showed that firstly the

carboxaldoxime substitution on ferrocene was more potent than the acetyl substitution in

inhibiting topo II activity and secondly the di-substituted derivatives were more effective

than the mono-substituted derivatives. These compounds also inhibited the ATPase

activity of the enzyme which was concomitant with inhibition of DNA relaxation. These
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results argue that interfering with topo II activity may be a major mechanism for

anticancer action of these compounds. But a stronger correlation between anticancer

action and topo II inhibition would be established if the molecular mechanism of topo II

inhibition by these compounds is known, i.e., whether they inhibit the enzyme activity by

interfering with the ATPase activity alone (which only inhibits catalytic activity of topo II)

or by forming an enzyme-DNA cleavage complex. The cleavage assay showed that only

the di-substituted derivatives were able to form the cleavage complex. FecpDox was most

potent in this action.

To determine if DacFecp and FecpDox were actually present in the cleavage complex

which they induce and to partly understand the mode of cleavage complex formation, an

immuno-precipitation assay with anti-topo II antibody was performed. In this assay,

presence of drug in the cleavage complex was verified by atomic absorption spectroscopy

of the immuno-precipitated cleavage products. The results show that AcFecp and FecpOx

bind to topo II alone and were also present in the topo Il-DNA complex at similar levels.

But since they could not form the cleavage complex (as shown by the cleavage assay), the

drugs may associate weakly with the enzyme and also the enzyme-DNA complex, thus

interfereing with the relaxation activity and ATPase activity of the enzyme to a certain

extent but without forming the cleavage complex. As expected, DacFecp and FecpDox

bound more strongly to topo II, showing a definite increase of the drug in the topo II-

DNA complex compared to only topo II, especially in the case of FecpDox. This shows

that the di-substituted compounds interact more strongly with the enzyme-DNA complex

than only with the enzyme.
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The second route is that, the drugs may not actually interact with the enzyme or DNA

individually, but may bind specifically and exclusively to the binary complex of topo II and

DNA. The third route is, the drugs may first bind to the enzyme in absence of DNA and

then enter the ternary complex when the drug bound topo II interacts with DNA. The

immuno-precipitation assay was helpful in interpreting which of the latter two mechanisms

Several lines of evidence suggest that there are generally three routes of ternary complex

formation by topo II poisons (Hertzberg et. al., 1989; Nabiev et. al., 1994; Corbett et. al.,

1993). The first route is that the drugs predominantly interact with DNA (by intercalation

or otherwise) and poison topo II when the enzyme binds to DNA. The DNA thermal

denaturation studies in presence of the ferrocene compounds suggested that none of them

interact with DNA. Though DacFecp slightly increases the Tm of calf thymus DNA, the

curve width analysis suggests that it is essentially a DNA non-binder but the slight increase

in Tm may be due to non specific electrostatic interaction with the phosphate backbone.

THREE MODES OF CLEAVAGE COMPLEX FORMATION
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are followed by the two di-substituted drugs. This assay showed that the enzyme alone

does not show as much drug bound to it compared to the enzyme-DNA complex. Also,

since the drugs do not bind to DNA, the conformational change induced in the enzyme

after interaction with DNA may stabilize the drug association with the enzyme, which

results in a stable topo 11-drug-DNA ternary complex. In such an association, the drug

promotes the cleavage of DNA but prevents DNA religation. These results suggest that

DacFecp and FecpDox may follow the third mechanism of cleavage complex formation

i.e., the drug first interacts with topo II in absence of DNA, the drug bound enzyme then

interacts with DNA and cleaves it, leading to the formation of cleavage complex.

The carboxaldoxime group on ferrocene consistently conferred a higher potency compared

to the acetyl group. The nitrogen and oxygen atoms of the carboxaldoxime group can

form N-donor and O-donor interactions with topo II, whereas in the acetyl group, the

single electronegative atom (carbonyl oxygen) may show a relatively weak enzyme

interaction. The higher potency of DacFecp and FecpDox compared to AcFecp and

FecpOx could be because the double substituted drugs could interact with two different

regions on the enzyme, which may result in an overall stronger enzyme interaction

compared to the mono-substituted drugs. Such an interaction may be responsible for the

formation of the cleavage complex by these di-substituted drugs. Also, as suggested by the

molecular modeling analysis, the extended orientation of the carboxaldoxime groups in

FecpOx and FecpDox may also be an important determinant for a stronger interaction

with topo II, leading to a stronger antagonism, compared to the acetyl derivatives.
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DNA intercalating topo II poisons intercalate freely with the DNA of normal cells too and

interfere with various genetic processes, posing a potential threat to the genetic material.

It would be desirable to develop DNA non-intercalating topo II poisons, which should be

relatively non-toxic to the genetic machinery, but specific for topo II poisoning. Though

DacFecp and FecpDox are not as potent as m-AMSA in topo II poisoning and anticancer

action, they are nevertheless promising candidates in their class of topo II poisons. It

would be worthwhile to explore new substitutions on the ferrocene backbone to

specifically poison the action of topo II and increase anticancer activity.
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Figure 1: In vitro anti-proliferation activity of Ferrocenes was tested on five different

cancer cell lines- Colo-205 (A), ZR-75-1 (B), A-431 (C ), HL-60 (D) and HUT-78 (E).

The cells were incubated with increasing concentrations of the ferrocene drugs for 6 h.,

after which the drug treatment was stopped. Following a further incubation for 48 h, 3H

thymidine incorporation was performed for 4 h. as described in methods. The cells were

harvested and radioactivity was measured. Values are presented as mean of three

independent experiments. Data is graphically expressed as percentage of cell proliferation

versus concentration of drug in /JM. The drugs are most potent on the colon carcinoma

(colo-205) followed by HUT-78, HL-60, ZR-75-1 and A-431. m-AMSA also showed a

similar profile of anticancer activity in all the cell lines except in the case of ZR-75-1, on

which it was more potent than on HL-60.
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Figure 2: Effect of Fecp, AcFecp, FecpOx, DacFecp and FecpDox on topo II catalyzed

DNA relaxation activity. Supercoiled pBR322 DNA(lane 1) was incubated with topo II in

the absence(lane 2) or presence of 75 /uM m-AMSA(lane 3) and 100, 200, 300, 400 &

500 //M Fecp (lanes 4-8), 100, 200, 300, 400 & 500 jM AcFecp (lanes 9-13), 100, 200,

300, 400 & 500 fM FecpOx (lanes 14-18), 100, 200, 300 & 400 /M DacFecp (lanes 19-

22) and 100, 200 & 300 pM. FecpDox (lanes 23-25)The positions of supercoiled (form 1)

and nicked circular (form 2) DNA are indicated by I and II.
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Figure 3: (A) Cleavage reaction was performed by incubating supcrcoiled pBR322 DNA

(lane 1) with topo II (lane 2) in presence of 100 / M m-AMSA (lane 3), 300, 400 and 500

/ M of Fecp (lanes 4 to 6), the same concentrations of AcFecp (lanes 7 to 9) and FecpOx

(lanes 10 to 12); Lane 13 is DNA alone, lane 14 is DNA+topo, lane 15 is DNA+topo 11+

150 //M m-AMSA; DNA+topo 11+ 100, 200, 300, 400 & 500 //M of DacFecp (lanes 16

to 20) and 100, 200, 300, 400 & 500 juM of FecpDox (lanes 21 to 25). The positions of

supercoiled, nicked circular and linear (form 3) DNA are indicated by I, II and III. (B)

Percentage of linear DNA formed with increasing concentration of DacFecp and

FecpDox.
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Figure 4: Inhibition of ATPase activity of topo II by Fecp, AcFecp, FecpOx, DacFccp

and FecpDox. ATP hydrolysis in presence of increasing concentrations of the drugs are

presented as mean of 3 experiments Data is plotted as percentage inhibition of ATP

hydrolysis versus concentration of drug in {jM
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FIGURE 5

Table: Cleavage assay was conducted with drug + topo II and drug + topo 11 + DNA.

The cleavage products were immunoprecipitated with topo II antibody. A drug control

and drug + DNA control were included in the cleavage assay to check for non specific

interaction of the drugs with DNA, antibody and Protein A agarose matrix. These controls

did not show any significant non specific interaction. The concentration of the bound

drugs is expressed as percentage of total drug bound.

Drug

Drug + DNA

Drug + Topo II

Drug + Topo II + DNA

Fecp AcFecp

0 0.8

0 1+0.4

0.3 6 + 0.3

0.5 5 + 0.7

a Data are presented as a mean of three independent
with standard deviations given against each value

FecpOx

0.9

1 +0.3

6 + 0.5

6 + 0.2

DacFecp

1 +0.3

1 +0.8

9 + 0.6

15+ 1.3

experiments conducted

FecpDox

1

1 +0.3

12+ 1.3

19+ 1.8

in triplicates,



Figure 6: (A) In the thermal denaturation assay, calf thymus DNA showed a Tm of 59 °C

(—) in the absence of drugs. At a drug to DNA nuclcotidc ratio 1:1, Fccp (—) docs not

change the Tm, whereas FecpOx (--) and FecpDox (••••) induce a very small increase of

~2°, showing a Tm of 61 °C. AcFecp (—) and DacFecp ( ) increase the Tm slightly at

64 ° and 68 "C. The DNA intercalator, m-AMSA induces a strong increase in Tm (74 nC)

at a drug to nucleotidc ratio only 1:10 ( ). The melting curves of the other drug to

DNA ratios which have been tested, are not shown. (B) D/N plotted against curve width

shows a characteristic increase in curve width by m-AMSA (•). The ferrocenes do not

change the curve width of the melting temperature curves suggesting that these

compounds are essentially DNA non binders
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Figure 7: The lateral (left) and longitudinal (right) views of the molecular model of Fecp

show an iron atom in the center (shown in light yellow) bonded to two cyclopcntadiene

rings through organometallic bonds between the iron atom and the 7T-orbitals of the ring

hydrogens The organometallic bond between the aromatic ring and the iron atom is not

shown (the Spartan molecular modeling software does not show the organometallic

linkages in energy minimized structures of organometallic molecules). In AcFecp and

DacFecp, the acetyl groups orient towards the ferrocene backbone, along the longitudinal

axis. The enzyme interacting oxygen atoms are shown in green. The carboxaldoximc

groups in FecpOx and FecpDox, unlike the acetyl groups, extend out away from the

backbone. The nitrogen atom of the 'N-OH' (oxime) group is shown in white and the

oxygen in green.
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Chapter 4

TOPOISOMERASE II ANTAGONISM BY TWO STRUCTURALLY
DISTINCT RUTHENIUM COMPOUNDS: ELUCIDATION OF A

LIGAND DEPENDENT MODE OF ACTION



INTRODUCTION

Among the metal atoms used in anticancer metal complexes, ruthenium is most unique. It

is a rare noble metal unknown to living systems and has a strong complex forming ability

with numerous ligands. Numerous in vitro and in vivo studies reveal that ruthenium

complexes bind covalently to DNA via N-7 atom of purines and cause cytotoxicity by

possibly inhibiting cellular DNA synthesis (Kopf-Maier, 1994; Haiduc and Silvestru,

1994). Ruthenium complexes have a particularly strong affinity for cancer tissues than

normal tissues. This is because ruthenium binds readily to transferrin molecules in plasma

and is transported to the tumor tissues. Here, the ruthenium-transferrin complex is

internalized into tumor ceils through transferrin receptors which are abundantly expressed

on the surface of tumor cells (Sava et. al. 1991). Hence, ruthenium compounds are not

only promising cytostatic drugs, but can also serve as diagnostic tumor imaging agents,

using the nuclides- 97Ru or IMRu (Srivastava et. al., 1989). Ruthenium(III) complexes

have been hypothesized to function as pro-drugs which are reduced to the more reactive

ruthenium(ll). In the 2+ oxidation state, they coordinate with biological macromolecules

and induce cytotoxicity (Sava et. al. 1991) Numerous ruthenium complexes have earlier

been reported to possess anticancer activity, some of these being more potent than

cisplatin (Giraldi et. al., 1977, Clarke, 1989; Sava et. al., 1984, 1989, Mestroni et. al.,

1989; Pacor et. al., 1991, Keppler et. al., 1990). A few of these compounds possessing

exceptionally high anticancer activity are trans-[indazolium bis (indazole)

tetrachlororuthenate(III), cis-[RunCI2 (dimethylsulphoxide)4] and trans-[RumCU

(dimethylsulphoxide) Imidazole]~Na\ Though potent in anticancer action, these
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compounds induce major liver and kidney damage which has hindered their clinical use

until now. With an aim to develop novel anticancer ruthenium compounds which act on a

single anticancer target, an organometallic ruthenium compound, RuBen(dmso) and a

coordination complex of ruthenium, RuSAL, have been tested for topo II antagonism.

Anticancer activity studies of these two ruthenium compounds have been carried out

through [' HJ thymidine incorporation on two human cancer cell lines.

RESULTS

Topoisomerase II activity assays:

Relaxation Assay:

DNA relaxation activity of topo 11 in the presence of increasing concentrations of

RuBen(dmso) was significantly inhibited, and at 500 pM, the drug could completely

inhibit topo II catalysed relaxation of supercoiled pBR322 DNA (Figure 8/1). RuSal

partially inhibits the relaxation activity at 300 /^M, with no significant increase in inhibition

up to 500 /M (Figure 8/?).

Cleavage assay:

The ability of the two drugs to induce stabilization of'topo Il-cleaved DNA' complex was

studied through this assay. The formation of 'enzyme-drug-DNA' cleavage complex can

be evidenced by the appearance of linear DNA which results from DNA strand breaks

caused by dissociation of the topo II homodimer in presence of SDS. RuBen(dmso)

71



stabilizes the enzyme-DNA cleavage complex at 200 /zM in a very low level, as analyzed

by quantification of the form III DNA (linear) which was found to be equivalent to 17% of

total DNA. At 300 /uM, the linear DNA increases to 40.5% and slightly decreases to

-37% for the higher drug concentrations (Figure 9). RuSal does not form the cleavage

complex even at a concentration of 500 //M or higher.

Presence of ruthenium and DNA in Cleavage complex:

The immuno-precipitation assay was performed to get a direct evidence for the

involvement of RuBen(dmso) in the drug induced cleavage complex. Cleavage assay was

carried out in the presence of 500 /iM concentrations of the ruthenium drugs. The

immuno-precipitation was carried out and after the TCA precipitation step, the samples

were analyzed for presence of ruthenium by atomic absorption spectroscopy. The results

presented in Figure 10, table A, show that 46% of 500 /JM RuBen(dmso) is present in

the cleavage complex, but only 9% of RuSal is found in the cleavage complex.

Concentrations less than 2% (20 ng) could not be determined accurately by the instrument

used (ECIL-AAS4129) and they were expressed as such

Presence of DNA in the cleavage complex was confirmed by repeating the same assay in

the presence of 3H labeled DNA. After TCA treatment, the products were spotted on filter

paper strips and radioactivity was measured. The results presented in Figure 10, table B,

show that 21% of the 0.6 /jg DNA is present in the RuBen(dmso) induced cleavage

complex, as compared to 3% in the RuSal induced complex. All the controls correlate well
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with the atomic absorption spectral data. These results confirm the bi-directional

interaction of RuBen(dmso) with DNA and topo II while RuSal does not exhibit a similar

effect.

Effect of the ruthenium compounds on ATPase activity of topoisomerase II:

This assay was performed to examine the effect of ruthenium drugs on the DNA

stimulated ATPase activity of topo II. Relaxation assay was performed with increasing

concentrations of the drugs in presence of /2P ATP and products were resolved on PE1

Cellulose-F TLC sheets. The bands corresponding to the individual components were cut

out and were counted for /2P in a liquid scintillation counter. The results show that

RuBen(dmso) inhibits ATP hydrolysis in a dose-dependent manner. At 500 juM

concentration, it inhibits 50% of the total ATPase activity while RuSal does so at a

concentration of 13.5% (Figure 11).

Drug-DNA binding studies:

Thermal denaturation studies to determine Drug-DNA interactions.

Melting of calf thymus DNA was studied in the presence of increasing concentrations of

the drugs. The melting temperature curves show a gradual increase in Tm with increasing

concentrations of RuBen(dmso) and RuSal (Figure 12, A, II). Curve width analysis of the

melting curves shows that RuBen(dmso) and RuSal exert a minor increase, while the DNA

intercalator, m-AMSA, induces a sharp increase in the curve width of the melting curves
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Figure 13 A shows the curve width analysis. In the next figure (Figure 13 B), D/N was

plotted against Tm, and the slopes of the curves were calculated to determine the

stoichiometric binding of drug to DNA. RuBen(dmso) showed a DNA binding

stoichiometry of 4 nucleotides and a weak binding stoichiometry of 7 nucleotides per drug

molecule, while RuSal showed a stoichiometry of 4 nucleotides per molecule.

Circular dichroic spectra of pBR322 DNA shows that RuBen(dmso) and RuSal marginally

affect DNA conformation at the concentration which shows maximum inhibition of topo II

relaxation activity. In comparison, m-AMSA induces a significant change in DNA

conformation (Figure 14).

Anticancer activity assay:

The anticancer activity studies on the ferrocene drugs revealed that the colo-205 and ZR-

75-1 cells were most stable in terms of proliferation and reproducibility of drug assays.

Consequently, these two cell lines were used in all the anticancer assays with the

ruthenium compounds. The results of the thymidine incorporation assay on the two human

cancer cell lines (colo-205 and ZR-75-1) suggest that both RuBen(dmso) and RuSal

possess significant anticancer activity, that of RuBen(dmso) being superior to RuSal

(Figure 15). As was the case with the ferrocene drugs, the two ruthenium drugs were also

most effective on the colo-205 cells and less effective on the ZR-75-1 cells. The DNA

intercalating drug, m-AMSA, was however the most potent and completely inhibited the

proliferation of colo-205 cells at 80 //M concentration, while the ZR-75-1 cells showed a

minimal proliferation of 10% in the presence of this drug.
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Molecular modeling analysis:

The molecular models of RuBen(dmso) and RuSal reveal that the two ruthenium

complexes are structurally disparate (Figure 16). In RuSal, the ruthenium atom is in a

bidentate coordination with two salicylaldoxime ligands. The salicylaldoxime ligands are

spatially oriented in two different planes at an angle of -40° to each other along the

horizontal axis. RuBen(dmso) with its octahedral geometry is a more complex molecule.

The ruthenium atom has an organometallic bond with the benzene ring and ionic bonds

with two chloride atoms. A 'dmso' group is in a coordination bond with the ruthenium

atom. The chlorides and the dmso group are oriented in one direction, and these may

constitute the topo II interaction domain on the drug molecule. The ruthenium atom,

oriented in the opposite direction, may constitute the DNA binding domain (details in

discussion).
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DISCUSSION

Inhibition of DNA replication and the associated effects has been implicated as the major

reason for anticancer activity of ruthenium compounds (Clarke, 1989). The data presented

in this work suggests that apart from DNA, topo II poisoning may also be an effective

mode of anti-neoplastic activity for some of the anticancer ruthenium compounds. The

relaxation, cleavage and immuno-precipitation assays clearly show that RuBen(dmso) can

poison topo 11 through the formation of a drug-induced cleavage complex, while RuSal

shows partial inhibition of relaxation activity and does not poison the enzyme through

cleavage complex formation.

Analysis of the curve width of DNA melting curves is a useful way to distinguish between

intercalative and external binding (Kelly et. al., 1985). DNA intercalators substantially

increase the width of melting curves, while external binders have lesser effect on this

parameter. m-AMSA shows a curve width typical of a DNA intercalator while

RuBen(dmso) and RuSal exhibit curve widths similar to DNA external binders, like the

2,2'-bipyridyl and terpyridyl complexes of ruthenium (Kelly et. al., 1985). RuBen(dmso)

and RuSal show similar DNA binding ability, suggesting that the ruthenium atom (similar

in both) may directly interact with DNA. The ruthenium atom may interact with DNA

through ionic or covalent bonding with the nucleotide bases, without disturbing the helix.

In RuBen(dmso), an intercalative mode of DNA binding is not possible because the

benzene ring forms an organometallic bond with the ruthenium atom, which prevents 71-

orbital stacking interaction of the aromatic ring with DNA bases. In RuSal, since there are
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no organometallic bonds, the 7i-stacking orbitals in the salicylaldoxime ligand are not

affected. But the compound does not intercalate to DNA. Whether the orientation of the

salicylaldoxime ligands or the presence of the metal atom absolve an intercalative mode of

binding, it cannot be explained at present. Interestingly, RuBen(dmso) and RuSal bind

similarly to DNA but show different sensitivity for topo II poisoning. This points towards

ligand involvement for topo II poisoning.

The strong DNA binding ability of the ruthenium drugs prompted us to examine if these

compounds produce conformational changes in DNA which could simply block the

enzyme activity without actually interacting with the enzyme. Circular Dichroism analysis

of DNA in the presence of RuBen(dmso) and RuSal showed an inconsequential change in

DNA conformation. Further, the ATPase assay shows that RuBen(dmso) inhibits the

DNA-stimulated ATPase activity of topo II. This is possible only if the drug induces

formation of an enzyme-drug-DNA cleavage complex, or the drug directly interacts with

the enzyme at the ATPase domain. The first possibility appears true, which is supported by

the cleavage reaction

Based on molecular modeling analysis and superimposition of drug structures, a putative

structure was proposed for topo II cleavage complex forming drugs, which shows that

these drugs have three distinct domains in them; the first is a planar ring system, the

second is a pendant ring and the third is a pendant moiety of heterogeneous structure

(MacDonald et. al., 1991). Though studies have shown that this structure is not an

absolute requirement for topo II poisoning (Capranico et. al., 1994), most poisons do have

large planar aromatic domains for DNA binding and substituents for enzyme interaction. It
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is interesting that a small molecule like RuBen(dmso), with only one aromatic ring could

poison topo II by cleavage complex formation. RuBen(dmso) has an octahedral geometry

(Bennet and Smith, 1974) which may facilitate the spatial orientation of its ligands to form

interactions with enzyme. Thus, interaction by the benzene, chlorides and the dmso ligand

of RuBen(dmso) may play an important role in poisoning of the enzyme.

Prior to enzyme action, RuBen(dmso) bound to DNA may interact with a catalytic

domain of topo II through any of its ligands. The benzene ring may fit into some pocket in

the enzyme and stearically hinder the conformational changes in the enzyme required for

DNA religation. Whatever is the mode of action, RuBen(dmso) traps the cleaved DNA

and topo II in the cleavage complex and prevents DNA religation activity of the enzyme.

The cleavage assay confirms that RuBen(dmso) indeed shifts the enzyme's

cleavage/religation equilibrium towards DNA cleavage.

In RuSal, the planar salicylaldoxime ligands are attached to the metal atom and oriented

with an angle of —40° to each other along the planar axis This orientation may block

enzyme action to a certain extent when the DNA bound drug approaches the catalytic

domain of topo II, but may not allow a strong interaction with the enzyme. Even if an

interaction does take place, the coordinated metal-ligand bonds may not provide a strong

interface for cleavage complex formation. This could explain why RuSal partially inhibits

the relaxation activity of topo II, but does not induce cleavage complex formation.

DNA intercalating topo II poisons intercalate to DNA through 7t-stacking interactions of

their planar rings with DNA bases. The side chains of these drugs are involved in enzyme

interaction. Such an interaction is important in facilitating the formation of drug-enzyme-
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DNA ternary complex. Though RuBen(dmso) binds externally to DNA nucleotides, it may

still form a similar ternary complex in which the metal atom binds to DNA and ligands on

the metal atom interact with topo II.

These findings allow us to propose a probable mode of topo II poisoning by

RuBen(dmso). The metal atom interacts covalently or non-covalently with DNA

nucleotides and the ligands form cross-links with the enzyme and prevent DNA religation

step, leading to the formation of a stable drug induced cleavage complex, which is the

hallmark of most topo II poisons. Such topo II poisons increase the steady state

concentration of cleavage complexes which harbor topo II associated double strand

breaks. The accumulation of such DNA breaks in cells ultimately results in cell death by

apoptosis or necrosis as described earlier. RuBen(dmso) could be categorized as a topo II

poison which is a cleavable complex forming, DNA binding but non intercalating agent.

The anticancer activity assay shows that though RuBen(dmso) exhibited a higher potency

of proliferation inhibition, RuSal also showed a very good proliferation inhibition of the

cancer cells. This is interesting because RuSal does not interfere with the activity of topo

II. This result and the similar DNA interaction of RuBen(dmso) and RuSal indicate that

inhibition of cancer cell proliferation by both drugs may in part be due to a topo II

independent mechanism, probably at the DNA level. In RuSal, the salicyialdoxime ligand

may also cause significant anti-proliferative action. As an analogue of pyridoxal,

salicyialdoxime is known to inhibit pyridoxal kinase activity and hinder transamination and

decarboxylation processes leading to inhibition of protein synthesis, causing appreciable
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cytotoxicity (Lumme and Elo, 1984). The higher anti-proliferation activity of

RuBen(dmso) in comparison with RuSal may possibly be due to topo II poisoning.

Studies indicate that antitumor activity of DNA binding drugs in most cases depends on

their capacity to interfere with catalytic activity of topo 11 (Osheroff et. al., 1983;

Zechiedrich et. al., 1989). We have limited the scope of this work to topo II targeting,

though ruthenium drugs being DNA binding agents, may interact with other DNA binding

proteins (eg. DNA polymerases) and other biomolecules in the cell leading to toxicity

generally associated with chemotherapy.

A better understanding of the molecular action of RuBen(dmso) and the inherent

advantage of ruthenium compounds (in lieu of their selectivity for entering tumor tissues)

can aid in designing novel ruthenium compounds which poison topo II with higher

potency and show substantial anti-cancer action, while mitigating the toxic side effects to a

certain degree.
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Figure 8: Effect of RuBcn(dmso) (A) and RuSal (B) on topo II catalyzed DNA relaxation

activity Supercoiled pBR322 DNA (lane 1) was incubated with topo 11 in the absence

(lane 2) or presence of 100 (M m-AMSA (lane 3) and 100, 200, 300, 400 & 500 jM

ruthenium drugs (lanes 4-8). The positions of supercoiled (form 1) and nicked circular

(form 2) DNA are indicated by I and II. RuBen(dmso) completely inhibits the relaxation of

DNA at 500 //M while RuSal docs not.
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Figure 9: (A) Cleavage reaction was conducted by incubating pBR322 DNA (lane 1) with

topo II (lane 2) in presence of 100/M m-AMSA (lane 3) and 100, 200, 300, 400 & 500

JJM of RuBen(dmso) (lanes 4-8) and the same concentration range of RuSal (lanes 9-13).

The positions of supercoiled, nicked circular and linear (form 3) DNA are indicated by I, II

and III. (B) The plot shows the percentage of linear DNA formed with increasing

concentration of RuBen(dmso). RuSal does not show any linear DNA formation.
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FIGURE 10

TABLE: (A) Immuno-precipitation of the cleavage assay products was carried out

followed by atomic absorption spectroscopy to determine the presence of ruthenium in the

cleavage complex. (B) The same assay was carried out in presence of ["'H] labeled DNA,

followed by scintillation counting of the cleavage products to determine presence of DNA

in the cleavage complex. The controls included in the experiments are shown in the tables.

(A) RuBen (%) RuSal (%)

DNA + Topo 1 1 0 0

Drug < 2 < 2

DNA + Drug < 2 < 2

Topo 11 +Drug 8 ± 0.82 <2

DNA+Topo II + Drug 46 ± 3.05 9 ± 1.63

(B) RuBenJVo) RuSal (%)

DNA + Topo II 3.0 ± 0.5 3.0 ± 0.5

DNA 0.5 0.5

DNA + Drug 1.0 ± 0.5 1 ± 0.7

Topo II + Drug 0 0

DNA+Topo II + Drug 21 ± 1.63 3 + 0 82

a Data is presented as a percentage mean of three
independent experiments conducted in triplicates, and
standard deviations are given against each value



Figure 11: Inhibition of ATPasc activity of topo II by RuBcn(dmso) (• ) and RuSal (O).

ATP hydrolysis in the control sample was taken as 100% and values in presence of

increasing concentrations of the drugs are presented as mean of three experiments; data is

plotted as the percentage of ATP hydrolyzed versus concentration of drug in fjM.
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Figure 12: (A) RuBen(dmso) increases the Tm of calfthymus DNA from 57 "C for DNA

control(—) to 66, 73, 76, 78 and 80 "C for DNA nucleotide to drug ratios of 20:1(--),

10:l( ), 5:1(—), 2:1(—) and 1:1( ) respectively. (B) RuSal shows a Tm of 65, 70,

79, 81 and 81 °C for the same drug to DNA ratios
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Figure 13: (A) D/N plotted against curve width of the melting curves shows a

characteristic increase in curve width by m-AMSA (•) , which is typical of DNA

intercalators, and a very small increase by RuBen(dmso) (A) and RuSal (O). (B) D/N

(drug/nucleotide) plotted against increase in Tm by RuBcn(dmso) ( • ) and RuSal (O) to

determine specific drug binding to DNA nucleotides The stoichiometry of binding was

determined from the slopes of the curves which indicated that RuBcn(dmso) bound to

DNA with a stoichiometric ratio of one drug molecule per 4 nucleotides and a weak

binding stoichiometry of 7 nucleotides, while RuSal bound to 4 nucleotides
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Figure 14: The Circular Dichroism spectra of pBR322 DNA (—) in the presence of 500

/JM RuBen(dmso) (••••) and RuSal (—) shows a small change in the molar ellipticity of

DNA while m-AMSA(-"~) shows a very prominent increase in the positive and negative

regions of the spectra at a concentration 5 times less than (100 //M) the ruthenium drugs
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Figure 15: The anticancer activity of RuBen(dmso) and RuSal was examined using [H]

thymidine incorporation on the two cancer cell lines, colo-205 and ZR-75-1. The results of

the study indicate that RuBen(dmso) shows a higher potency of cell proliferation inhibition

compared to RuSal. The ruthenium drugs were more effective on the colo-205 cells (A)

compared to the ZR-75-1 cells (B) The highest potency of inhibition was shown by m-

AMSA
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Figure 16: In RuSal, the ruthenium atom (shown in yellow) is in a bi-dentate coordination

with two salicylaldoxime ligands The salicylaldoximc ligands are spatially oriented in two

different planes at an angle of-40° to each other along the horizontal axis of the molecule

RuBen(dmso) has an octahedral geometry. The ruthenium atom (shown in yellow) has an

organometallic bond with the benzene ring (the organometallic bond is not shown) and

also has ionic linkages with two chloride atoms (dark yellow) A 'dmso' group is

coordinated to the ruthenium atom in this molecule The oxygen and sulphur atoms are

shown in green. The left part of the figure is a 3-D view of the model which shows that

the chlorides and the 'dmso' group are oriented in a single direction and have the shape of

a clamp. This may constitute a domain for topo II interaction, which could hook on to an

active site of the enzyme. The right part of the figure shows a 3-D view of the model, with

the probable topo II interacting domain at a right angle to the plane of the paper. The

ruthenium atom, at the opposite region of this domain could interact with DNA
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Chapter 5

DEVELOPMENT OF NOVEL RuBen DERIVATIVES TO ENHANCE
POTENCY OF TOPOISOMERASE II POISONING



INTRODUCTION

RuBen(dmso) was a promising starting compound for the development of novel

derivatives with potential enzyme interacting groups because it possess significant topo II

poisoning and anticancer activity. In addition, association of the ruthenium atom with the

benzene ring through an organometallic linkage may partly minimize its random interaction

with biological molecules, thus reducing toxic side effects. Molecular modeling analysis on

RuBen(dmso) suggested the involvement of 'dmso' in topo II interaction. Consequently,

the 'dmso' group was replaced by other active ligands on the 'RuBen' backbone (the

RuBen backbone is the ruthenium atom bonded to the benzene ring and the chloride

atoms). Numerous compounds were generated and tested for topo II antagonism. Out of

these, only three compounds showed efficient topo II poisoning and anticancer activity.

These compounds are RuBenApy, RuBenABa and RuBenAGu, in which the 'dmso' group

was replaced with 3-amino pyridine, p-amino benzoic acid and amino guanidine (synthesis

described in the Experimental Procedures section). Mechanism of action of these

compounds on the catalytic activity of topo II and their anticancer activity has been carried

out in detail in the present study.
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RESULTS

Topoisomerase II activity assays:

Topoisomerase IIpoisoning by the RuBen drugs:

Inhibition of topo II mediated relaxation of supercoiled DNA was investigated through the

relaxation assay. RuBenPy does not affect the DNA relaxation activity of topo II over the

concentration range employed while RuBenAPy completely inhibits topo II activity at a

concentration of 200 juM. RuBenABa and RuBenAGu show complete inhibition at 350

and 250 //M. All the three complexes exhibit a dose-dependent inhibition of DNA

relaxation (Figure 17).

Inhibition ofATPase activity by the Rulien drugs:

Drugs that inhibit the relaxation activity of topo II also interfere with the DNA-stimulated

ATPase activity of the enzyme. The results of the ATPase assay indicate that RuBenAPy,

RuBenAGu and RuBenABa inhibit the DNA dependent ATPase activity of topo II, with a

potency of inhibition in the same order, while RuBenPy does not produce appreciable

inhibition (Figure 18). The inhibition of ATPase activity by the three drugs is dose

dependent and is concomitant with their action on the relaxation activity of topo II.

Drug induced, topoisomerase ll-mediatcd cleavage of DNA:

The topo II mediated cleavage of DNA in presence of the RuBen drugs was monitored

through the cleavage assay. Linearization of supercoiled circular DNA occurs when the
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cleavage assay is carried out in the presence of increasing concentrations of RuBenAPy,

RuBenABa and RuBenAGu (Figure 19A) but not RuBenPy. The linear DNA results from

SDS and proteinase K treatment of the ternary cleavage complex containing topo 11, drug

and cleaved DNA. Hence, these RuBen drugs effectively shift the DNA cleavage/religation

equilibrium of topo II towards DNA cleavage. Quantification of linear DNA shows that

RuBenApy is the most potent drug, forming the cleavage complex at a concentration 150

fiM. RuBenABa and RuBenAGu form the cleavage complex at 250 and 200 juM (Figure

19B). These results correlate well with the relaxation and ATPase inhibition activities of

the three RuBen drugs.

DNA interaction by the RuBen drugs:

DNA thermal denaturation studies:

The DNA thermal denaturation studies show that the four RuBen drugs bind to DNA with

almost similar affinity (Figure 20). Curve width analysis of the denaturation curves was

carried out to determine the mode of DNA interaction by the RuBen drugs. The study

shows that these drugs are essentially DNA external binders which interact with the

nucleotides without disturbing the DNA helix (Figure 21). CD. spectral analysis of DNA

in presence of the drugs reveals that they do not induce any conformationa! change in

DNA, which confirms the result of curve width analysis. Where as, m-AMSA causes a

very high change in curve width of the denaturation curves and also induces a steep

increase in the CD. signal of DNA, which is characteristic of a DNA intercalating

molecule (Figure 22).
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Anticancer action of the RuBen drugs:

The [3H] thymidine incorporation assays on the two cancer cell lines (colo-205 and ZR-75-

1) show that the anti-proliferation activity of the RuBen drugs is concomitant with their

topo II poisoning ability. RuBenAPy shows the highest anti-proliferative action followed

by RuBenAGu and RuBenABa. RuBenPy also has a significant action on the proliferative

response of the cancer cells (Figure 23). The DNA intercalating drug, m-AMSA shows

the highest anti-proliferative action. All the drugs including m-AMSA arc very active

against the colo-205 cell line, while the ZR-75-1 cells are less sensitive to the anti-

proliferative action of these drugs (Figure 24).

Molecular modeling analysis:

The molecular modeling analysis of the four RuBen drugs (RuBenPy, RuBenAPy,

RuBenAGu and RuBenABa) suggest that these molecules have distinct spatial orientations

of the ligands around the ruthenium atom, which are completely different from that of

RuBen(dmso) (Figure 25). The coordinated ligands in these molecules (Py, APy, AGu and

ABa) arc oriented away from the chloride atoms, unlike in RuBen(dmso). The orientation

of the coordinated ligands is such that they may easily be able to align into an active site of

topo II and possibly interact with the electropositive sites on the protein through their free

electronegative nitrogen atoms. This interpretation is supported by the observation that

RuBenPy, which does not have any free nitrogen atoms on its ligand, does not poison topo

II activity and also does not show very good anticancer action.
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DISCUSSION

The DNA nicking function of topo II has widespread implications and has given the

cancer pharmacologist, a worthy reason to develop drugs targeted at this action of topo U.

These topo II drugs are popularly known as topo II poisons because, rather than inhibiting

the catalytic activity of the enzyme, they promote one part of the reaction mechanism,

namely, DNA cleavage and block the second part, which is religation of the cleaved DNA

(Robinson and Osheroff, 1990). Our earlier study with RuBen(dmso) introduced this

molecule as a potential anticancer drug whose molecular target is topo II. Though a rather

high concentration of this drug is required for topo II poisoning and anticancer activity, it

nevertheless served as a good lead molecule for the development of potent derivatives, in

which the topo II interacting 'dmso' group was replaced with pyridine, 3-amino pyridine,

p-amino benzoic acid or amino guanidine. All the four molecules bind to DNA with a

similar affinity indicating that a common entity in these molecules, the ruthenium atom,

may be the exclusive DNA binding group. The chlorides on the ruthenium atom may also

serve this function, but such an interaction, similar to that of cisplatin with DNA, would

lead to drug-DNA adduct formation. That seems improbable because the DNA binding

studies do not suggest such a drug-DNA adduct formation by any of these RuBen drugs.

The results of the relaxation assay, ATPase assay and the cleavage assay indicate that

RuBenAPy, RuBenAGu and RuBenABa poison topo II by cleavage complex formation.

RuBenAPy is the most potent followed by RuBenAGu and RuBenABa. Surprisingly,

RuBenPy, which has a structure and DNA binding affinity similar to RuBenAPy, does not
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poison topo II. This profound difference between the two similar molecules may be due to

the amino group on the pyridine ring of RuBenAPy, which may solely interact with topo

II. Similarly, in RuBenAGu and RuBenABa, the amino groups may be responsible for

topo II interaction leading to effective poisoning of the enzyme. Though the higher

potency of RuBenAGu couid be due to multiple interactions by the three amino groups of

the AGu ligand with topo II, as compared to that of a single amino group in RuBenABa,

the drug conformation during topo II interaction may also be an important determinant for

topo II poisoning. This is because RuBenApy has a single amino group, but is the most

potent topo II poison among the RuBen drugs. The conformation and spatial orientation

of the ligands on the drugs may be appropriate for effectively freezing topo II in the

cleavage complex. The molecular modeling analysis of the RuBen drugs argues in this

direction. The spatial orientation of the amino pyridine ligand may help the drug to secure

a strong hold on the enzyme, which could explain the highest potency of topo II poisoning

by this drug.

Our studies reveal that the three RuBen drugs interact bi-directionally with DNA and topo

II, similar to RuBen(dmso). The ruthenium atom binds to DNA and the ligand (APy, ABa

or AGu) interacts with topo II. It is not clear if the chloride atoms and the organometallic

bonded benzene ring involve in topo II interaction, because these groups are oriented

away from the coordinated ligand. Even if they do, they may interact with a region on the

enzyme which is away from the ligand interaction site, unlike in the case of RuBen(dmso),

where all the groups may interact with one region of the enzyme.
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The thymidine incorporation assay on the two human cancer cell lines shows that the

RuBen drugs are effective anticancer agents and merit a detailed analysis. RuBenPy does

not poison topo II but still shows significant anti-proliferation activity, indicating that this

drug as well as the other RuBen drugs may act on other cellular constituents as well.

Though m-AMSA is more effective than the RuBen drugs in topo 11 poisoning and

anticancer activity, it is a DNA damaging agent and a possible mutagen, which limits its

therapeutic potential, while the RuBen drugs interact externally with DNA without

destabilizing the DNA helix This is an important factor to be considered for the

development of anticancer drugs because most of the DNA destabilizing anticancer drugs

like cisplatin, m-AMSA and adriamycin cause permanent genetic damage to the host, often

resulting in the development of neoplasticity as a long term effect.

88



Figure 17: Supcrcoilcd pBR322 DNA (lane 1) was incubated with topo II in the absence

(lane 2) or presence of 75 //M m-AMSA (lane 3), 100, 150, 200, 250, 300 and 350 //M of

RuBenAPy (lanes 4 to 9), RuBenAGu (lanes 10 to 15), RuBenABa (lanes 16 to 21) and

100, 200, 300, 400 and 500 /uM of RuBenPy (lanes 22 to 26) The positions of

supcrcoiled (form 1) DNA and relaxed (nicked circular or form 2) DNA arc indicated by I

and II.
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Figure 18: Inhibition of the ATPasc activity of topo II by RuBenPy, RuBcnAPy,

RuBcnAGu and RuBenABa ATP hydrolysis in the presence of increasing concentrations

of the drugs are presented as mean of 3 experiments Data is plotted as percent inhibition

of ATP hydrolysis versus concentration of drug in /vM RuBenAPy showed the highest

inhibition of ATP hydrolysis (-80%) followed by RuBenAGu and RuBenABa. RuBenPy

does not show significant inhibition of ATP hydrolysis
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Figure 19: (A) Cleavage assay was performed by incubating supercoiled pBR322 DNA

(lane 1) with topo II (lane 2) in presence of 100 fjM m-AMSA (lane 3), 100, 150, 200,

250, 300 and 350 juM RuBenPy ( lanes 4 to 9), the same concentrations of RuBenAPy

(lanes 10 to 15), RuBenAGu (16 to 21) and RuBenABa (22 to 27). The positions of

supercoiled, nicked circular and linear (form 3) DNA arc indicated by I, II and III The

formation of the cleavage complex is evidenced by the appearance of the linear DNA (III).

(B) Quantification of the linear DNA shows that RuBenAPy is the most potent in cleavage

complex formation followed by RuBenAGu and RuBenABa RuBenPy docs not show any

visible linear DNA formation even at the highest concentration of 350 //M. The lower

concentration of 50 //M is not shown in the gel photographs.
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Figure 20: In the absence of any drug, the melting temperature curve of calf thymus DNA

shows a Tm of 57 °C (—). At a drug to DNA nucleotide ratio 1:5, RuBenAGu (—)

increases the Tm, to 68 °C, whereas RuBenPy (--) and RuBenAPy (—) and RuBenABa

( ) increase Tm to 69.5, 70 and 70.5 °C. The DNA intercalator, m-AMSA induces a

strong increase in Tm (74 °C) at a drug to nucleotide ratio only 1:10 (••••). The Tm curves

for the ratios lower than 1:5 (1:10, 1:20, 1:40) are not shown. Drug to DNA ratios of

more than 1:5 were not attempted because these complexes show intense visible spectra

which interferes with the uv spcctroscopic studies.
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Figure 21: D/N (drug/nuclcotide) ratio plotted against curve width of the Tm curves (4

curves for drug to DNA nucleotide ratios of 1:40, 1:20, 1:10 and 1:5 for all the RuBen

drugs and 3 for m-AMSA) shows a characteristic increase in curve width by m-AMSA

(•) . The RuBen drugs however do not greatly affect the curve width of the melting

temperature curves suggesting that they are essentially DNA non binders
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Figure 22: The Circular Dichroism spectra of pBR322 DNA (—) in the presence of

RuBenAGu (—), RuBenPy (—-), RuBenAPy (•—) and RuBcnABa (-•-) shows that

these drugs induce very minute changes in the molar ellipticity of DNA, while m-AMSA(-

••-) shows a very prominent change at a concentration of -3.5 times less than that of the

RuBen drugs. This large increase in the CD. signal indicates a conformational change

induced in the DNA due to intercalation by m-AMSA.
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Figure 23: //; vitro anti-proliferation activity of the RuBcn drugs was tested on two fast

growing cancer cells- colo-205 (top panel graph) and ZR-75-1 (lower panel graph). The

cells were incubated with increasing concentrations of the RuBen drugs and proliferation

was quantified by [ H] thymidine incorporation, as described in the experimental section.

Cell proliferation at a drug concentration of 80 fJM is shown in the figure m-AMSA is the

most effective in anti-proliferative action, followed by RuBenAPy, RuBenAGu,

RuBenABa and RuBenPy. The data presented is a mean of three independent experiments

conducted in triplicates.
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Figure 24: The colon carcinoma cells (black bars) arc more sensitive to the action of the

RuBen drugs compared to the ZR-75-1 cells. The control, m-AMSA also shows a similar

effect. This indicates that the ZR-75-1 cells may have an inherent resistance mechanism

which makes them less susceptible to the action of topo II poisons compared to the colo-

205 cells.
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Figure 25: The molecular models of RuBenPy, RuBcnAPy, RuBcnAGu and RuBcnABa

reveal that these molecules do not possess the typical 'chloride' and 'coordinated ligand'

interacting domain of RuBcn(dmso). The coordinated ligands in these molecules arc

oriented away from the chloride groups The angular orientation of the ligands may allow

them to interact with the enzyme by aligning themselves into an active site in the enzyme

In RuBenPy, the ruthenium atom is shown in green, chlorides in yellow and the nitrogen

atom in the pyridine ring, which interacts with ruthenium, is in white. In RuBcnAPy,

ruthenium is shown in light yellow, chlorides in dark yellow, the pyridine ring nitrogen

(which interacts with ruthenium) as well as the free NH2 nitrogen are shown in white. In

RuBcnABa, the oxygen atoms arc shown in green and NH,> nitrogen in white In

RuBenAGu, all the nitrogen atoms are shown in white The ruthenium-benzene

organomctallic bonds are not shown in all the molecules
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Chapter 6

DEVELOPMENT OF A TRANSFERRIN MEDIATED DELIVERY
SYSTEM FOR THE ANTICANCER RuBen DRUGS



INTRODUCTION

Though the RuBen drugs may not induce very adverse effects on the human body because

of an organometallic linkage with a ligand and also due to their mode of DNA interaction,

they would still be expected to cause significant toxicity to the body due to the inherent

presence of the ruthenium metal atom, which is foreign to the human body. In the light of

this situation, it would be desirable to develop a delivery system for these drugs, which

would carry the drug molecules to the cancer tissues without allowing them to cause any

major organ and tissue damage.

Drug delivery systems have been developed to achieve a high titer of drug in the region of

their intended action, which will result in higher specificity of action and reduction of toxic

side-effects. Some of the delivery systems in use are liposome encapsulation, antisense

tagging and antibody tagging (Mayer, 1998; Lu et al., 1999; Juliano et al., 1999). A

more recent approach is transferrin mediated delivery (Singh et. al., 1998, 1999; Sava et

al., 1991). A schematic diagram of iron delivery by transferrin is shown in Figure 26.

The transferrin mediated delivery has been chosen for anticancer targeting by the RuBen

drugs because of the following reasons:

• Transferrin is a natural delivery system for the transport of iron and iron-containing

compounds from the plasma in circulation to living cells and this delivery is increased

many fold in cancer cells due to over-expression of the transferrin receptors on the

plasma membrane. Also, due to the heavy requirement of iron for the rapid growth and
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proliferation of neoplastic cells, this transport mechanism cycles continuously to

provide the extra iron to these cells.

• Iron and ruthenium possess similar chemical properties and ruthenium compounds

have been shown to bind apotransferrin in a similar way as iron (Sava et al., 1991).

This drug-transferrin conjugate will be effectively transported into cancer cells where

the ruthenium drug is released into the cytosol and the apotransferrin is cycled back

into the circulating plasma.

In the present study, binding of the RuBen drugs to apotransferrin was monitored through

uv-visible and circular dichroism spectroscopy. In physiological buffer conditions, the

binding of these drugs to apotransferrin was complete in a time period of 8 h.

The transferrin-bound RuBen drugs were used for in vitro anticancer studies. The

transferrin bound drugs showed a higher anticancer action (an average increase of ~5%)

compared to that of the unbound drugs.

RESULTS

Binding of the RuBen drugs to apotransferrin.

uv-visible spectroscopic analysis:

The five RuBen drugs show characteristic uv-visible spectra, with two distinct bands, one

between 300 and 400 nm and the other between 400 and 600 nm which change typically
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upon binding to ATr. The spectra of the drugs remains unchanged at 1 h incubation with

ATr. But at 4 h, lowering of the band intensities is observed, which continues up to 8 h,

beyond which no further changes occur. This suggests that the drugs interact slowly with

ATr over a period of 8 h, at which time, complete binding occurs. The change in spectral

band intensities could be due to d- d transitions in the metal atom or possibly due to

oxidation of Ru2+ to Ru3+upon ligation with ATr. This is because Tr has a higher binding

affinity towards iron or ruthenium in the 3+ oxidation state. It has also been suggested that

Tr can bind to a metal atom in 2+ state and oxidize it to 3+ in the presence of carbonate or

bicarbonate (Bates et. al., 1973). The spectra of the RuBen drugs alone and with ATr after

8 h incubation are shown in Figure 27

Circular dichroism analysis:

Circular dichroism is particularly suited for the determination of conformational changes

induced in chiral macromolecules upon binding of small chromophores. Incubating ATr

with the RuBen drugs in 1:1 ratio for the specified time period induces a sharp positive

signal in the CD. spectra of the protein (in the region between 300 and 600 nm). This is

due to a conformational change in the macromolecule induced by binding of the RuBen

drug to the iron binding site of the apo-protein. At this stage, ATr becomes the co-factor

loaded Tr. The increase in intensity of the CD. signal is plotted as change in molar

ellipticity (A 9) versus wavelength in nm, calculated by subtracting the molar ellipticity of

ATr alone from that of ATr in presence of drug (figure 28). Increasing the drug to ATr

ratio to 2:1 also increases the intensity of the signal. At this point, the protein is saturated
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with the drug because, further increase of this ratio does not lead to further increase in the

intensity of the signal.

Interaction of ATr with RuBen(dmso) shows a characteristic increase in the CD. signal at

450 nm. RuBenPy, RuBenAPy and RuBenABa register an increase in the signal at 405

nm. Interestingly, binding of RuBenAGu to ATr causes a very sharp increase at a lower

wavelength of 330 nm. This band shift may be due to additional interactions of the

nitrogen atoms on the drug with ATr, apart from the ruthenium atom.

Release of the RuBen drug from transferrin:

In its natural iron transport cycle, ATr binds to iron and becomes the active iron transport

protein, Tr. When this iron loaded Tr comes across a transferrin receptor (TrR) on the

plasma membrane of cells, it binds to the receptor and the ligand-receptor (Tr-TrR)

complex is internalized through an endosome. The low pH in the endosome promotes

release of iron from this complex. The iron is taken up by the cell for its cellular functions

while the Tr-TrR complex is transported back to the plasma membrane from where the

iron-free ATr is released into the general circulation.

For Tr to function as an efficient delivery vehicle, it should be able to release the RuBen

drug in a low pH environment. By lowering the pH to 4.5, all the RuBen drugs were

effectively released from the Tr-TrR complex which was followed through uv-visible

spectroscopy (Figure 29). Release of the drugs is associated with slight changes in the

color of these drugs, which attain a light bluish tinge. This change in color may be caused

due to a d-d transition or a change in oxidation state of ruthenium atom upon Tr binding.
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DNA cleavage assay was carried out with the Tr-released drugs, which shows that the

topo II poisoning ability of the RuBen drugs is retained at the same concentrations as in

the original cleavage assay of Chapter 5 (Figure 30). This shows that though the drugs

may undergo chemical changes upon ATr binding and also subsequent to their release,

this does not affect their action on topo II.

Anticancer action of the transferrin bound RuBen drugs:

The [3H] thymidine incorporation assays on the two cancer cell lines show that the anti-

proliferation activity of the Tr-bound RuBen drugs is clearly superior to that of the

unbound drugs. In general, a 5% increase of anti-proliferative action is induced by the Tr-

bound drugs compared to the unbound drugs (Figure 31). Similar to the effect of the

unbound drugs, Tr-bound RuBenAPy shows the highest anti-proliferative action followed

by the Tr-bound RuBenAGu, RuBenABa, RuBen(dmso) and RuBenPy, in the same order.

As seen earlier, m-AMSA shows the highest anti-proliferative action, which does not

increase in presence of ATr. Also similar to the anticancer action of the unbound drugs, all

the drugs including m-AMSA are very active against the colo-205 cells, while not being so

effective on the ZR-75-1 cells
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DISCUSSION

Fast dividing cancer cells demand a lot of iron for their growth and division and therefore

over-express the transferrin receptor while most normal resting cells do not (Galbraith et.

al., 1980). It follows that, iron bound transferrin is preferentially transported into these

cells through receptor-mediated endocytosis. This property has earlier been exploited for

anticancer drug delivery by conjugating adriamycin to transferrin by Barabas et. al. (1992)

and Singh et. al. (1998). Though this conjugation improved the anticancer action of the

drug, full advantage of this delivery mechanism may not have been realized because the

approaches that had been used for conjugation do not allow the release of drug from

transferrin inside the cell. It would be advantageous to exploit the natural transferrin cycle

of binding and release for a more effective drug delivery. By following the elegant

experiments of Kratz et. al. (1994), we have analyzed the binding and release of the

RuBen drugs from transferrin, which occurs in a manner similar to the natural iron binding

and release mechanism of the protein. Most importantly, the drugs released from

transferrin were in a topo II active form.

In the in vitro anticancer assay, the transferrin bound RuBen drugs were found to be

slightly more effective than the unbound drugs. Since the RuBen drugs by themselves have

easy access to the cancer cells in liquid culture and can enter the cells either directly

through diffusion or any other mechanism, the difference between the transferrin bound

and unbound drugs is marginal. But the effect may be more pronounced in vivo, where the
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transfemn bound drugs selectively localize in cancer cells while the unbound drugs can

enter normal cells too. The effect of the transferrin-bound RuBen drugs in vivo is yet to be

studied. Nevertheless, the in vitro study with the transferrin-bound drugs shows that this

delivery mechanism holds promise for the delivery of those drugs which are very effective

anticancer agents but are limited in use because their toxic effects on the human body.
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Figure 26: In its normal iron transport cycle, aTr binds to iron and becomes the active

iron transport protein, Tr. When this iron loaded Tr comes across a transferrin receptor

(TrR) on the plasma membrane of cells, it binds to the receptor and the ligand-reccptor

(Tr-TrR) complex is internalized to the cell through an endosome. The low pH in the

endosome promotes release of iron from this complex The iron is taken up by the cell for

its cellular requirement and the Tr-TrR complex is transported back to the plasma

membrane from where the iron-free aTr is released into the general circulation.
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Figure 27: uv-visible spectra of the RuBen drugs incubated with ATr. Drug alone is

shown in a continuous line (—), while the drug incubated with ATr for 4 h and 8 h is

shown by dotted line (••••) and broken like (—). m-AMSA (A) shows a band at 425 nm in

its uv-visible spectra, which does not change upon incubation with ATr up to a period of 8

h. RuBen(dmso) (B) shows characteristic absorption bands at 420 and 340 nm. After 4 h

incubation with ATr, the band at 340 nm disappears and the one at 420 nm broadens,

which disappears after 8h. RuBenPy (C) exhibits a band between 600 and 390 nm which

disappears after 8 h incubation with ATr. Similarly in RuBcnAPy (D), the bands at 600 to

390 nm disappear The spectra of RuBenAGu (E) exhibits characteristic bands at 340 and

540 nm, which disappear after 8 h, upon binding with ATr. In the case of RuBenABa (F),

the band at 530 nm is reduced and the one at 390 nm disappears.
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Figure 28: Circular Dichroism spectra of ATr incubated with the RuBen drugs for a

period of 8 h. The 1:1 and 2:1 drug to ATr ratios arc shown by a broken line (—) and

continuous line (—) respectively. The control, m-AMSA (A) does not induce any

conformational change in ATr, suggesting that it does not interact with the protein.

RuBen(dmso) (B) induces a peak at 450 nm in the CD spectra of ATr at a drug to ATr

ratio of 1:1. This is subtracted from the original CD. spectra and plotted as change in

molar ellipticity (A0) versus wavelength in nm. An increase of the drug per Atr ratio to 2:1

records a further increase in this peak. Similarly, RuBenPy (C), RuBenAPy (D) and

RuBenABa (F) induce peaks at 405 nm. RuBenAGu (E) induces an increase at 330 nm. In

all the cases, increasing the ratio to 2:1 also increases the peak intensity.
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Figure 29: pH of the Tr bound drug samples was lowered to 4.5 with HC1 and the

samples were incubated for 2 h. at 37 C. uv-visible spectra of the samples were recorded.

The spectra of the Tr-bound drugs is shown by a continuous line (—) and that of the HC1

treated samples is shown by a broken line (—). The control, m-AMSA (A) shows no

change in the two spectra since no binding and unbinding of the drug to Tr occurs. In the

spectra of RuBcn(dmso) (B), a band at 430 nm appears, indicating the release of the drug

from Tr. Similarly, bands at 540, 550, 570 and 500 nm appear in the spectra of RuBenPy

(C ), RuBenAPy (D), RuBenAGu (E) and RuBenABa (F) respectively, suggesting the

release of the drugs from Tr in the acidic environment
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Figure 30: Cleavage complex formation by the Tr-rclcascd RuBcn drugs Supcrcoilcd

pBR322 DNA is shown in lane 1. The successive lanes from 2 to 10 show the results of

the topo II induced DNA cleavage assay, carried out in the presence of the Tr-rclcascd

RuBen drugs Lane 2, 500 fjM of RuBenPy, lanes 3 and 4, 200 and 300 //M of

RuBcn(dmso); lanes 5 and 6, 150 and 200 //M of RuBcnAPy, lanes 7 and 8, 200 and 250

/vM of RuBenAGu; lanes 9 and 10, 300 and 350 /JM of RuBenABa. For all the drugs from

RuBen(dmso), two concentrations of the drugs were used, one below and the other equal

to the threshold concentration for linear DNA formation (as gathered from the original

cleavage assay). The results show that the cleavage complex forming ability of the RuBen

drugs is retained at the same concentration levels. The positions of the three

conformational forms of pBR322 DNA are indicated by I, II and III.
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Figure 31: Action of the Tr-bound drugs on colo-205 cells (group A to the left) and ZR-

75-1 cells (group B the right). Data presented is a mean of three independent experiments

carried out in triplicates. Comparison of the anti-proliferative action of Tr-bound drugs (-

o-) with the unbound drugs (-•-) shows that Tr does not cause an increase in the anti-

proliferation activity of m-AMSA, while all the RuBen drugs exhibited an increase at

varied degrees. An average increase of 3 to 5% was induced by the Tr-Bound RuBen

drugs.
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Chapter 7

TOPOISOMERASE II POISONING BY RUTHENIUM
COORDINATION COMPLEXES: A STUDY OF

STRUCTURE-ACTIVITY RELATIONSHIP.



INTRODUCTION

An earlier study by Jayaraju et. al. (1999) showed that a salicylaldoxime complex of cobalt

(cobalt salicylaldoxime) poisons the activity of topo II. Molecular analysis implicated the

oxime groups of the salicylaldoxime ligands as the topo II interacting moieties in the

molecule. In the present study, we found that replacement of the cobalt atom with a

ruthenium atom (RuSal), removed the topo II poisoning ability. This was surprising

because, replacement of the central metal atom (which does not interact with topo II)

completely abolished the biological activity of the molecule, while there was no alteration

in the metal-ligand interaction or the chemical structure. To understand this effect,

structural and conformational differences between the two molecules had to be analyzed,

for which, minimal energy structural conformations of the molecules were generated

through molecular modeling. Also, to examine whether other anticancer coordination

complexes of ruthenium behave similarly with topo II, two coordination complexes of

ruthenium have been tested for topo II antagonism The first is Rulm, which has a metal

atom flanked by two imidazole ligands. The ruthenium atom is also bonded to 4 chloride

atoms. The second is Rulnd, an indazole complex of ruthenium, which is similar to the

imidazole complex, but with indazole ligands in place of imidazole. The synthesis and

anticancer activity was first described by Keppler et. al. (1989). Rulnd was found to be a

more potent anticancer agent compared to Rulm. Both Rulm and Rulnd possess

significant antineoplastic activity against the Walker 256 carcinosarcoma, MAC 15A colon

tumor, B16 melanoma and solid sarcoma 180 (Keppler et. al., 1990). These compounds
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were more superior in their action against an autochthonous chemically-induced colorectal

adenocarcinoma in rats compared to even 5-fluorouracil, which is an established cytostatic

drug against human gastrointestinal carcinomas. Fruhauf and Zeller (1991) observed that

Ruind brings about anti-tumor activity by interacting with DNA and inhibiting DNA

synthesis. Though very effective, their clinical development was hindered due to extreme

toxic effects on the body. Histological and blood-chemical investigations show major liver

and kidney damage, hyperplasia and hyperkeratosis of gastric mucosa and anemia

(Keppleret. al. 1990).

RESULTS

Topoisomerase II antagonism by Rulm and Ruind:

Inhibition of DNA relaxation activity:

Both metal complexes inhibit the supercoiled DNA relaxation activity of topo II. Ruind

completely inhibits the DNA relaxation activity of topo II at a concentration of 250 //M,

while Rulm inhibits the activity at a concentration of 300 /JM Figure 32 shows the dose

dependent inhibition of topo II activity by these two drugs.

Inhibition of the DNA stimulated ATPase activity of topoisomerase II:

The ATPase assay shows that Rulm and Ruind significantly inhibit the DNA stimulated

ATP hydrolysis activity of topo II. A comparison of ATPase inhibition by the two
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complexes with RuSal is shown in Figure 33. These results correlate well with the

inhibition of DNA relaxation activity by these complexes.

Formation of drug- induced, topoisomerase II mediated cleavage complex:

Consequent to the relaxation and ATPase inhibition by Rulm and Rulnd, the next step was

to check for the ability of the two complexes to freeze topo II and cleaved DNA in a

cleavage complex. The results of this assay show that Rulnd was very potent in poisoning

the enzyme activity by formation of a cleavage complex (at a concentration of 150 //M),

as evidenced by the appearance of linear DNA in the assay gels (Figure 34). Rulm also

forms the cleavage complex, but at a much higher concentration of 300 /iM. As shown

earlier in Chapter 3, RuSal does not form the cleavage complex.

Anticancer activity assay:

The anticancer activity of the two drugs was analyzed through [3H] thymidine

incorporation assays on the two human cancer cell lines, colo-205 and ZR-75-1. The

results of this assay agree with the previous reported findings that Rulnd is a stronger

anticancer agent compared to Rulm (Figure 35). The DNA intercalator was slightly more

potent than Rulnd, while RuSal showed the least effect on the cancer cell proliferation.

The two drugs were more potent on the the breast carcinoma (ZR-75-1) compared to the

colon carcinoma (colo-205).
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Molecular modeling analysis:

An earlier study on Cobalt salicylaldoxime (CoSAL) and its derivatives showed that in

these molecules, the cobalt atom and the salicylaldoxime ligands are in the same plane,

180° to each other (Ph.D. thesis of D. Jayaraju). But in case of RuSal, the large atomic

size of ruthenium may stearically hinder this planar conformation, which orients the

ligands at an angle of -40° to each other. In Rulm and Rulnd, the imidazole and indazole

ligands are oriented in the same plane, giving the molecules a planar conformation, similar

to that of CoSAL (Figure 36).

DISCUSSION

In order to investigate why RuSal does not poison topo II activity while CoSAL does,

molecular modeling studies were carried out. The results of the modeling studies reveal

that in CoSAL, planar conformation of the ligands along the horizontal axis of the

molecule spatially orients the oxime groups to project out of the planar structure. This

exposes the enzyme interacting oxime groups outside the plane of the molecule, thus

facilitating a strong enzyme interaction. But in case of RuSal, the ruthenium atom induces

a conformational change on the bidentate salicylaldoxime ligands and orients them at an

angle of -40° to each other along the horizontal axis. This orientation masks the oxime
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groups from the outside environment. As a result of this stearic interference by the ligand

orientation, a proper interaction with the enzyme may be prevented. This could be the

reason why RuSal partially inhibits the activity of topo II. Though the salicylaldoxime

groups in CoSAL are also in a bidentate association with the metal atom, similar to RuSal,

the cobalt atom is relatively smaller and may not induce any conformational stress on the

ligands.

To investigate further if the abolition of topo II poisoning in RuSal is because of the

spatial orientation of the ligands alone or possibly due to any other reason, two ruthenium

coordination complexes which show excellent anticancer activity have been examined for

topo II antagonism. The two complexes, Rulm and Rulnd were selected due to two

reasons Firstly, they are similar to RuSal in being coordination complexes and possess

two ligands on either side of the ruthenium atom. The second reason is that, the molecular

modeling studies on their structures showed that the ligands are oriented in the same

plane. 180° to each other, similar to CoSAL. Unlike RuSal, the ligands are monodentate,

due to which they may not be under any conformational stress from the ruthenium atom,

and are therefore in the same plane. Though these two molecules do not have the typical

oxime interacting group, they have nitrogen atoms in the heterocyclic rings, at

approximately the same positions as the oxime groups in CoSAL and RuSal. Hence,

according to our reasoning, they would be able to antagonize topo n action at least to a

small extent.

The topo II antagonism studies showed that these two compounds indeed poison the

activity of topo II. The poisoning ability correlated well with their anticancer activity. This
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shows that topoisomerase II antagonism may account for a significant amount of the

anticancer activity attributed to these drugs.

Some studies have indicated putative structural and conformational requirements for topo

II poisoning by drugs (MacDonald et. al., 1991, Capranico et. al., 1994, Zwelling et. al.,

1992; Rene et. al., 1996). Though these conformations are not always a stringent

requirement, such analysis on conformational requirements by structurally disparate topo

II poisons will give an insight into the development of novel therapeutics directed against

topo II. This is particularly important because, cancer cells regularly evolve mechanisms to

resist the cytostatic action of anti-topo II drugs.

This case study about the effect of drug conformation on its molecular action merits a

deeper investigation into the structure-activity relationship that drugs often possess. This

would immensely help the cancer pharmacologist to develop rational drug molecules that

attack a definite target.
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FIGURE 32
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Figure 33: The ATPasc inhibition assay shows that Rulnd strongly inhibits the ATP

hydrolysis reaction of topo II compared to Rulm Both show a dose dependent action

The effect of RuSal on the ATPasc action of topo II is also shown



FIGURE 33
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Figure 34: The cleavage assay on pBR322 DNA (lane 1) with topo II (lane 2) in the

presence of 100 //M m-AMSA (lane 3) and 100, 150, 200, 250, 300 and 350 //M of Rulnd

(lanes 4 to 9) and the same concentrations of Rulm (lanes 10-15) shows that Rulnd forms

the cleavage complex at a concentration of 150 /.M and Rulm at 300 JLM.
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Figure 35: The anticanccr activity assay on the two cancer cell lines shows that Rulnd is a

very potent anticanccr agent, which almost matches the anticanccr effect of m-AMSA

Rulm also showed a significant effect on the proliferation of the cancer cells. RuSal was

the least effective As observed in the earlier studies, the ZR-75-1 cells (B) were less

responsive to the anti-prolifcrativc action compared to the colo-205 cells (A).
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Figure 36: A comparison between the molecular models of CoSAL, RuSal, Rulnd and

Rulm shows that in CoSAL, Rulnd and Rulm, the ligands attached to the metal atom arc

in the same plane with each other, while in RuSal, the ligands are oriented at an angle of

—40 c to each other along the horizontal plane of the molecule The central metal atom in

all the molecules is shown in green In Rulm and Rulnd, chlorides are shown in yellow and

ring nitrogens arc shown in white In CoSAL and RuSal, the N-OH oxygens and the metal

coordinating oxygens are shown in red. In CoSal, the OH groups (of N-OH) project out

of the plane of the molecule, while in RuSal, the OH groups are in the same plane as the

respective salicylaldoximc ligands
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CONCLUSIONS



The work embodied in this thesis evaluates the functional significance of topoisomerase II

antagonism by organometallic complexes of iron and ruthenium for anticancer therapy.

The major conclusions of our study are enumerated below, which argue that these

topoisomerase II targeting drugs have the potential to be exploited for cancer

chemotherapy.

1. The molecular analysis of topoisomerase II poisoning suggests the requirement of N-

donor, O-donor and S-donor groups on the ligands (attached to the iron or ruthenium

atom) to interact with the enzyme These electronegative centers may be involved in

non-covalent interaction with the electropositive groups on the enzyme.

2. Unsubstituted ferrocene has no effect on topoisomerase II activity and also shows no

anticancer action, while the mono-substituted acetyl and carboxaldoxime derivatives of

ferrocene (AcFecp and FecpOx) inhibit the topoisomerase Il-catalyzed relaxation of

supercoiled DNA but do not poison the enzyme by cleavage complex formation. On

the other hand, the di-substituted derivatives (DacFecp & FecpDox) effectively poison

topoisomerase II by cleavage complex formation. This, coupled with the molecular

modeling analysis suggests that though the iron atom and the cyclopentadiene rings do

not directly involve in topoisomerase II poisoning, the structural conformation

provided by this backbone to the double substitution (and not the single substitution)

may be important for topoisomerase II poisoning by these compounds.
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3. FecpDox was more potent than DacFecp suggesting that the N-donor interaction of

the carboxaldoxime group with topoisomerase II may be more effective for poisoning

the enzyme compared to the O-donor interaction of the acetyl group. The DNA non-

binding nature of the ferrocene molecules and the organometallic linkages on the metal

atom could minimize iron induced toxicity. These observations suggest that the di-

substituted ferrocene compounds are attractive anticancer drug candidates, and merit

further investigation.

4. Our work on the RuBen drugs introduces novel and effective topoisomerase II

poisons, which poison the enzyme through formation of a ternary 'cleavage complex'

The first compound in this class, RuBen(dmso), served as a good lead molecule for the

design of new derivatives with enhanced anticancer action.

5. A noteworthy point in understanding the molecular mechanism of action of these

compounds is that a pyridine ring in place of the dimethyl sulfoxide group (in

RuBenPy) abolishes topoisomerase II poisoning. In RuBenPy, the electronegative

center of the pyridine ring, the nitrogen atom, is already coordinated to the ruthenium

atom and there is no other group on the ring for enzyme interaction. Introduction of a

single amino group on the pyridine ring (RuBenAPy) greatly increased topoisomerase

II poisoning and anticancer activity. This result and the molecular modeling analysis

suggest that the coordinated ligands, 'dmso', 'aminopyridine', 'aminoguanidine' and

'aminobenzoic' acid may be major enzyme interacting domains on the RuBen drugs.
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6. Based on the molecular analysis of topoisomerase II poisoning by the ferrocene and

RuBen drugs, the following putative mechanism of action may be proposed -

" The di-substituted ferrocene drug binds to the topoisomerase II and following

DNA interaction and cleavage by the enzyme, the drug freezes the enzyme and cleaved

DNA in a 'closed clamp conformation' called the cleavage complex, thus abrogating the

DNA religation step

The RuBen drugs follow a slightly different mechanism. They interact bi-

directionally with both enzyme and DNA- the ruthenium atom interacts with DNA while

the coordinated ligands interact with the enzyme, ultimately leading to the formation of the

cleavage complex. "

7. The anticancer studies using the iron and ruthenium drugs correlate with their

topoisomerase II poisoning ability, arguing that topoisomerase II poisoning may be the

major mechanism involved in their anticancer action.

8. Our studies show that the spatial conformation of the organometallic iron and

ruthenium molecules is an important determinant for topoisomerase II poisoning. The

enzyme interacting groups must extend out of the molecular structure in order to

interact strongly with the enzyme. This is especially true in the case of the coordination

ruthenium complexes of Rulm and Rulnd. A detailed X-ray crystallographic analysis

on the topoisomerase II-drug association could determine the exact drug interacting
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sites on the enzyme. This information could be immensely useful for understanding the

molecular events leading to cleavage complex formation and in the development of

superior organometallic therapeutics targeted to topoisomerase II.

9 Our studies on the transferrin mediated delivery of the RuBen drugs provides a

methodology for targeting topoisomerase II antagonistic anticancer metal complexes

to cancer cells. Because transferrin is a natural delivery system and has a good affinity

for binding to ruthenium containing compounds, it is an attractive approach for

delivery of such compounds. The results of this study show that apotransferrin holds

promise as a potential delivery vehicle for ruthenium containing compounds
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SPECTRAL DATA OF THE SYNTHESIZED COMPLEXES

a



SPECTRA 1

Ferrocene : Di-n-cyclopentadiene iron (II)

Proton NMR spectra: Singlet peak at 4 18 PPM, corresponding to the cyclopentadiene

ring hydrogens.

b



SPECTRA 2

Acetvl Ferrocene: 1-acetyl di-n-cyclopentadiene iron (II)

Proton NMR spectra: 4.2 PPM corresponding to the un-substituted lower ring

hydrogens, 2.42 PPM corresponding to methyl group hydrogens, 4.5 and 4.8 PPM

corresponding to the shifted hydrogens in the acetyl substituted ring.

c



SPECTRA 3

Diacetyl ferrocene: 1. f-diacetvl di-n-cyclopentadiene iron (II)

Proton NMR spectra: 2.3 PPM corresponding to the methyl group hydrogens. 4.48 and

4.7 PPM corresponding to the hydrogens on the acetyl substituted ring.

d



SPECTRA 4

Ferrocene Carboxaldoxime: 1-carboxaldoxime di-ir-cycloyentadiene iron (II)

FT-IR spectra: IR band at 3412 cm-1 confirms the presence of carboxaldoxime group in

ferrocene.

e



SPECTRA 5

Ferrocene dicarboxaldoxime: l.f-di-carboxaldoxime di-n-cvclopentadiene iron (II)

FT-IR spectra: IR band at 3557 cm"' confirms the formation of the dicarboxaldoxime.

f



SPECTRA 6

RuSAL: Trans his salicvlaldoximato ruthenium (IT)

FT-IR spectra: Band at 1608 cm'1 confirms the formation of a coordination bond between

imine nitrogen and metal atom; band at 1493 """' confirms the metal- oxygen bond

g



SPECTRA 7

Rulien(dmso): ( (rf-benzene) dichloro sulfinyl bis(methane)-O-ruthenium (IT) /

Proton NMR spectra in d6- DMSO (the 'dmso' ligand is also d6-DMS0): 5 4.07 PPM

corresponding to the organometallic bonded benzene ring hydrogens.
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SPECTRA 8

RuRenPv: f (if-benzene) (pyridine)-N-ruthenium (II) /

Proton NMR spectra in d6-DMS0: 5 6 and 7.4 PPM corresponding to the shifted

pyridine hydrogens, 5 3.4 PPM corresponding to the benzene ring hydrogens.



SPECTRA 9

RuBenAPy: f (ri'-benzene) (3-amino pyridine)-Nl-ruthenium (II) /

Proton NMR spectra in (J6-DMS0: 5 7.1, 7.65 and 8.7 PPM corresponding to the shifted

pyridine ring hydrogens, 5 3 9 PPM corresponding to the benzene ring hydrogens.
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SPECTRA 10

RuBenABa: I (rf-benzene) (p-amino benzoic)-O-ruthenium (II) I

FT-IR Spectra: Bands at 3462 cm"1 and 3364 cm"' correspond to the anti-bonding

stretching by the hydroxyl oxygen upon coordination with the ruthenium atom.
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SPECTRA 11

RuBenAGu: f (rf-benzene) (aminoguanidine)-Nl-ruthenium (ID I

Proton NMR spectra in (16-DMSO: 5 5 9 and 7.3 PPM corresponding to the amino

hydrogens of the amino guanidine group, 5 3.3 PPM.
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AUSTRACT: The ability of two structurally different ruthenium complexes to interfere with the catalytic
activity of topoisomerase II was studied to elucidate their molecular mechanism of action and relative
antineoplastic activity. The first complex, [RuCl2(C6H6)(dmso)], could completely inhibit DNA relaxation
activity of topoisomerase II and form a drug-induced cleavage complex. This strongly suggests that the
drug interferes with topoisomerase II activity by cleavage complex formation. The bi-directional binding
of [RuCl2(C6H«)(dmso)] to DNA and topoisomerase II was verified by immunoprecipitation experiments
which confirmed the presence of DNA and ruthenium in the cleavage complex. The second complex.
Ruthenium Salicylaldoxime, could not inhibit topoisomerase II relaxation activity appreciably and also
could not induce cleavage complex formation, though its DNA-binding characteristics and antiproliferation
activity were almost comparable to those of [RuCl2(C6Hs)(dmso)]. The results suggest that the difference
in ligands and their orientation around a metal atom may be responsible for topoisomerase II poisoning
by the first complex and not by the second. A probable mechanism is proposed for [RuChfC^PUXdmso)],
where the ruthenium atom interacts with DNA and ligands of the metal atom form cross-links with
topoisomerase II. This may facilitate the formation of a drug-induced cleavage complex.

Type II topoisomerascs arc a class of ubiquitous enzymes
essential for maintaining genome organization in the dense
nuclc;;r milieu of eukaryolic cells (1, 2). Topoisomerase II
(topo II)1 plays an important role in replication, transcription,
recombination, and segregation of chromosome pairs during
ceil division (3, 4). It is also involved in mainlaining the
structural organization of the mitotic chromosomal scaffold
(5—7). The enzyme assists in these functions by altering the
topological properties of DNA, which it catalyzes by creating
transient double strand breaks, transporting an intact segment
of DNA through the gap and'finally religating the cleaved
strands (8-11). Topo II is present as a major enzyme in the
nuclei of rapidly dividing cells, especially in neoplastic
conditions (2). During the past decade, numerous studies
have indicated that selective poisoning of this enzyme leads
to effective inhibition of neoplastic cell proliferation (8, 12,
13). A number of clinically prescribed anticancer drugs are
now known to be topo II poisons. Topo II poisons are broadly
classified into two types: (1) cleavable complex-forming
compounds (DNA intercalating, e.g., m-AMSA, nonintcr-
calating e.g., Eloposidc) and (2) Nonclcavable complex-
forming compounds (e.g. ICRF-193) (8, 14, 15). Cleavage
complex-forming compounds are of particular interest be-
cause they shift the enzyme's clcavage/religation cycle
toward DNA cleavage and form a stable drug-mediated
enzyme-cleaved DNA complex (16).
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Metal complexes gained immense importance with the
discovery of cisplalin as an anticanccr agent in 1969. Since
then, numerous complexes of metals of the main group, early
transition, and late transition series of the periodic table have
been vigorously tested for anticancer activity. However, very
few of them have qualified for phase I and phase II clinical
trials (IS). Among the metal atoms used in anticancer metal
complexes, ruthenium is most unique. It is a rare noble metal
unknown to living systems and has a strong complex-forming
ability with numerous ligands. In vitro and in vivo studies
reveal that most ruthenium complexes bind covalently to
DNA via the N-7 atom of purines and cause cytotoxicity by
possibly inhibiting cellular DNA synthesis (18, 19). Ruthe-
nium complexes have a stronger affinity for cancer tissues
than normal tissues. This is because ruthenium binds readily
to transferrin molecules in plasma and is transported to the
tumor tissues. Here, the ruthenium-lransferrin complex is
internalized into tumor cells through transferrin receptors
which are abundantly expressed on the surface of tumor cells
(20). Rulhcnium(III) complexes have been hypothesized to
function as pro-drugs which are reduced to the more reactive
ruthcnium(II). In this state, they coordinate with biological
macromolecules and induce toxicity (20).

In the present study, we have examined and compared two
structurally different ruthenium(II) complexes for their
antiproliferation activity and molecular action on topo II to
determine their efficacy as anticancer agents and their
molecular mechanism of action.

MATERIALS AND METHODS

Materials. Topo II was purified from rat liver following
the procedure of Galande et al. (21). The enzyme concentra-
tion was determined using Bradford colorimetric assay (22).
The negatively supercoiled pBR322 plasmid DNA was
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purified as described by Wang and Rossman (23). Anli-
topoisomerase II antibody was from Topogen Inc.; RPMI-
1640 medium, m-AMSA, and calf ihymul DNA were from
Sigma Chemical Co.; protein A agarosc, fetal calf serum,
.and antibiotics were from Gibco-BRL; PEI (polyethylene-
imine) Cellulose-FTLC sheets were from Merck; Proteinasc
K and ATP were from Boehringcr-Mannhcim; and y1!P—
ATP and JH-labeled thymidine were supplied by BRIT, India.
Other chemicals and biochemical* were of analytical grade.

Synthesis of the Ruthenium Complexes, (a) RuBen
([RuCl2(CaH6>(dmso)]). This was synthesized following the
procedure of Zelonka and Baird (24). Freshly synthesized
1,3-hexadiene (6 mL) was added to RuCI3-3H2O (1.7 g) in
100 mL of 90% aqueous ethanol. The solution was heated
at 45 °C for 3 h to form a red precipitate, which was washed
in ethanol and dried in vacuo to give the dimeric complex
[RuCl2(C6H6)]2. To this dimer, DMSO was added to form
the monomeric DMSO complex [RuCl2(C6H6)(dmso)] and
vacuum-dried. NMR spectra in dfDMSO: <5 4.07 ppm
(identical with that reported by Zelonka and Baird).

(b) RuSal (Trans bis salicylaldoximato ruthenium (II)).
This was synthesized following a slightly modified procedure
of Lumme et al. (25) for the synthesis of copper salicylal-
doxime. Dry salicylaldoxime (10 mmol) was dissolved in
dry methanol, and anhydrous ruthenium trichloride (5 mmol)
was added in the presence of dry nitrogen gas. The
constituents were rclluxed at 70 °C for about I h until a
green solution formed. This was vacuum-dried and crystal-
lized to form dark green complex of ruthenium (II) salicyl-
aldoxime. IR spectra: Band at 1608 cm~' confirms the
formation of a coordination bond between inline nitrogen
and metal atom; band at 1493 cm'1 confirms the metal-
oxygen bond.

Molecular Modeling and Energy Minimization. The atomic
coordinates for RuBen and RuSal were generated employing
standard geometry and then refined using the energy
minimization procedure of Vinter et al. (35) at all atom levels
on Desktop Molecular Modeler software (distributed by
Oxford University Press) (Figure 1). In RuBen, the organo-
meiallic bond between the ruthenium atom and benzene was
simulated on the basis of the information obtained from
literature (36).

Solubilization of Complexes. The ruthenium complexes and
m-AMSA were dissolved in DMSO and diluted with
deionized water prior to use in the biological assays. All of
the DNA and topo II controls in our experiments contained
1% DMSO, which was equivalent to the maximum amount
of DMSO present in the drug-containing assay samples.
DMSO at this concentration had no effect on the assays.

In vitro Antiproliferation Activity. 3H-Thymidine incor-
poration assays were performed to analyze the effect of the
ruthenium complexes on the proliferative response of cancer
cells. Crit-2 (nonhodkins human lymphoma) cells were
grown in RPMI-1640 medium supplemented with 10% fetal
calf serum. Cells (0.2 x 106/200 fiL) were distributed in
triplicates in a 96-well microtiter tissue culture plate. The
cultures were incubated for 16 h at 37 CC in a COi incubator
maintaining 5% CO2 atmosphere. The two ruthenium drugs

. were added to the cells at increasing concentrations (negative
controls contained an equivalent amount of DMSO present
in the drug-treated samples). After further incubation for 8
h, the cultures were pulsed with 0.5 ^Ci of 3H-thymidine.
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FIGURE 1: Three-dimensional chemical structures of RuBen (A)
and RuSal (B) represented as line diagrams. The arrows point
toward the ruthenium atom.

Incubation was continued for 4 h to allow thymidine.
incorporation by cells. The cells were harvested on glass
microfiber strips using a Skatron automated cell harvester.
Radioactivity was measured in a Wallac liquid scintillation
counter.

Relaxation Assay. This assay was performed following the
procedure of Osheroff et al. (26). The reaction mixture (20
//L) contained relaxation buffer (50 mM Tris-HCl (pH 8.0),
120 mM KC1, 0.5 mM EDTA, 0.5 mM DTT, 10 mM MgCl2,
30 //g/mL BSA, I mM ATP), 0.6 fig of negatively super-
coiled pBR322 plasmid DNA (>95% supercoiled), and
increasing concentrations of the ruthenium drugs. The
reaction was initiated by adding 2 units (~8 nM) of topo II,
and the mixture was incubated al 30 °C for 15 min. The
reaction was stopped by the addition of 2 fiL of 10% SDS.
To this, 3 fiL of loading dye (0.5% bromo-phenol blue, 0.5%
xylene cyanol, 60% sucrose, 10 mM tris-HCl, pH 8.0) was
added, and the products were separated on a 1% agarosc
gel in 0.5 x TAE buffer (20 mM iris-acetate, 0.5 mM EDTA)
at 50 V for 12 h. The gel was stained with ethidium bromide,
visualized in a Photodync UV transilluminaior, and photo-
graphed.

. Cleavage Assay. The formation of the cleavage complex
was assayed following the procedure of Zechiedrich et al.
(27). The 20 fiL reaction mixture contained relaxation buffer
(minus ATP), 0.6 fig of pBR322 supercoiled DNA (70%v
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supercoiled, 30% nicked circular), and increasing concentra-
tions .of drugs. The reaction was initiated by adding 10 units
(40 nM) of topoisomerase II and incubated at 30 °C for 15
min..The reaction was stopped with 2 fiL of 10% SDS. The

'DNA-bound protein was degraded by incubating the reaction
mixture with 2 /<L of 1 mg/mL Proteinasc K at 45 °C for 1
h. The products were separated on 1% agarose gel for 8 h at
50 V in 1 x TAE buffer (40 mM tris-acetate, 1 mM EDTA),
stained, and photographed. The linear DNA band was
quantified as a percentage of total DNA in a UVP gel
documentation system.

ATPase Activity Assay. This assay is a modified procedure
of Osheroff et al. (26). The 20 /*L reaction mixture contained
relaxation buffer (the 1 mM ATP component contained 0.025
/id yP"-ATP), 0.6 fig of pBR322 DNA, and increasing
concentrations of drugs. The reaction was initiated with 2
units of topo II and incubated at 30 °C for 15 min. The
reaction was stopped with 2 fiL of 250 mM EDTA. The
reaction mixture was spotted on PEI ccllulosc-F TLC sheets,
and the sheets were subjected to thin-layer chromatography
in 1 M lithium chloride solution. In these conditions, y32 Pj
migrates first followed by ADP and y"P-ATP. After
resolution, the bands were monitored under reflected UV
light at 366 nm in a Photodyne transilluminator. The
illuminated bands of ATP, ADP, and P; (inorganic phosphate)
were cut and counted for 3?P in a liquid scintillation counter.

Assay for Ruthenium and DNA in Cleavage Complex. The
cleavage assay was performed in the presence of 500 /*M
ruthenium drugs. After the reaction, topo II in the cleavage
complex and in free form was immunoprecipitated with 0.04
units of anli-topo II antibody. The antibody—antigen complex
was trapped in 20,uL of protein A agarose. This was washed
twice with 1 x relaxation buffer at 1000 rpm to remove
unbound reactants. Topo II in the immunoprecipitate was
released by adding 20//L of 1% trichloro acetic acid (TCA).
To this was added 10//L of I N HC1, and the samples were
boiled in steam to dryness. Samples were then analyzed for
parts per million of ruthenium metal by atomic absorption
spectroscopy in an ECIL-AAS4129 atomic absorption spec-
trometer. The same assay was performed with 3H-thymidine-
labelcd DNA. After TCA treatment, the samples were spotted
on filter paper strips and the radioactivity was measured.

Drug—DNA Interaction, (a) Thermal Denaturation. Calf
thymus DNA (sodium salt) was dissolved in 1 mM sodium
phosphate buffer containing 1 mM sodium chloride. The
DNA concentration was adjusted to give an absorbance of
1.0 in 1 mL at 260 nm. The ruthenium drugs were added to
DNA at concentrations which gave drug-to-nucleotide ratios
of 1:20, 1:10, 1:5, 1:2, and 1:1, respectively. The samples
were incubated in 1 mL quartz cuvettes for 2 min to allow
drug-DNA binding. A Hitachi 150-20 spectrophotometer
was set to give a 1 °C rise in temperature per minute with a
KPC-6 thermo-programmer and SPR-7 temperature control-
ler. The increase in absorbance at 260 nm was recorded from
40 to 90 °C. Tm was determined from the denaturation curves.
The curve width of the individual melting curves was
calculated by the procedure of Kelly et al. (28). Curve width
is the temperature range between which 10-907o of the
absorbance increase occurs. The data were plotted and
analyzed.

(b) ID Gel Mobility Assay. pBR322 DNA (0.6 ,«g) was
incubated in increasing concentrations of the drugs in
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FIGURE 2: Crit-2 cells were incubated with increasing concentra-
tions of RuBen and RuSal. 3H Ihymidinc incorporation during the
last 4 h of incubation was measured as described in methods. Values
are presented as means of three independent experiments. Data are
graphically expressed as a percentage increase in inhibition versus
concentration of RuBcn (O) and RuSal (•) in micromolar units.

relaxation buffer al 30 °C for 15 min. Loading dye was added
and the products were run on a 0.8% agarose gel for 15 h at
25 V i n 0 . 5 x TAE buffer.

2D Gel Mobility Assay. pBR322 DNA (0.6 fig) was
incubated as above in 500 pM ruthenium drugs. The samples
were loaded on 0.7% agarose gels and run in the first
dimension at 30 V for 10 h in 0.5 x TAE buffer. The second
dimension was run in similar conditions in the presence of
Chloroquine diphosphate (0.5 /^g/mL). The gels were docu-
mented as in relaxation assay.

(c) CD Spectra. Circular dichroic spectra of pBR322 DNA
in the presence of RuEJen or RuSal was measured in a Jasco
J-715 spcctropolarimeter. The DNA and drug concentrations
corresponded to 0.6 fig of DNA and 500 fiM drug as used
in the topoisomerase II catalytic assays. m-AMSA (corre-
sponding to 100 ,wM concentration in the catalytic assays)
was included as a positive control. The spectra were
measured in a quartz cuvette of 1 cm path length. Data were
represented graphically as molar ellipticity ([9] x 10"3 deg
crrT2/dmol) versus wavelength (nanometers).

RESULTS

Antiproliferation Activity. Antiproliferation activity of the
ruthenium drugs was measured by thymidine incorporation
assays. The results show a dose-dependent inhibition of the
Crit-2 cell proliferation. At the highest concentration of 300
ftM, RuBen inhibited 87% of cell growth, while RuSal
showed a marginally less inhibition of 71% (Figure 2).

Relaxation Assay. DNA relaxation activity of topo II in
the presence of increasing concentrations of RuBcn was
significantly inhibited, and at 500 ftM. the drug could
completely inhibit topo II-catalyzed relaxation of supercoiled
pBR322 DNA (Figure 3A). RuSal could partially inhibit the
relaxation activity with no significant increase in inhibition
up to 500 fiM (Figure 3B).

Cleavage Assay. The ability of RuBen and RuSal to cause
drug-induced stabilization of DNA-topo II complex was
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1 2 3 4 5 6 7 8 Table I: Presence of Ruthenium and DNA in Cleavage Complex"

RuBen (9S>) RuSal (%)

FIGURE 3: Effccl ofRuBen (A) and RuSal (B) on lopo Il-calalyzed
DNA relaxation activity. Supcrcoilcd pBR322 DNA (lane I) was
incubated with lopo II in the absence (lane 2) or presence of 100
HM m-AMSA (lane 3) and I00, 200, 300. 400, and 500 /(M
ruihenium drugs (lanes 4 -8 ) . The positions of supercoilcd (form
I) and nicked circular (form 2) DNA are indicated by I and II.

(A) Ruthenium
DNA + Topo 11 0 0
Drug <2 <2
DNA + Drug <2 <2
Topo 11 +Drug 8 ±0.82 <2
DNA + Topo II + Drug 46 ± 3.05 9 ± 1.63

(B) DNA
DNA + Topo II 3.0 ± 0.5 3.0 ± 0.5
DNA 0.5 0.5
DNA + Drug 1.0 ±0 .5 1 ± 0.7
Topo II + Drug 0 0
DNA + Topo II + Drug 21 ± 1.63 3 ± 0.82

" Data arc presented as a percentage mean of three independent
experiments conducted in triplicates, and standard deviations arc given
against each value.

evidence for the involvement of RuBen in the drug-induced
cleavage complex. The cleavage assay was conducted in the
presence of 500/<M concentrations of the ruthenium drugs.
After incubation, the enzyme in the cleavage complex as
well as the free enzyme was immunoprecipitated with anti-
lopo II antibody. The antigen—antibody complex was then
trapped in protein A agarose. Samples were washed to
remove unbound components, and the bound enzyme was
released from protein A agarose by 1% TCA and analyzed
for the presence of ruthenium by atomic absorption spec-
troscopy. The results presented in Table 1A show that, while
46% of 500//M RuBen is present in the cleavage complex,
only 9% of RuSal is present in the same. Concentrations
less than 2% (20 ng) could not be determined accurately by
the instrument used and they were expressed as such.

The presence of DNA in the cleavage complex was
confirmed by repeating the same assay in the presence of
'H-labclcd DNA. After TCA treatment, the products were
spotted on filter paper strips and (he radioactivity was
measured. The results presented in Table IB show that 21%
of 0.6 fig of DNA is present in the RuBcn-induced cleavage
complex, as compared to 3% in the RuSal-induced complex.
All of the controls correlate well with the atomic absorption
spectral data. These results confirm the bidirectional interac-
tion of RuBen with DNA and lopo II. RuSal shows such a
bidirectional binding to a very small extent.

Effect on ATPase Actiuity ofTopoisomerase II. This assay
was performed to examine the effect of ruthenium drugs on
the ATPase activity of topo II. The relaxation assay was
performed with increasing concentrations of the drugs in the
presence of yi2P ATP and products were resolved on PEI
Cellulose-F TLC sheets. The results show that RuBen
inhibited ATP hydrolysis in a dose-dependent manner. At
500 fiM concentration, it could inhibit 50% of the total
ATPase activity while RuSal could inhibit 13.5% of the
ATPase activity (Figure 5).

Drug—DNA Interactions. The melting of calf thymus DNA
was studied in the presence of increasing concentrations of
drugs. The melting temperature curves showed a gradual
increase in 7"m with increasing concentrations of RuBen and
RuSal (Figure 6A,B). Figure 6D shows lhat RuBen and
RuSal exert a minor increase in the curve width of melting
curves plotted against drug/nucleoiide (D/N). The DNA
intercalator m-AMSA, caused a major change in thi curve
width. In Figure 6C, D/N was plotted against the Tm values,

FIGURE 4: (A) The cleavage reaction was conducted by incubating
pBR322 DNA (lane 1) with topo II (lane 2) in the presence of 100
IIM m-AMSA (lane 3) and 100, 200, 300, 400, and 500/iM of
RuBen (lanes 4-8) . The positions of supercoilcd, nicked circular,
and linear (form 3) DNA are indicated by I, II, and III. (B) The
plot shows the percentage of linear DNA formed with increasing
concentrations of RuBen.

studied. The formation of the enzyme—drug—DNA complex
can be seen by the appearance of linear DNA which results
from DNA strand breaks caused by dissociation of the lopo
II homodimcr by SDS (29). RuBen stabilized the enzyme-
DNA cleavable complex at a concentration of 200 //M, as
seen by the appearance of linear DNA equivalent to 17% of
the total DNA. At 300 fiM, the linear DNA increased to
40.5% and then decreased to ~ 3 7 % for the higher drug
concentrations (Figure 4). RuSal did not induce cleavage
complex formation even at 500 fiM concentration (data not
shown).

Presence of Ruthenium and DNA in Cleavage Complex.
The iminunoprecipilation assay was performed to get a direct
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FIGURE 6: Drug-DNA-binding studies. (A) RuBcn increases the
rm of calf thymus DNA from 57 °C for UNA control ( - ) to 66,
73, 76, 78, and 80 °C for DNA nucleolidc-to-drug ratios of 20:1
( ). 10:1 (—-),5:1(---), 2:1 (-•-), and 1:1 (•••), respectively.
(B) RuSal shows an increase in Tm of 65, 70. 79, 81. and SI °C for
the same drug to DNA ratios. (C) D/N (drug/nucleolide) plotted
against the increase in Tm by RuBen (•) and RuSal (O) to determine
specific drug binding to DNA nucleolidcs from the slopes of the

' curves, (D) D/N plotted against curve width shows a characteristic
increase in curve widlh by m-AMSA (•) and a very small increase
by RuBen (A) and RuSal (O).

r.nd the slopes of the curves were calculated to determine
the stoichiometric binding of drug to DNA. RuBen showed
* DNA-binding stoichiometry of 4 nuclcotidcs and a weak
binding stoichiometry of 7 nucleotides per drug molecule,
while RuSal showed a stoichiometry of 4 nucleotides per
molecule.

FlGURi; 7: The circular dichroisin spectra of pBR322 DNA (—) in
the presence of RuBent*") and RuSaK- - -) shows a small change
in the molar cllipiicily of DNA while in-AMSA(----) shows a very
prominent change al a concentration less than 5 times that of the
ruthenium drugs.

In llic ID and 2D gel mobility assays, it was observed
that neither RuBcn nor RuSal could change the DNA
mobility or DNA conformation (data noi shown).

Circular dichroic spectra of pBR322 DNA showed lhat
RuBun and RuSal marginally affected the DNA conformation
at the concentration which showed maximum inhibition of
topo II relaxation activity. In comparison. m-AMSA caused
a significant change in the DNA conformation (Figure 7).

DISCUSSION

Though DNA is implicated as the main target for
anticancer ruthenium compounds {30), our data suggests that,
apart from DNA. lopo II poisoning may also be till effective
mode of amineoplastic activity for one of the ruthenium
compounds tested. We have compared an organometallic
complex (Ruben) with a coordinated covalent complex
(RuSal) for antiproliferative action and poisoning of topo
II. Both compounds show good antiprolifcralive action; that
of RuBen is 16% more than RuSal at the highest concentra-
tion tested. The relaxation, cleavage, and immunoprecipita-
tion assays clearly show that RuBcn can poison lopo II
through a drug-induced cleavage complex formation. RuSal,
on the other hand, causes partial inhibition of relaxation
activity and does not form a cleavage complex. .

Analysis of the curve width of DNA melting curves is a
useful way to distinguish between intercalativc and external
binding (2S). Intcrcalators substantially increase the width
of melting curves, while external binders have a smaller
effect on this parameter. m-AMSA shows a curve widtli
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typical of a DNA intcrcalator while RuBcn and RuSal seem
lo lit into the group of compounds which bind externally to
DNA like 2,2'bipyridyl and Icrpyridyl complexes of ruthe-
nium (2.S). Since both RuBen and RuSal show similar DNA
binding, the metal atom in them may directly interact with
DNA. The ruthenium atom could hind outside the DNA helix
through ionic interactions or by covalent bonding with the
nueleutitle bases. In RuRcn, an intercalative mode of DNA
binding is not possible because the benzene ring forms an
organometallic bond with the ruthenium atom, which pre-
vents jr-orbiial stacking interaction of the aromatic ring with
DNA bases. In RuSal, since there are no organometallic
bonds, the ^-stacking orbitals in the salicylaldoxime ligand
are not affected. But the compound does not intercalate to
DNA. Whether the orientation of the salicylaldoxime ligands
or the presence of the metal atom absolve an intercalative
mode of binding, it cannot be explained at present. RuBen
and RuSal bind similarly to DNA but show different
sensitivity for topo II poisoning. This points toward ligand
involvement in topo II poisoning.

The strong DNA-binding ability of the ruthenium drugs
prompted us to examine if these compounds produce
conformational changes in DNA which could block enzyme
activity. The gel mobility assays showed no change in DNA
migration or conformation. This was confirmed by CD
spectral analysis, which showed an inconsequential change
in DNA conformation in the ptesence of RuBen and RuSal.
Farther, the ATPasc assay shows that RuBen inhibits the
DNA-stimulaied ATPasc activity of topo II. This is possible
only if the drug induces the formation of the enzyme—drug—
DNA cleavage complex or if the drug directly interacts with
the enzyme al the ATPasc domain. The first possibility seems
true, which is supported by the cleavage reaction.

On the basis of molecular modeling analyses and super-
imposition of drug structures, a putative structure was
proposed lor lopo II cleavage complex-forming drugs, which
.shows that these drugs have three distinct domains in them;
the first is a planar ring system, the second is a pendant ring,
and the third is a pendant moiety of heterogeneous structure
Ul). Though studies have shown that this structure is not
an absolute requirement for topo II poisoning (17), most
poisons do have large planar aromatic domains for DNA
binding and substiiuents for enzyme interaction. It is interest-
ing that a simple and small molecule like RuBen, with only
one aromatic ring, could poison topo II by cleavage complex
formation. RuBen has an octahedral geometry (37) which
may facilitate the spatial orientation of its ligands to form
interactions with enzyme. This interaction by the benzene,
chloride, and DMSO ligands of RuBen may play an_
important role in poisoning the enzyme.

Prior to enzyme aciion, RuBen bound to DNA may interact
with the catalytic domain of one or both monomers of topo
1! through the chloride atoms and the methyl groups of
DMSO. The benzene ring may fit into some pocket in the
enzyme and stcarically hinder the conformation changes in
the enzyme required for DNA religation. Whatever the mode
of action, RuBen traps the cleaved DNA and topo II in the
cleavage complex and prevents DNA religation action of the
enzyme. The cleavage assay confirms that RuBen indeed
shifts the enzyme's cleavage/rcligalion equilibrium toward
DNA cleavage.

In RuSal, the planar salicylaldoxime ligands are attached
to the metal atom and oriented with an angle of ~40° to
each other along the planar axis. This orientation may block
enzyme action to a certain extent when the DNA-bound drug
approaches the catalytic domain of topo II but may not allow
a strong interaction with the enzyme. Even if an interaction
does take place, the coordinated metal—ligand bonds may
not provide a strong interface for cleavage complex forma-
tion. This could explain RuSul's ability to partially inhibit
the relaxation activity of topo II, but not induce cleavage
complex formation.

DNA intercalating topo II poisons intercalate to DNA
through jr-stacking interactions of their planar rings with
DNA bases. The side chains of these drugs are involved in
enzyme interaction. Such an interaction is important in
facilitating the formation of the drug—enzyme—DNA ternary
complex. Though RuBen binds externally to DNA nucle-
otides, it may still form a similar ternary complex in which
the metal atom binds to DNA and ligands on the metal atom
interact with topo II.

These findings allow us to propose a probable mode of
topo II poisoning by RuBen. The metal atom interacts
covalently or noncovalcntly with DNA nucleotides and the
ligands form cross-links with the enzyme and prevent the
DNA religation step, leading to the formation of a stable
drug-induced cleavage complex, which is the hallmark of
most topo II poisons. Such topo II poisons increase the steady
state concentration of cleavage complexes which harbor topo
H-associatcd double strand breaks. These become permanent
double strand fractures following traversal by replication
complexes. The accumulation of such DNA breaks in cells
ultimately results in cell death by apoptosis or necrosis (26,
27). RuBen could be categorized as a topo II poison which
is a cleavable complex-forming, DNA-binding but nonin-
tcrcalaling agent.

Similar DNA interaction and effective antiproliferativc
action of RuBcn and RuSal indicate that inhibition of the
lymphoma cell proliferation may in part be due to a topo
H-independent mechanism, probably at the DNA level. In
RuSal, the salicylaldoxime ligand may also cause antipro-
Iiferative action. As an analogue of pyridoxal, salicylal-
doxime is known to inhibit pyridoxal kinasc activity and
hinder iransaminaiion and decarboxylation processes leading
to inhibition of protein synthesis, causing appreciable cyto-
toxicity (28). The marginally higher antiproliferation activity
of RuBen in comparison with RuSal may possibly be due to
topo II poisoning.

Studies indicate that antitumor activity of DNA-binding
drugs in most cases depends on their capacity to interfere
with catalytic activity of topo II (25, 27). We have limited
the scope of this work to topo II targeting, though ruthenium
drugs, being DNA-binding agents, may interact with other
DNA-binding proteins (e.g., DNA polymerases) and other
biomolecules in the cell leading to toxicity generally associ-
ated with chemotherapy.

A better understanding of the molecular action of RuBen
and the inherent advantage of ruthenium compounds (in lieu
of their selectivity for entering tumor tissues) can aid in
designing novel ruthenium compounds which poison topo
II with higher potency and show substantial anticancer action,
while mitigating the toxic side effects to a certain degree.
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We have demonstrated, for the first time, topo II poisoning
by a ruthenium compound and its relative anliproliferation
activity.
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